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SOMMARIO 

 Il deterioramento cognitivo è frequente nella maggior parte dei 

pazienti affetti da Sclerosi Multipla (SM), riguarda molteplici domini 

cognitivi e comporta un notevole impatto sulla loro qualità di vita e sui loro 

aspetti personali, sociali e lavorativi. Una precoce e approfondita valutazione 

del profilo cognitivo del paziente può avere importanti risvolti diagnostici, 

prognostici e riabilitativi. 

 Nel primo capitolo saranno evidenziati gli aspetti diagnostici e 

prognostici, attraverso la descrizione di un progetto multicentrico, condotto 

in collaborazione con i centri SM di Bergamo, Montichiari e Modena, nel 

quale sono stati inclusi pazienti con SM neo-diagnosticati al fine di valutare 

i loro esiti neurologici, neuropsicologici, neuroradiologici e bioumorali. I 

risultati di questo progetto hanno permesso la stesura di vari lavori con 

importanti risultati: il primo studio ha evidenziato come i pazienti con SM al 

momento della diagnosi, nonostante siano classificati senza un danno 

cognitivo come tradizionalmente definito in letteratura, mostrano una 

funzionalità cognitiva ridotta rispetto ad un gruppo di controllo formato da 

persone neurologicamente sane, sia a livello di funzionamento globale, sia 

considerando gli specifici domini cognitivi. Il secondo studio ha permesso 

l’identificazione di due biomarcatori liquorali associati alle alterazioni di 

funzionamento cognitivo: il primo biomarcatore (LIGHT) è associato alla 

fase infiammatoria di malattia, mentre il secondo (parvalbumina) è associato 

anche alla fase neurodegenerativa della malattia e correla con 

l’assottigliamento della corteccia cerebrale e con la disabilità fisica, oltretutto 

con una associazione più forte rispetto a quella rilevata con il livello della 

catena di neurofilamenti leggeri (NF-L, noto marcatore di danno 

neurodegenerativo). Il terzo studio ha permesso di descrivere il ruolo 

predittivo di alcune citochine liquorali (CXCL13, CXCL12, IFNγ, TNF, 

TWEAK, LIGHT, sCD163) nel discriminare, già al momento della diagnosi, i 
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profili di quei pazienti che dopo 4 anni svilupperanno, con una maggior 

probabilità, un peggioramento neurologico e neuroradiologico. 

 Il secondo capitolo affronta l’importanza non solo di effettuare una 

valutazione neuropsicologica con gli strumenti tradizionali, ma anche di 

utilizzare protocolli sperimentali. Il primo studio, condotto in collaborazione 

con l’Università di Firenze e con l’Università di Padova, ha indagato il 

fenomeno delle false memorie mediante l’utilizzo di un paradigma che 

induce distorsioni mnestiche a causa della forte connessione tra parole 

associate ad una stessa categoria semantica. I risultati dimostrano che i 

pazienti con SM non mostrano la distorsione mnestica attesa, probabilmente 

per la scarsa associazione tra i nodi che costituiscono la memoria semantica, 

soggetta a fenomeni neurodegenerativi. Il secondo studio, condotto in 

collaborazione con la Kessler Foundation (West Orange, Stati Uniti), si è 

focalizzato sulle abilità di cognizione sociale: in un gruppo di pazienti SM 

senza danno cognitivo come classicamente definito è emersa una prestazione 

significativamente inferiore rispetto a controlli neurologicamente sani in test 

di riconoscimento delle emozioni facciali, di teoria della mente e di empatia. 

Inoltre, è stato dimostrato che queste alterazioni di cognizione sociale sono 

correlate in modo specifico al volume delle lesioni corticali nelle amigdale 

dei pazienti, rispetto ad altre misure di danno cerebrale incluse nello studio 

(assottigliamento corticale e carico lesionale di tutta la corteccia cerebrale). 

 Il terzo e ultimo capitolo, infine, si concentra sugli aspetti riabilitativi, 

mostrando i risultati di uno studio condotto presso il Buffalo Neuroimaging 

Analysis Center (Buffalo, Stati Uniti) su un gruppo di pazienti con SM che 

hanno svolto un training cognitivo in regime di teleriabilitazione. L’obiettivo 

del progetto era identificare quali variabili neurologiche, psicologiche e 

neuroradiologiche caratterizzassero i pazienti con un maggior 

miglioramento cognitivo dopo il trattamento riabilitativo. I risultati hanno 

mostrato come una forma di malattia recidivante-remittente (rispetto ai 

pazienti con forme progressive), una personalità caratterizzata da elevata 
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coscienziosità, un maggior volume della sostanza grigia cerebrale, una 

ridotta compromissione dei tratti di sostanza bianca in un network cerebrale 

centrato nel precuneo e nel cingolato posteriore, e un maggior scostamento 

di connettività funzionale rispetto a quella dei controlli sani, siano tutti 

elementi risultati associati a un maggior effetto positivo della riabilitazione 

cognitiva effettuata. 
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ABSTRACT  

 Cognitive impairment is frequent in most patients with Multiple 

Sclerosis (MS) and affects several cognitive domains, having a significant 

impact on their quality of life and on their personal, social and work 

dimensions. An early and comprehensive neuropsychological assessment 

may provide relevant diagnostic, prognostic, and rehabilitative implications. 

 The first chapter highlights the diagnostic and the prognostic aspects, 

with the description of a multicentric project, conducted in collaboration 

with MS centers of Bergamo, Montichiari, and Modena, in which were 

included newly-diagnosed MS patients and were evaluated their 

neurological, neuropsychological, neuroradiological and bioumoral 

outcomes. Results of this project have allowed the preparation of several sub-

studies with important results: the first study highlighted how MS patients 

at the time of diagnosis, even in the absence of an evident cognitive 

impairment as clinically defined, are characterized by slight cognitive 

alterations as compared to healthy controls, both considering global 

cognitive functioning level and also specific cognitive domains. The second 

study has allowed the identification of two biomarkers present in the 

cerebrospinal fluid that are associated with cognitive alterations: the first 

(LIGHT) is associated with the inflammatory phase of the disease, while the 

second (parvalbumin) is associated with the neurodegenerative phase of the 

disease and also correlates with cortical thinning and physical disability, 

moreover with a stronger association compared to the one found with the 

level of neurofilament light chain (NF-L, a well-known biomarker of 

neurodegeneration). The third study has allowed to describe the predictive 

role of some inflammatory cytokines in the cerebrospinal fluid (CXCL13, 

CXCL12, IFNγ, TNF, TWEAK, LIGHT, sCD163) in discriminating, since the 

time of diagnosis, those MS patients that were more likely to develop 

neurologic and neuroradiologic worsening after 4-years follow-up. 
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 The second chapter addresses the importance of assessing MS patients 

not only with the classical neuropsychological tests but also with 

experimental paradigms. The first study, conducted in collaboration with the 

University of Florence and the University of Padua, investigated the 

phenomena of false memories, using a paradigm that induces memory 

distortions due to the strong connection between words associated with a 

same semantic category. Results showed that MS patients were not 

characterized by the expected memory distortions, probably due to weak 

association between nodes that compose semantic memory, because of 

neurodegenerative events. The second study, conducted in collaboration 

with the Kessler Foundation (West Orange, NJ, USA), focused on social 

cognition abilities: in a group of MS patients without evidence of cognitive 

impairment as traditionally defined was observed a performance 

significantly lower compared to healthy controls in tests of facial emotion 

recognition, theory of mind, and empathy. Moreover, it was demonstrated 

that these social cognition alterations were correlated specifically with the 

cortical lesions volume in both the amygdalae of MS patients, while no 

significant correlation was found with other measures of brain damage 

included in the study (cortical thickness and cortical lesion load in all the 

cerebral cortex). 

 The third and last chapter focuses on the rehabilitative aspects, 

showing results from a study carried at the Buffalo Neuroimaging Analysis 

Center (Buffalo, NY, USA) on a group of MS patients that performed a 

cognitive training by using a telerehabilitation approach. The project aimed 

to identify neurological, psychological and neuroradiological variables able 

to characterize patients that can benefit more from the rehabilitation. Results 

showed that a relapsing-remitting disease phenotype (as compared with 

progressive patients), a higher personality trait of conscientiousness, a 

higher gray matter volume, a lower tract disruption in a network centered 
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on precuneus and posterior cingulate, and a higher deviation in functional 

brain connectivity compared to healthy controls, play a key role to achieve a  

greater cognitive amelioration after the rehabilitative treatment.  
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GENERAL INTRODUCTION 
 

MULTIPLE SCLEROSIS 

Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative 

disease of the central nervous system (CNS) (Sospedra & Martin, 2005), 

which represents the most common non-traumatic cause of disability in 

young adults (Browne et al., 2014). Its pathogenesis is complex: the 

involvement of genetic and environmental factors has been demonstrated 

(Handel et al., 2010; Sawcer et al., 2011;), however it is not yet fully 

understood (Olsson, Barcellos, & Alfredsson, 2017). 

MS is characterized by the attack of the immune system to the myelin 

sheath, leading to accumulation of chronic white matter (WM) 

demyelination, axonal injury, and diffuse inflammatory changes in the 

normal-appearing WM (Noseworthy, Lucchinetti, Rodriguez, & 

Weinshenker, 2000; Graumann et al., 2003; Howell et al., 2010; Kutzelnigg 

& Lassmann, 2014). Moreover, both focal and diffuse cortical gray matter 

(GM) demyelination and neurodegeneration is typical in MS (Kutzelnigg et 

al. 2005; Wegner et al. 2006; Chard & Miller 2009; Frischer et al. 2009; 

Geurts et al. 2009; Howell et al. 2011) and can occur early in the disease 

and worsen over time, accounting for the accumulation of severe disability 

(Magliozzi et al., 2010; Calabrese et al., 2015a; Scalfari et al., 2018). In 

particular, cortical lesions and GM atrophy are the major drivers of physical 

disability (Rovaris et al. 2000; Fisniku et al. 2008; Filippi et al. 2013;; 

Zivadinov et al. 2013; Zivadinov et al. 2016b) having a predominant role 

since the earliest stages of the disease, (De Stefano et al. 2003; Lucchinetti 

et al. 2011) and accumulate in particular in the progressive phase (Calabrese 

et al., 2015a; Rojas et al., 2016) contributing to the increase of 

neurodegeneration and disease progression (Calabrese et al., 2012; Geurts 

et al., 2012). Brain-imaging studies have confirmed that cortical thinning, as 

an early event in MS pathogenesis, occurs even in mildly disabled patients 

(Calabrese et al. 2007, Charil et al. 2007) and prominently in areas of the 
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brain that have extensive cortico-cortical connections, such as the cingulate 

gyrus and the insular, frontal, temporal, and parietal cortices (Charil et al. 

2007). 

MS pathology is characterized by both GM and WM involvement, with 

GM damage more predominant in rapidly progressive MS compared to WM 

damage (Howell et al., 2011). GM lesions are associated with meningeal 

infiltrates in the subarachnoid space, while WM lesions are associated with 

perivascular infiltrates (Michel et al., 2015). Perivascular B-cell and T-cell 

infiltrates have also been found in both intracortical and subpial lesions, 

especially in patients with progressive MS (Serafini et al., 2004). Meningeal 

inflammation may be associated with cortical demyelination, influencing 

cerebrospinal fluid (CSF) inflammation (Calabrese et al., 2015a). Increased 

levels of pro-inflammatory cytokines and chemokines, such as CXCL13, 

CXCL12 (Krumbholz et al. 2006), TNF (Sharief & Hentges 1991; Baraczka 

et al. 2004), and IFNg (Duan et al. 2013) have been found in the CSF of MS 

patients. 

MS affects approximately 2.5 million people worldwide (Browne et 

al., 2014) and is more common in females compared to males (2:1; 

Noseworthy et al., 2000; Orton et al., 2006), even though in males were 

described more severe prognoses (Kantarci & Wingerchuk, 2006), while 

disease onset occurs typically between 18 and 40 years (Calabresi, 2004). 

This age period usually overlaps with the most productive period for an 

individual and is characterized by personal future planning in terms of work, 

family and life in general: therefore, to receive the diagnosis in this life 

period may lead to critical psychological difficulties for patients, in particular 

regarding the acceptance of the disease (Macias Islas & Ciampi, 2019). 

Despite life expectancy of patients with MS is decreased by only an average 

of 10 years compared with general population, MS could be associated with 

physical disability and with almost three times in the risk of death 

(Weinshenker, Issa & Baskerville, 1996; Brønnum-Hansen et al., 2006).  
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Different phenotypes of MS have been proposed, based on the 

progression of the disease and the clinical course (Lublin & Reingold, 1996): 

Relapsing-Remitting MS (RRMS), Secondary-Progressive MS (SPMS), 

Primary-Progressive MS (PPMS), and Relapsing-Progressive MS (RPMS). 

RRMS refers on average to the 85-90% of the patients and is characterized 

by clearly defined attacks (relapses) with complete or partial recovery, with 

no evidence of clinical progression between intercritical periods; SPMS is 

characterized by a gradual worsening after an initial relapsing disease 

course; PPMS is characterized by a continuous worsening since the onset of 

the disease; RPMS is characterized by a progressive accumulation of 

disability from onset but defined acute clinical relapses with or without full 

recovery. Recently, this classification has been reviewed by Lublin et al. 

(2014). The clinical courses have been grouped in relapsing phenotypes or 

progressive phenotypes and there have been described new clinical courses: 

clinically isolated syndrome (CIS), characterized by the first clinical 

presentation of the disease suggesting MS but not enough to fulfil the 

diagnostic criteria, and radiologically isolated syndrome (RIS), characterized 

by the first imaging finding suggestive of MS but in absence of clinical signs 

or symptoms (Lublin, 2014). 

Several disease-modified treatments (DMTs) are used trying to slow 

MS progression. Currently approved DMTs are mainly immunomodulatory 

or immunosuppressive drugs that showed a significant (although variable) 

effect in reducing the frequency of attacks in the relapsing forms of the 

disease and delaying the disability progression; however, actual DMTs have 

limited effect in preventing the transition to the progressive form of the 

disease (Weinstock-Guttman, 2013). Clinicians are called to the challenging 

task of choosing the best suited DMTs for each patients, selecting on the basis 

of the clinical status of each patient either a first-line treatment (moderate 

efficacy but high safety) or a second-line treatment (more effective but also 

with more safety risks) (Gajofatto & Benedetti, 2015). 
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Clinical manifestations of MS include various episodes of neurological 

dysfunction, that differ considerably among patients, depending on the CNS 

site involved. Common clinical presentations are optic neuritis, transverse 

myelitis, brainstem syndromes, motor symptoms, sensitive involvement, 

imbalance, bladder and intestinal dysfunction, heat sensitivity, and epileptic 

attacks (Gelfand, 2014). Physical disability is typically evaluated by using 

the Expanded Disability Status Scale (EDSS; Kurtzke, 1983), a scale ranging 

from 0 to 10 that quantifies the accumulation of physical impairment. 

Moreover, many other clinical manifestations may occur in MS patients: 

emotional disturbances (depression, anxiety, stress), both physical and 

mental fatigue symptoms, and cognitive impairment (Kos et al., 2008; 

Feinsten, 2011; Calabrese & Pitteri, 2018). 

 

COGNITIVE IMPAIRMENT IN MULTIPLE SCLEROSIS 

In addition to physical disability, cognitive impairment (CI) is 

common in MS patients (Amato, Zipoli & Portaccio, 2006; Grzegorski & Losy, 

2017) with frequencies ranging from 43% to 70% (Chiaravalloti & DeLuca, 

2008), depending on the studied population, the tests used, and the applied 

cut-off scores (Fischer et al., 2014; Amato et al., 2018). CI can alter MS 

patients’ behavior and quality of life (Rao, 2004; Amato, Zipoli, & Portaccio, 

2006), leading to dysfunctional social and personal difficulties, despite 

minimal physical disability (Benedict & Zivadinov, 2011).  

The main affected cognitive domains are verbal learning and memory, 

attention, information processing speed, and executive functions (Benedict 

et al., 2006); however, alterations in specific domains may lead to global 

cognitive impairment. To assess cognitive functioning of MS patients, some 

batteries of neuropsychological tests have been proposed, i.e. the Brief 

Repeatable Battery of Neuropsychological Test (BRB-NT; Rao, 1990), the 

Minimal Assessment of Cognitive Function in Multiple Sclerosis (MACFIMS; 
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Benedict et al., 2006) and the Brief International Cognitive Assessment for 

MS (BICAMS; Benedict et al., 2012). 

CI can occur since the earliest stages of the disease course (Amato et 

al., 2010; Calabrese et al., 2015b) and has been strongly associated with 

both focal and diffuse GM damage (Calabrese et al., 2009; Eijlers et al., 

2018) and WM lesion measures (Rocca et al., 2015; Preziosa et al., 2016). 

It has been demonstrated an association between early frontotemporal 

neurodegeneration in patients with mild CI, while patients with severe CI 

are characterized by more widespread neurodegeneration phenomena 

(Calabrese et al., 2010).  

For these reasons, assessing CI since the early phase of the disease is 

of paramount importance (Kalb et al., 2018; Sumowski et al., 2018). 

However, cognitive functioning assessment is usually not included in the 

standard clinical evaluation of MS patients, as well as cognitive outcomes 

are not included in all MS clinical trials (Macias Islas & Ciampi, 2019). As a 

consequence, cognitive alterations could be dramatically neglected with 

tremendous implications in clinical monitoring of disease progression and in 

quality of life of MS patients and their caregivers. Moreover, cognition is 

related to the functioning of several neural pathways and connections that 

are involved in processing information in the brain: since all neurological 

diseases, independently from their predominant inflammatory or 

neurodegenerative main processes, are characterized by CNS damage and 

neuronal suffering in several brain structures (both at cortical and 

subcortical levels), this will reflect on cognitive alterations. A comprehensive 

neuropsychological assessment should be then provided to all neurological 

patients due to its importance in helping to define a better diagnostic 

patient’s profile and its contribution as prognostic factor of long-term disease 

severity. 

Firstly, cognitive functioning assessment leads to important 

implications in terms of diagnosis, in order to identify different levels of 
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cognitive impairment. During assessing cognitive functioning, it is important 

not to focus only on traditional neuropsychological batteries but also utilize 

experimental paradigms, because a more detailed investigation might better 

elucidate specific cognitive alterations. All patients, independently from their 

baseline cognitive functioning, should undergo follow-up 

neuropsychological assessment to be compared with the baseline measure: 

monitoring cognitive functioning allows to monitor indirectly disease 

progression and, consequently, brain damage phenomena. 

Secondly, the cognitive functioning level might also have a prognostic 

value for disease and disability progression, as also for future accumulation 

of cortical and subcortical brain damage. Vice versa, neurologic, 

neuroradiological, and bioumoral outcomes at baseline might be used as 

prognostic markers for the development of cognitive impairment years later. 

Thirdly, cognitive impairment can be thwarted by planning specific 

cognitive training and/or neuropsychological rehabilitation sessions. It is 

important to provide cognitive rehabilitation to the patients without waiting 

for their cognitive impairment to become severe, but otherwise to intervene 

as soon as possible. The early assessment of cognitive functioning displays 

which cognitive domain should be targeted during the training and offers a 

baseline status that can be used as a comparison for pre- and post-

intervention observation, in order to measure the progress earned through 

cognitive rehabilitation sessions. 
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PROJECT 1 – LONGITUDINAL MULTI-PARAMETRIC 

CLINICAL, COGNITIVE, CSF AND MRI STUDY AIMED AT 

PREDICTING DISEASE PROGRESSION IN MULTIPLE 

SCLEROSIS 
 

The diagnostic process of patients with suspected MS patients is a core 

event, not free from psychological consequences. Following the first episode 

of the disease, that could be either neurologic or neuroradiological, the 

diagnostic purpose is to identify indisputably the presence of MS. Diagnostic 

criteria has been proposed: most updated revisions of diagnostic criteria 

were recently completed (Thompson et al., 2018) and considered together 

clinical (“no better explanation” than MS), neuroradiological (lesions 

dissemination in space and time) and biological (presence of CSF-specific 

oligoclonal bands OCBs) variables. Magliozzi et al. (2018) showed an 

association between MRI and CSF outcomes at the time of MS diagnosis: an 

intrathecal profile in CSF characterized by a regulatory pattern of 

chemokines (IFN-α2, IFN-λ2, CCL25) is typical of MS patients with low 

cortical damage (low number and volume of cortical lesions) and low 

meningeal inflammation, while a more severe inflammatory CSF profile 

(CXCL13, TNF, IFNg, CXCL12, IL6, IL10, BAFF, APRIL, LIGHT, TWEAK, IL8, 

MMP-2, Pentraxin3, sCD163 and NF-L) is common in MS patients with a 

higher level of cortical damage (high number and volume of cortical lesions) 

and high meningeal inflammation. 

Considering the remarkable social and health efforts that have been 

made for challenging MS, both in terms of therapeutic and diagnostic 

outcomes (Pozzilli, Romano & Cannoni, 2002; Patwardhan et al., 2005), a 

high-specificity and comprehensive diagnostic process is important to 

provide clinicians as many elements as possible to understand the disease, 

formulate the correct diagnosis, and select the best disease-modifying 

treatment (DMT) for each patient. However, particularly the choice of the 
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pharmacological treatment, based on the patient’s expected clinical 

outcome, remains a challenging task.  

Moreover, so far it was impossible to predict when, how rapidly, and 

how severely the disease will progress, in terms of accumulation of physical 

and cognitive disability, and also to predict the possible transition to a 

secondary progressive MS phase; however, being able to know the disease 

progression in advance is of fundamental importance for the patients, 

considering the dramatic impact that MS evolution has on psychological 

status and quality of life of both patients and caregivers. The possible 

prognostic value of variables early collected might improve the ability to 

know in advance how the disease will progress, in order to be helpful to the 

clinician for the choice of the best suited DMT for each patient. 

Neuroimaging data have shown that the extent of GM damage is a 

good predictor of long-term disability (Calabrese et al., 2012; Bergsland et 

al., 2018; Eshaghi et al., 2018). However, the non-conventional MRI 

analyses required to detect GM demyelination and brain atrophy are not 

straightforward, their assessment still needs to be standardized and their 

reliability has to be confirmed (Filippi, Preziosa, & Rocca, 2018).  

Moreover, also CSF outcomes have a key role as biomarkers to predict 

future disease progression: our research group showed that the presence of 

OCBs at the time of diagnosis predicted a more severe outcome 10 years 

later, in particular the association was found with more severe GM 

pathology, physical disability, and cognitive impairment (Farina et al., 

2017). Several studies about bioumoral markers have revealed the 

differential expression of CSF proteins in MS compared to controls. 

Furthermore, level of neurofilament light chain (NF-L) are also well-known 

and widely used as a promising fluid biomarker for neurodegenerative 

processes in neurological diseases (Jakimovski et al., 2019): NF-L is part of 

axonal cytoskeleton that, following neuronal deaths, is released in the CSF. 

In MS patients, neuronal suffering measured with the level of NF-L in the 
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CSF is associated with a greater risk of conversion to clinically definite MS 

(Fialová et al. 2013), increased brain and spinal cord atrophy (Petzold et al. 

2016), as well as cognitive impairment (Quintana et al., 2018; Gaetani et 

al., 2019; Kalatha et al., 2019). 

Cognitive functioning itself might be also a helpful prognostic marker. 

Longitudinal studies have shown that CI detected at the time of diagnosis 

can predict the conversion from clinically isolated syndrome to definite MS 

(Zipoli et al., 2010), the progression of physical disability (Deloire et al., 

2010), and the transition to the secondary progressive phase (Moccia et al., 

2016). A recent publication from our group showed how early CI is helpful 

in the prognosis of MS patients at high risk of conversion from CIS to definite 

MS, as well as progression of disability, transition to SPMS and especially 

brain cortical atrophy 8-years later (Pitteri et al., 2017). 

Considering the importance and the high potential of the predictive 

role of the variables abovementioned, there is a great need for additional 

biomarkers that could be identified early in the disease course to classify 

patients destined to have more severe outcomes. There would be a distinct 

therapeutic advantage in being able to predict which profiles of MS patients 

are likely to progress earlier and more rapidly, in order to appropriately 

manage the most suitable therapeutic intervention since the time of 

diagnosis. For this reason, a research project titled “Longitudinal multi-

parametric clinical, CSF, and MRI study aimed at predicting disease progression 

in Multiple Sclerosis” was conducted. In particular, my doctoral project was 

focused on identifying the cognitive profile of newly-diagnosed MS patients 

and its association with MRI and CSF data. 

 

Project design 

This multi-centric observational study was conducted in collaboration 

with 3 other Italian MS centers: Bergamo, Montichiari, and Modena. Patients 

included in the project were selected among possible relapsing-remitting MS 
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patients (RRMS) about to undergo examinations for diagnostic purposes, 

according to ordinary clinical practice. At baseline (T0), each patient 

underwent the following examinations: 

- CSF withdrawal from lumbar puncture (LP); 

- Blood withdrawal; 

- 3T MRI with advanced imaging sequences; 

- Neurologic examination; 

- Comprehensive neuropsychological assessment with an extensive 

battery of tests. 

Once concluded the diagnostic pathway, the patients who received the 

diagnosis of MS underwent the same set of examinations also at T1 (1-year 

follow-up) and at T2 (2-years follow-up). In Figure 1 are provided detailed 

information about the assessment pipeline. 

 

 

Figure 1. Assessment pipeline of the project. 
 

 At the end of September 2019, 165 patients were overall recruited: 

126 (76%) from Verona, 15 (9%) from Bergamo, 8 (5%) from Montichiari 

and 16 (10%) from Modena. Figure 2 shows a pie chart about patients’ 
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recruitment and Table 1 shows demographic and clinical characteristics of 

the patients recruited. 

 

 
 

Figure 2. Pie chart about patients recruited during the project. 

 
 Whole sample (=165) 

Gender (M/F) 50/115 
Age (years) 37.9±12.1 
MS type (RMS vs. PMS) 154/11 
EDSS 1.5 (0-6) 
Time from onset to LP (years) 2.1±3.5 

 

Table 1. Demographic and clinical characteristics of MS patients recruited. Continuous 
variables are provided with Mean±SD. EDSS is provided with Median (Range). Age, EDSS, 
and disease duration are provided at the time of lumbar puncture. MS type is showed 
comparing patients with a relapsing type of MS (CIS, RRMS, and SPMS) vs patients with a 
progressive type of MS (PPMS). 
MS = Multiple Sclerosis; RMS = Relapsing Multiple Sclerosis; PMS = Progressive Multiple 
Sclerosis; EDSS = Expanded Disability Status Scale; LP = Lumbar Puncture; CIS = Clinically 
Isolated Syndrome; RRMS = Relapsing Remitting Multiple Sclerosis; SPMS = Secondary 
Progressive Multiple Sclerosis; PPMS = Primary Progressive Multiple Sclerosis 
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Inclusion criteria comprised patients of age between 18 and 65 years 

that, after the diagnostic pathway, received the diagnosis of MS (according 

to Polman et al., 2010), with no other concomitant neurological or other 

pathological health conditions, and with no substance abuse or other 

concomitant medications. The local Ethics Committee approved the project 

and informed consent was obtained from all the patients. 
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1.1 COGNITIVE FUNCTIONING AT THE TIME OF DIAGNOSIS IN MS 

PATIENTS 

Despite the different batteries of neuropsychological tests used to 

assess cognitive performance, the classification of CI is undoubtedly affected 

by the chosen cut-off applied (Binder, Iverson, & Brooks, 2009; Fischer et 

al., 2014) and by the number of neuropsychological tests administered. 

Usually, MS patients are classified either as having “normal cognition” or 

“impaired cognition” in a perspective of dichotomous classification 

(unimpaired vs. impaired). This approach, however, is far from being 

meaningful considering the real-life (Amato et al., 2018), in which measures 

of functional aspects, such as cognitive functioning, resemble continuous 

variables, as also underlined in other neurological populations (e.g., Azouvi, 

Jacquin-Courtois & Luaute, 2017; Pitteri et al., 2018). 

Dichotomizing continuous variables, such as cognitive functions, 

carries the risk of losing information that might increase the number of false-

positive results, as well as the risk to reduce power of statistical analysis and 

to underestimate the extent of variation in performance (Altman & Royston, 

2006). For this reason, it would be more appropriate to use psychometric 

methods switching from a “cognitive impairment-based” to a “cognitive 

functioning-based” approach, considering cognitive functioning as a 

continuum variable as it is in real-life, ranging from a minimum to a 

maximum performance. This is of particular interest given that cognitive 

decline may develop as a result of gradual progression related to 

neurodegeneration and brain atrophy, or of acute disease activity, for which 

decline in cognitive performance can be often followed by incomplete 

recovery, thus contributing to the burden of cognitive impairment in the long 

term (Rocca et al., 2015).  

In order to investigate the usefulness of this approach, the cognitive 

performance of a group of newly-diagnosed MS patients with relapsing-

remitting course were assessed and compared to a group of healthy controls 
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(HCs). It is expected that also newly-diagnosed MS patients, classified as 

being “cognitively normal” with the traditional approach, would instead 

show reduced cognitive functioning with respect to HCs. 

 

Materials and methods 

Participants 

Fifty newly-diagnosed RRMS patients (37 females, mean±SD 

age=38.2±11.6; mean±SD education=14.2±2.7; mean±SD disease 

duration=3.5±5.2; median[range] EDSS=1.5 [0-4]) were tested with an 

extensive battery of neuropsychological tests close to the time of MS 

diagnosis (average of 6 months). At the time of neuropsychological testing, 

31 RRMS patients were untreated, whereas 14 were treated with 

dymethilfumarate, 1 with fingolimod, 1 with natalizumab, 1 with interferon 

beta1-a, 1 with peg-interferon beta1-a, and 1 with azathioprine. Inclusion 

criteria for MS patients comprised diagnosis of RRMS (Polman et al., 2011), 

no relapse or steroid treatment within 30 days before the neuropsychological 

assessment, no concomitant neurological or other pathological health 

conditions, no substance abuse or other MS concomitant medication (as 

benzodiazepines or antidepressant drugs), no visual impairment. 

A group of 36 matched healthy controls (HCs) was recruited and 

tested with the same battery of neuropsychological tests used to assess RRMS 

patients. Inclusion criteria for HCs comprised no cognitive deficits measured 

with the Montreal Cognitive Assessment test (MoCA; Santangelo et al., 

2015), no neurologic, psychiatric, or other concomitant pathologies; normal 

or corrected to normal vision; no substance abuse or other concomitant 

medications. 

All participants were recruited at the MS Center of the Verona 

University Hospital (Verona, Italy). The study was approved by the local 

Ethics Committee and informed consent was collected from all participants.  
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Neuropsychological assessment 

RRMS patients and HCs were tested with an extensive battery of 

neuropsychological tests, which included the Brief Repeatable Battery of 

Neuropsychological Test (BRB-NT; Amato et al., 2006a),  the Stroop Test 

(Caffarra et al., 2002), the Phonological, Semantic, and Alternate Verbal 

Fluency tests (VF; Costa et al., 2014), and the Modified Five Point Test 

(MFPT; Cattelani et al., 2011). Depression, anxiety, and stress were 

evaluated with the Depression Anxiety Stress Scale 21-items (DASS-21; 

Bottesi et al., 2015) and subjective fatigue with the Fatigue Severity Scale 

(FSS; Krupp et al., 1989). According to the most used method for classifying 

CI (Amato et al., 2006b), RRMS patients were classified as “cognitive 

normal” (CN) if they scored below the cut-off (5th percentile; z-score=-1.65) 

on 0, 1, or 2 neuropsychological tests; otherwise (i.e., score below the cut-

off on more than 2 neuropsychological tests), the patients were classified as 

having CI. 

For each neuropsychological test and for each RRMS patient and HCs, 

the Z-score index was calculated in which the normative data of the Italian 

validation of each test were not used but, rather, the mean and the standard 

deviation (SD) of scores of both the RRMS and HCs together. Considering 

the mean and SD of both groups together, in which MS patients and HCs 

composed the same population, allowed to normalize the dependent variable 

(Z-score index) in a unique gaussian distribution with overlapped curves, 

mimicking a more real-life condition. With this procedure were calculated: 

1) a global cognitive functioning index (Z-global) considering the average of 

the Z-score of each neuropsychological test; and 2) three domain-specific Z-

score indexes: memory (Z-MEM), attention/information processing speed 

(Z-ATT/IPS), and executive functions (Z-EF). Detailed classification of 

cognitive domains are provided in Table 2. 
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Z-MEM Z-ATT/IPS Z-EF 
SRT-LTS SDMT ST (average EIT and EIE) 

SRT-CLTR PASAT-3 Phonemic VF 
SRT-D PASAT-2 Alternate VF 

SPART-I  MFPT-UDs 
SPART-D  MFPT-CSs 

 

Table 2. Neuropsychological tests considered for each Z-score domain index. 
Z-MEM = Z-score – Memory; Z-ATT/IPS = Z-score – Attention/Information Processing Speed; 
Z-EF = Z-score – Executive Functions; SRT-LTS = Selective Reminding Test – Long Term 
Storage; SRT-CLTR = Selective Reminding Test – Consistent Long Term Retrieval; SRT-D = 
Selective Reminding Test – Delayed; SPART-I = Spatial Recall Test – Immediate; SPART-D = 
Spatial Recall Test – Delayed; SDMT = Symbol Digit Modalities Test; PASAT = Paced Auditory 
Serial Addition Test; ST - EIT = Stroop Test - Effect Interference Time; ST - EIE = Stroop Test 
- Effect Interference Error; VF = Verbal Fluency; MFPT-UDs = Modified Five Point Test – Unique 
Designs; MFPT-CSs = Modified Five Point Test – Cumulative Strategies 
 

Statistical analysis 

ANOVA models with Tukey post-hoc analysis and chi-square test were 

applied to evaluate the difference of demographic, clinical, and Z-index 

scores among CI-RRMS, CN-RRMS and HCs. Effects of physical disability 

(EDSS), disease duration, emotional state (DASS-21), and subjective fatigue 

(FSS) on the global cognitive functioning (Z-global) and on the three 

cognitive domains (Z-MEM, Z-ATT/IPS, Z-EF) were controlled for RRMS 

patients’ data by using a stepwise multiple regression analysis. 

 

Results 

Among the 50 RRMS patients tested, 14 patients were classified as 

having CI, whereas 36 as being cognitive normal (CN). The majority (12/14: 

86%) of the CI-RRMS patients were impaired in the domain of attention/IPS 

(64%) and EFs (71%). Demographic and clinical characteristics of RRMS 

and HCs are provided in Table 3.  
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 CI-RRMS (=14) CN-RRMS (=36) HCs (=36) p 

Gender (M/F) 3/11 10/26 13/23 .547 

Age (years) 39.3±14.0 37.8±10.8 33.6±10.4 .170 

Education (years) 13.8±4.0 14.4±2.0 15.1±2.6 .229 

EDSS 2.0 (0–4) 1.0 (0-3) / / 
Disease duration 
(years) 4.4±8.2 3.1±3.6 / / 
Time between 
diagnosis and 
neuropsychological 
assessment (months) 

6 (±3) 6 (±2) / / 

 

Table 3. Demographic and clinical characteristics of RRMS patients and HCs. Mean±SD 
was provided for continuous variables. Median (range) was provided for EDSS. 
CI-RRMS = cognitive impaired – relapsing remitting multiple sclerosis patients; CN-RRMS 
cognitive normal – relapsing remitting multiple sclerosis patients; HCs = healthy controls; EDSS 
= Expanded Disability Status Scale 
 

Group comparison results between CI (n=14), CN (n=36), and HCs 

(n=36) showed no significant difference among the 3 groups in terms of age 

(p=0.170), education (p=0.229), and gender (p=0.547).  

The Z-score global index was significantly different among the three 

groups (p<0.001). Post-hoc analysis showed a significant difference 

between CI and HCs (p<0.001), between CI and CN (p<0.001), and also 

between CN and HCs (p=0.004) - Figure 3.  

Significant difference has been found among the three groups also in 

the Z-MEM (p<0.001), Z-ATT/IPS (p<0.001), and Z-EF (p<0.001). Post-

hoc analysis showed a significant difference between CI and HCs on Z- MEM 

(p<0.001), Z-ATT/IPS (p<0.001), and Z-EF (p<0.001); between CI and CN 

on Z-MEM (p=0.009), Z-ATT/IPS (p<0.001), and Z-EF (p<0.001); and 

between CN and HCs on Z-MEM (p=0.005) and Z-EF (p=0.006). No 

significant difference was found between CN and HCs on Z-ATT/IPS 

(p=0.087) – Figure 3. 
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Figure 3. Comparison of the Z-global index and the Z-score indexes of memory (Z-MEM), 
attention/processing speed (Z-ATT/IPS), and executive functions (Z-EF) between CI-RRMS, 
CN-RRMS and HCs.  
**: p < 0.01, ***: p < 0.001. 
CI-RRMS = Cognitive Impaired Relapsing Remitting Multiple Sclerosis; CN-RRMS = Cognitive 
Normal Relapsing Remitting Multiple Sclerosis; HCs = Healthy Controls 
 

Considering CI and CN patients together, the results of the multiple 

regression analysis (final model R2=.254, p=0.170) showed no significant 

effects of age (β =-.255, p=0.155), education (β=.196, p=0.240), gender 

(β =.224, p=0.185), disability (β=-.125, p=0.437), disease duration (β 

=.085, p=0.591), emotional state (β=-.197, p=0.288), and fatigue (β=-

.145, p=0.477) on the Z-global index. No significant effect was also found 

on Z-MEM (R2=.289, p=0.099), Z-ATT/IPS (R2=.208, p=0.311), and Z-EF 

(R2=.252, p=0.173). 

 Considering each single neuropsychological test, a significant 

difference was found among the three groups (CI, CN, and HCs) in all the 

neuropsychological tests (all p<0.05), except for the WLG test (p=0.180). 

Post-hoc analysis showed a significant difference between CI and HCs in all 
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neuropsychological tests (all p<0.05). Moreover, a significant difference was 

found between CI and CN on the SRT-CLTR (p=0.013), SRT-D (p=0.026), 

SDMT (p=0.040), PASAT-3 (p=0.001), PASAT-2 (p=0.043), ST-EIT 

(p=0.049), ST-EIE (p<0.001), Phonemic Verbal Fluency (p=0.023), 

Semantic Verbal Fluency (p=0.042), MFPT-UDs (p=0.001), and MFPT-Error 

Index (p=0.020) – Table 4. Finally, comparing CN and HCs, a significant 

difference was found in the SRT-LTS (p=0.012), SRT-CLTR (p=0.016), SRT-

D (p=0.007), SDMT (p=0.014), Phonemic Verbal Fluency (p=0.034), 

MFPT-UDs (p=0.003), and MFPT-CSs (p=.019) - Table 4. 

 

  CI-RRMS (n=14) CN-RRMS (n=36) HCs (n=36) 

NP battery / NP 
test Subtest Raw 

Scores 
Z-score 
index 

Raw 
Scores 

Z-score 
index 

Raw 
Scores 

Z-score 
index 

p            
CI vs CN 

p              
CN vs 
HCs 

Brief Repeatable 
Battery of 

Neuropsychological 
Tests (BRB-NT) 

SRT-LTS 38.5±15.7 -0.8±1.2 47.3±12.8 -0.2±0.9 55.7±10.2 0.5±0.8 0.08 0.01* 

SRT-CLTR 26.2±13.1 -1.0±0.8 39.9±15.2 -0.1±0.9 49.7±14.3 0.5±0.9 0.01* 0.02* 

SRT-D 6.8±2.5 -0.9±1 8.7±2.5 -0.2±1 10.3±1.7 0.5±0.7 0.03* 0.007* 

SPART 20.3±4.4 -0.7±1 22.7±4.4 -0.1±1 25±4.1 0.4±0.9 0.2 0.05 

SPART-D 6.9±1.7 -0.6±0.9 7.9±2 -0.1±1 8.8±1.8 0.3±0.9 0.2 0.1 

SDMT 45.1±11.3 -0.8±0.9 53.9±9.7 -0.1±0.8 61.7±12.9 0.5±1 0.04* 0.01* 

PASAT-3 31.2±11.5 -1.1±1 43.6±10.6 0.009±0.9 47.8±9.6 0.4±0.8 0.001* 0.2 

PASAT-2 26.1±10.8 -0.9±1.1 35.3±9.9 0.009±0.1 37.1±8.7 0.2±0.9 0.04* 0.7 

WLG 23.8±7 -0.5±1.1 27.2±6.6 0.06±1 27.5±6 0.1±0.9 0.2 1.0 

Stroop Test (ST) 
ST-EIT 17.3±7.8 -0.7±1.4 13.4±5.4 -0.04±1 11.3±3.5 0.3±0.6 0.05* 0.2 

ST-EIE 1.6±2.3 -1.1±2.1 0.2±0.5 0.2±0.4 0.1±0.4 0.3±0.3 <0.001* 0.9 

Verbal Fluency 
Test (VF) 

Phonemic 34.1±11.9 -0.8±0.9 44.7±12.7 -0.01±0.9 53.9±10.6 0.7±0.8 0.02* 0.03* 

Semantic 47.5±11.5 -0.7±1 56.2±11.3 -
0.005±0.9 

63.5±9.1 0.6±0.8 0.04* 0.07 

Alternate 37.8±12.3 -0.6±1.1 43.2±10.8 -0.09±0.9 50.5±9.9 0.5±0.9 0.4 0.07 
Shifting 
Index 0.9±0.3 0.06±1.5 0.9±0.1 -0.06±0.9 0.9±0.1 -0.02±0.9 0.9 1.0 

Modified Five Point 
Test (MFPT) 

MFPT-UDs 23.2±12.7 -1.1±1.2 34.3±7.7 -0.07±0.7 41.9±7.5 0.6±0.7 0.001* .003* 

MFPT-CSs 8.7±11.9 -0.7±1 14.9±10.6 -0.1±0.9 22.8±11.1 0.5±0.9 0.2 .02* 
MFPT-
ErrInd 15.3±16.8 -0.7±1.7 6.7±6.9 0.2±0.7 7.1±8.4 0.1±0.8 0.02* 1.0 

           
Table 4. Characteristics of neuropsychological performances of cognitively impaired RRMS 
(CI-RRMS), cognitively normal RRMS (CN-RRMS) and healthy controls (HCs), and results 
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of the comparison between Z-score single subtests in CI-RRMS vs CN-RRMS and in CN-
RRMS vs HCs. Mean±SD was provided for raw scores and Z-score indexes.  
SRT-LTS = Selective Reminding Test – Long Term Storage; SRT-CLTR = Selective Reminding 
Test – Consistent Long Term Retrieval; SRT-D = Selective Reminding Test – Delayed; SPART-I 
= Spatial Recall Test – Immediate; SPART-D = Spatial Recall Test – Delayed; SDMT = Symbol 
Digit Modalities Test; PASAT = Paced Auditory Serial Addition Test; ST - EIT = Stroop Test - 
Effect Interference Time; ST - EIE = Stroop Test - Effect Interference Error; MFPT-UDs = 
Modified Five Point Test – Unique Designs; MFPT-CSs = Modified Five Point Test – Cumulative 
Strategies; MFPT – ErrInd = Modified Five Point Test – Error Index 
 

Discussion 

The aim of the present study was to investigate the cognitive 

performance of a group of newly-diagnosed RRMS patients classified as 

being “cognitive normal” (CN-RRMS) considering the most used 

classification criterion (Amato et al., 2006b), and compared their cognitive 

performance with that of a matched group of HCs by using a cognitive 

“functioning-based” approach instead of a cognitive  “impairment-based” 

approach. 

Considering this functioning-based approach (i.e., Z-score indexes), 

the results of the present study highlighted that newly-diagnosed RRMS 

patients can differ significantly from a group of HCs both on a global level 

and also with reference to single cognitive domains of attention/processing 

speed, memory, and executive functioning. However, the most interesting 

finding is related to the fact that this significant difference between RRMS 

patients and HCs persists even after isolating only those patients classified 

as CN, considering the classical categorization criteria (Amato et al., 2006b). 

Specifically, by using a functioning index based on Z-scores, the group of CN 

patients showed a significant decrease in cognitive performance as compared 

to HCs at global level as well as in the domains of memory and executive 

functions. The grading scores assigned on the basis of this cognitive 

“functioning-based” approach, as opposed to the classical “impairment-

based” approach, highlight that also newly-diagnosed CN patients can show 

worse cognitive performance as compared to HCs since the early stages of 

the disease, independently from the effect of other clinical and 
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demographical variables such as age, education, physical disability, disease 

duration, fatigue or emotional state. The classic cognitive “impairment-

based” approach is undoubtedly affected by different cut-offs threshold and 

by the different number of neuropsychological tests used, that can render 

uncertain the diagnosis of CI. Given though cognitive decline can occur as a 

result of gradual progression related to neurodegeneration, or more 

transient changes related to inflammatory (i.e., relapses) disease activity, by 

using a functioning-based approach (i.e., Z-score index) it was expected that 

also newly-diagnosed RRMS patients would perform worse with respect to 

HCs. In fact, it has been found that brain alterations due to GM and WM 

lesions and inflammatory phenomena can be observed since the time of 

diagnosis and are related to differences in the inflammatory profile (Frischer 

et al., 2009; Magliozzi et al., 2018). Considering previous studies that 

showed that early neurodegeneration phenomena affect mainly the frontal 

and the temporal lobes since the early stage of the disease (Calabrese et al., 

2009), it is remarkable that a significant difference between newly-

diagnosed CN and HCs was found specifically in the domains of memory and 

executive functions, that are mainly related to the activity of frontal and 

temporal brain areas, respectively. It is necessary to strongly highlight the 

alterations in executive functioning since this domain is often neglected and 

not included in the most used batteries of neuropsychological tests (i.e., the 

BRB-NT and the BICAMS). 

The Z-score index, in which cognitive performance is considered as a 

continuum, seemed to effectively reflect the accumulation of cognitive 

alterations even in those RRMS patients that would be classified as 

“cognitively normal”. As recently highlighted (Weinstock-Guttman, Eckert & 

Benedict, 2018), if is accepted that cognitive deficits in MS patients, or 

cognitive decline from baseline, reflect mainly cerebral dysfunctions related 

to MS disease, after excluding other confounding factors such as physical 
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disability, fatigue, and emotional state, then cognitive functioning merits 

clinical attention as would any other indication of disease activity. 

With this perspective, it can be overcome the classic impairment-

based approach, usually limited by outdated and less representative 

normative data, optimizing the identification of slight alterations in cognitive 

performance already evident in newly-diagnosed RRMS patients classified as 

being “cognitively normal” by using the traditional classification method. As 

underlined in previous studies, the early detection and monitoring of 

cognitive dysfunction may be crucial to identify MS patients with a probable 

worse prognosis and more severe disease progression (Moccia et al., 2015; 

Pitteri et al., 2017), enabling early pharmacological and non-

pharmacological interventions aimed at preventing further cognitive decline 

and disability in the long term (Forn et al., 2012). According to this, a 

complete neuropsychological assessment in terms of level of performance, 

not just prone to classification criteria, seems of paramount importance not 

only in patients that show evident cognitive impairment (Kalb et al., 2018), 

but also in apparently “cognitively normal” patients, as highlighted in the 

present study.  

As recently underlined by Weber et al. (2019), neuropsychological 

tests have shown a significant predictive value also regarding everyday life 

activity and can be used in the clinical setting as one of several measures to 

help the clinician understand the impact of MS disease on patients and on 

their families. This view of considering the patients’ “cognitive performance” 

instead of patients’ “cognitive impairment” might open an invaluable 

window on the real-life performance of MS patients since the time of 

diagnosis, given that early cognitive alterations can be considered as a signal 

of increased risk of disease progression (Kalb et al., 2018).  

This study has some limitations. First, it is limited by the lack of a 

longitudinal neuropsychological assessment; this functioning-based 

approach should be tested more extensively with follow-up measures. 
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Second, this study focused only on patients with RR course; future studies 

should extend this approach by investigating different MS populations. 

However, this is a proof-of-concept study, which the aim is to raise the 

limitation of using the dichotomic approach derived from classic 

neuropsychological assessment frequently used in MS population. 

 

Conclusions 

The results of the present study suggest that cognitive dysfunction in 

RRMS is a phenomenon that can be detected also in newly-diagnosed 

patients. Extensive cognitive assessment since the early phase of the disease 

would be then of critical importance. This would support accurate judgement 

of decline in cognitive functioning and would be clinically meaningful to 

determine a baseline cognitive profile to be monitored in the follow-up. It is 

preferable to approach and interpret with extreme caution the traditional 

classification method of cognitive impairment because might fail in 

measuring actual cognitive performance. In this regard, preferring an 

approach based on the evaluation of cognitive functioning as a continuous 

variable should be therefore recommended, also considering the possibility 

to utilize computerized devices (De Meijer et al., 2018; Golan et al., 2019).  
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1.2 COGNITIVE FUNCTIONING OF MS PATIENTS AT THE TIME OF 

DIAGNOSIS IN ASSOCIATION WITH CSF BIOMARKERS OF BOTH 

INFLAMMATION AND NEURODEGENERATION 

Inflammation and neurodegeneration have already been described as 

core processes in the pathogenesis of MS, both reported in association with 

a worse cognitive outcome due to neuronal cells transient suffering or death. 

For example, CSF level of Chitinase 3-like 1 (CHI3L1) and Chitinase 3-like 2 

(CHI3L2) were described as effective CSF biomarkers of inflammation 

associated with cognitive impairment (Modvig et al., 2015; Møllgaard et al., 

2016; Quintana et al., 2018). Significant associations with cognitive aspects 

in MS patients were also reported in favor of other CSF molecules, such as 

somatostatin (Roca et al., 1999), Bri2-23 (Harris et al., 2010), and amyloid-

β (Mori et al., 2011). As mentioned in the previous sections, CSF level of 

neurofilament light chain (NF-L) was described as an effective biomarker of 

neurodegeneration and was also found to be associated with cognitive 

impairment (Quintana et al., 2018; Gaetani et al., 2019; Kalatha et al., 

2019). However, other studies are needed to provide further evidence. 

Cortical neuronal vulnerability and damage, including both 

dysfunction and loss, has been shown to highly contribute to the progression 

of MS lesions (Peterson et al., 2001; Klaver et al., 2015; Schirmer et al., 

2019), even independently from cortical demyelination. A “surface-in” of 

neuronal loss was identified associated with a gradient of microglia 

activation in the motor cortex of post-mortem MS cases characterized by the 

presence of elevated inflammation and B-cell follicle like structure in the 

meninges. Dutta et al. (2006) showed a decrease GABA-ergic parvalbumin-

positive (PVALB+) interneurons in the primary motor cortex (M1) of a group 

of MS patients, in particular within the normal appearing gray matter 

(NAGM): this change may lead to restructuration and perturbation in 

neuronal calcium levels causing harmful effects on neurons. Also Clements 

et al. (2008) highlighted a specific reduction in terms of PVALB-positive 
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interneurons within layer II of the primary motor cortex (M1) in a group of 

MS patients; furthermore, a significant correlation between numbers of 

PVALB staining cells and age of patients was found, suggesting a possible 

association between MS disease duration and loss of PVALB interneurons. 

Parvalbumin is a calcium binding protein expressed in a subset of GABA-

ergic inhibitory interneurons, and PVALB staining cells have been classified 

as fast-spiking interneurons (Hu, Gan & Jonas, 2014). Role of PVALB was 

also investigated in neurological conditions, such as psychiatric disorders 

(Bitanihirwe et al., 2009), epilepsy (Jiang, Lachance & Rossignol, 2016), and 

Parkinson’s disease (Lanoue, Blatt & Soghomonian, 2013). In line with these 

evidences, Magliozzi et al. (2019) found that reduction of PVALB gene 

expression in multiple sclerosis patients, in particular in the motor cortex of 

post-mortem SPMS cases, represents the most relevant pathological change 

observed in chronic active subpial gray matter lesion (GML) as well as in the 

nearby area of NAGM of MS patients, in particular in those with high level 

of meningeal inflammation and subpial GM demyelination.  

As there is a need for specific surrogate biomarkers of both 

inflammation and GM neurodegeneration to identify those individuals at 

higher risk of a more severe and rapid disease progression, in the present 

study it has been investigated combined CSF protein and 3T MRI analysis in 

a cohort of 95 MS patients at the time of diagnosis and further integrated 

with cortical lesions number and both global and regional cortical 

thicknesses determined by 3-dimensional (3D) double inversion recovery 

(DIR) 3T MRI imaging, neurologic evaluation, and comprehensive 

neuropsychological assessment. The aim of the study was to provide 

evidence supporting that PVALB may represent a specific biomarker 

associated with cortical GM demyelination and neurodegeneration, which 

could correlate better than a well-established and widely used CSF 

biomarker in MS (NF-L levels). Furthermore, it was investigated the possible 
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association between cognitive functioning and 18 inflammatory CSF 

cytokines investigated in a previous study (Magliozzi et al., 2018). 

 

Materials and methods 

Ninety-five MS patients (16 clinically isolated syndromes, CIS; 72 

relapsing-remitting MS, RRMS; 7 primary progressive MS, PPMS) were 

enrolled at the time of diagnosis. Inclusion criteria comprised diagnosis of 

MS (Polman et al., 2011), no psychiatric or other concomitant non-

neurological pathologies, normal or corrected to normal vision, no substance 

abuse or other concomitant medications that can alter the CNS. All the MS 

patients enrolled in the study underwent at baseline a CSF withdrawal 

through lumbar puncture and a neurologic evaluation. Subgroups of MS 

patients also underwent two 3T MRI scans (T0 and T1), a baseline 

comprehensive neuropsychological (NP) assessment, and a follow-up 

neurological evaluation (T1). Flowchart reporting the number of MS 

patients’ groups is provided in Figure 4. 
 

 
Figure 4. Study flowchart reporting the numbers of patients recruited for the study. 
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Twenty-seven control subjects including 13 individuals with non-

inflammatory neurological diseases (NIND; 4 cerebrovascular diseases, 3 

degenerative disease, 2 peripherical neuropathies, 2 headache/dizziness 

without any CNS abnormality, 2 ischemic white matter lesions), and 14 

subjects with other inflammatory neurological diseases (OIND; 3 immune-

mediated encephalitis, 2 neuromyelitis optica, 2 neurosarcoidosis, 2 

leucoencephalopathies, 2 CNS paraneoplastic syndrome, 2 CNS vasculitis, 1 

Behcet’s disease), were also recruited at the time of diagnosis and underwent 

neurological evaluation, 3T MRI and CSF examination. Since no significant 

differences were found between NIND and OIND subjects in terms of PVALB 

and Nf-L levels in CSF (p>0.05), these patients were considered as a single 

control group. 

The local Ethics Committee approved the study and informed consent 

was obtained from all the examined patients. All participants were recruited 

at the MS Center of the Verona University Hospital (Verona, Italy). 

Demographic, clinical, MRI and neuropsychological characteristics of the 

participants are provided in Table 5. 
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 Whole MS 
group 

 (n=95) 

MRI 
subgroup 
(n=67) 

NP 
subgroup 
(n=59) 

Demographic and 
clinical data 

Age (years) 37.6 ± 12.1 36.4 ± 11.5 37.7 ± 11.9 
Gender (M/F) 33/62 21/46 15/44 

Disease duration 
(years) 

2.1 ± 2.9 2.1 ± 2.5 
2.5 ± 3.1 

MS type 
(CIS/RR/PP) 

16/72/7 13/51/3 
13/42/4 

EDSS T0 1.5 (0-6) 1.5 (0-6) 1.5 (0-6) 
Δ-EDSS T0-T1 0 (0-1) 0 (0-1) 0 (0-1) 

MRI 

CLs volume T0 
/ 392.5 ± 

563.1 
410.5 ± 
608.7 

CLs number T0 / 4.2 ± 5.3 4.0 ± 5.4 
New CLs T0-T1 / 0.9 ± 1.5 0.8 ± 1.3 
Global CTh T0 / 2.4 ± 0.3 2.4 ± 0.3 
Global CTh T1 / 2.4 ± 0.3 2.4 ± 0.3 

T2WMLV T0 
/ 996.7 ± 

565.1 
992.7 ± 
559.9 

Neuropsychological 
assessment 

Education (years) / / 14.0 ± 3.6 
Cognitive 

impairment 
classification 

(CN/mCI/sCI) 

/ / 

20/25/14 

Global cognitive 
functioning index 

(Z-global)  

/ / 
0.01 ± 0.6 

 
Table 5. Demographic, clinical, MRI and neuropsychological variables of the study 
population. Means±SDs are provided. 
CIS = clinically isolated syndrome; RR = relapsing-remitting; PP = primary-progressive; EDSS 
= Expanded Disability Status Scale; CLs = cortical lesions; CTh = cortical thickness; T2WMLV 
= T2 white matter lesion volume; CN = cognitive normal; mCI = mild cognitive impaired; sCI 
= severe cognitive impaired 
 

MRI Acquisition Protocol and analysis 

Three Tesla MRI was performed on all MS patients for diagnostic 

purpose. In a subgroup of 67 MS patients, MRI sequences were acquired at 

the Radiology unit of the University Hospital of Borgo Trento (Verona, Italy) 

by using a Philips Achieva 3T MR Scanner both at baseline (median time 

interval between baseline MRI and CSF withdrawal: 2 months; range 0-12 

months) and also at T1. 
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The following image sets were acquired:  

- 3D T1 weighted Turbo Field Echo (TFE) (Repetition Time (TR) / Echo 

Time (TE)= 8.4/3.7ms, voxel size of 1x1x1 mm), total acquisition time 

of 5:51 min;  

- 3D Double Inversion Recovery (DIR) (TR/TE=5500/292ms, Inversion 

Times (TI) TI1/TI2=525ms/2530ms voxel size of 1x1x1mm), Turbo 

Spin Echo (TSE) read out with an optimal variable flip angle scheme, 

number of excitations 3, total acquisition time of 10:49 min; 

- 3D Fluid Attenuated Inversion Recovery (FLAIR) (TR/TE=5500/292ms, 

TI=1650ms voxel size of 1x1x1mm), same TSE readout as the DIR 

sequence, number of excitations 1, total acquisition time of 4:50 min. 

 

MRI analysis 

White matter lesion detection and lesion load assessment. 

         A semiautomatic lesion segmentation technique included in MIPAV 

software (Medical Image Processing and Visualization. 

http://mipav.cit.nih.gov) was applied to FLAIR images to identify and 

segment WM lesions, thus obtaining a T2 hyperintense WM lesion volume 

(T2WMLV) at baseline. WM lesions were assessed on FLAIR images by an 

observer with a large experience on MS. The total number of WM lesions 

was evaluated at baseline while at the end of the study were evaluated the 

number of new WM lesions and the enlarging WM lesions. 

 

Cortical lesion number and volume 

The number of cortical lesions was assessed on DIR images following 

the recent recommendations for cortical lesions scoring in patients with MS 

(Fischl, 2012). The total number of CLs at baseline and the number of new 

CLs at the end of the study were evaluated. Owing to the suboptimal 

performance of the image-acquisition sequences on MRI in visualizing 
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subpial lesions, the present analysis has taken into account mainly the 

intracortical and leukocortical lesions.  

The total CL volume at baseline was also calculated using a 

semiautomatic thresholding technique based on a Fuzzy C-mean algorithm 

(Pham & Prince, 1999) included in software developed at the National 

Institutes of Health, Medical Images Processing, Analysis and Visualization 

(http://mipav.cit.nih.gov). 

 

Cortical thickness evaluation.  

The mean cortical thickness was measured in each subject, at disease 

onset (T0) and at follow-up (T1) as previously detailed (Fischl and Dale, 

2000). 3D T1 weighted Turbo Field Echo were analysed using the 

longitudinal stream of FreeSurfer image analysis suite (release v5.3.0), 

available online (http://surfer.nmr.mgh.harvard.edu). Topological defects 

in cortical surfaces due to WM and leukocortical lesions (LCL) were 

corrected using a semi-automated procedure, which includes WM lesions 

segmentation and lesions filling. 

 

Neuropsychological assessment  

 A baseline comprehensive neuropsychological assessment was carried 

out in a subgroup of 59 patients, that were all tested within 12 months 

(range 0-12) from the time of the lumbar puncture (median: 1 month). The 

battery of neuropsychological tests comprised: the Brief Repeatable Battery 

of Neuropsychological Tests (BRB-NT; Amato et al., 2006a); the Stroop Test 

(ST; Caffarra et al., 2002); the forward and backward Digit Span Test (DST; 

Monaco et al., 2013); the Trail Making Test (TMT; Mondini et al., 2011); 

the Phonological, Semantic, and Alternate Verbal Fluency Test (VF; Costa et 

al., 2014); and the Modified Five Point Test (MFPT; Cattelani et al., 2011). 

Scores below the cut-off (5th percentile) of the reference population of each 

test were classified as failed tests. With this method, MS patients were 
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classified as having normal cognition (CN, 0 failed subtest), mild cognitive 

impairment (mCI, up to 2 failed subtests), or severe cognitive impairment 

(sCI, at least 3 failed subtests) considering their performance on all the 

neuropsychological tests administered (for a similar procedure, Pitteri et al., 

2017). Then, for each patient and for each neuropsychological test of the 

whole battery of tests, was calculated a cognitive functioning index by using 

the Z-scores formula: Z=(Raw score–Average)/SD, considering the average 

and the SD of the whole MS sample (n=59). This procedure allowed us to 

calculate a global cognitive functioning index (Z-global) from the average of 

the indexes of each neuropsychological test that permit to compare the 

cognitive performance of MS patients among different neuropsychological 

tests. 

 

Neurologic evaluation 

All patients underwent a complete neurologic evaluation, including 

the disability score, as measured by the Expanded Disability Status Scale 

(EDSS; Kurtzke, 1983). For 74 of them, an EDSS score was available also at 

T1, allowing us to calculate the EDSS change (Δ-EDSS) between baseline 

and follow-up evaluations. Disability progression was defined as a sustained 

increase in EDSS score of at least 1 point when EDSS was 5.5 or less (or a 

sustained increase in EDSS of 0.5 points when EDSS was more than 5.5) 

independently from relapses and confirmed at least 12 months later (Kappos, 

1998; Hommes et al., 2004). 

 

CSF analysis 

The PVALB levels were measured for both CSF of MS (n=95) and 

control patients with other neurological conditions (n=27) in duplicate in 

paired CSF post-mortem samples available for the training cohort samples 

using Human Parvalbumin ELISA kit (MBS2022353, MyBioSource, San 

Diego, CA, USA) according to manufacturer’s instructions. Briefly, the pre-
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coated wells were incubated with 100 μl of a 1:1 dilution of the CSF post-

mortem for 2 hours at 37 °C and then incubated with reagent A for 1 hour at 

37 °C. After washing the samples were incubated with B reagent at 37 °C for 

30 minutes and incubated with TBM ELISA substrate at 37 °C after washing. 

The reaction was stopped after 20 minutes with a specific solution and the 

optical density was measured at 450 nm on a Model 680 Series microplate 

reader (Bio-Rad). Samples were analysed in random order and the staff was 

blinded to the treatment arms. The detection threshold was 0.55 ng/ml. 

Samples intra-assay variability (coefficients of variation) was below 10%. 

In a subgroup of 69 patients and 15 controls, the levels of 

neurofilament protein light chain (NF-L) in CSF were measured using the 

Human NF-Light ELISA kit (MyBioSource, San Diego, CA, USA) according to 

the manufacturer’s instructions and previously optimized procedure 

(Magliozzi et al., 2018), and the quantification was carried out on a VICTOR 

X3 2030 Multilabel Plate Reader (Perkin Elmer, Walluf, Germany). Intra-

assay variability (coefficients of variation) of the samples was below 10%.  

In the subgroup that underwent the neuropsychological assessment,  

concentrations (ng/ml/mgProt) of 18 CSF inflammatory mediators, identified 

in a previous cross-sectional study as associated with more severe meningeal 

inflammation and GM damage, both in post-mortem tissues and in living 

patients (Magliozzi et al., 2018) were assessed using a combination of 

immune-assay multiplex techniques based on the Luminex technology (40-

and 37-Plex, Bio-Plex X200 System equipped with a magnetic workstation; 

BioRad, Hercules, CA). All samples were run induplicate in the same 

experiment and in 2 consecutive experiments, to verify the reproducibility 

and consistency of the results. 

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5 

(GraphPad, La Jolla, CA, USA), R (https://www.r-project.org/, version 3.3) 
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and SPSS statistic (SPSS Inc, Chicago, Illinois, USA, version 24) software. R 

and Cytoscape (version 3.7.1) software were used to prepare graphs.  

Normality distribution of the dependent variables was tested with the 

Shapiro-Wilk test: since all data were not normally distributed, group 

comparisons analysis was performed using Mann-Whitney U and Kruskal-

Wallis H tests, while Spearman correlation analysis was used. Results were 

expressed as mean ± SD. A p-value lower than 0.05 was considered 

significant unless otherwise indicated.  

 

Results 

CSF analysis 

Significant increased (fold change=6.5, p<0.001) PVALB levels were 

found in the CSF of MS patients respect to controls (Figure 5A).  

When MS patients were stratified according to the level of CSF 

inflammation and cortical demyelination in MShigh and MSlow, as 

previously defined (Magliozzi et al., 2018), PVALB CSF level was 

significantly higher in MShigh group compared with the level in MSlow group 

(fold change=1.3, p=0.015) (Figure 5B).  

No significant correlation was found between PVALB levels and age 

(p=0.85). No significant difference was found in PVALB levels between 

females and males (p=0.23). 

Considering the MS disease subgroups, PVALB CSF levels were not 

significantly different in the 3 groups (CIS-RR-PP, p=0.061). However, post-

hoc analyses showed significant differences between CIS and PPMS (fold 

change=1.6, p=0.047) and between RRMS and PPMS (fold change=1.6, 

p=0.019), while no significant differences were found between CIS and 

RRMS (p=0.93) (Figure 5C).  

Similar significant increase of NF-L levels (fold change=1.8, p<0.01) 

was found in the CSF of MS patients respect to controls (Figure 5D). Then 

by performing correlation analysis between the two CSF biomarkers, a 
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significant positive correlation was indeed found between CSF levels of 

PVALB and NF-L between the two levels (R=0.29, p=0.018) (Figure 5E). 

 

 

Figure 5. Parvalbumin (PVALB) and neurofilament light chain (NF-L) levels measured in 
the study.  
(A) PVALB concentration in CSF derived from patients with other neurological conditions 
(Ctrl, gray) and patients with MS (blue).  
(B) PVALB concentration in CSF derived from MSlow (red) and MShigh (blue) patients. 
(C) Boxplot representing group comparison of PVALB concentration in CSF on the basis of 
the type of MS diagnosis (CIS, n=16; RRMS: n=72; PPMS: n=7).  
(D) NF-L concentration in CSF derived from patients with other neurological conditions 
(Ctrl, white) and MS patients (blue). 
(E) Spearman correlation revealed a significant association between PVALB and NF-L levels 
in our group of MS patients (R=0.29). The gray area shows the 95% CIs. 
Shapiro test was used to assess the data distribution. Mann Whitney U-test was used. The 
dots represent the samples analysed. Means and SEMs were used to represent the data. 
*: p < 0.05; **: p < 0.01, ***: p < 0.001. 
CIS = Clinically Isolated Syndromes; RRMS = Relapsing Remitting Multiple Sclerosis; PPMS = 
Primary Progressive Multiple Sclerosis.   
 

MRI outcomes 

No correlation was found between the level of PVALB and the number 

of WM lesions (p=0.69) (Figure 6A), while significant, positive correlation 

was found between the level of PVALB and CLs number, both at baseline 
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(R=0.29, p=0.017) and new CLs at follow-up (R=0.30, p=0.015) (Figure 

6B-6C). NF-L level was also significantly associated with CLs number at 

baseline (R=0.50, p<0.001), with a stronger correlation respect to PVALB 

level. 

Moreover, a significant, negative correlation was found between the 

level of PVALB and baseline global CTh (R=-0.50, p<0.001) (Figure 6D). 

Considering specific brain regions (fig. 6E-6G), a significant, negative 

correlation was found between the level of PVALB and CTh of insula (R=-

0.62, p<0.001) (Figure 6E), cingulate gyrus (R=-0.60, p<0.001) (Figure 

6F), hippocampus (R=-0.56, p<0.001) (Figure 6G), postcentral gyrus (R=-

0.50, p<0.001), calcarine cortex (R=-0.49, p<0.001), temporal gyrus (R=-

0.48, p<0.001), fusiform gyrus (R=-0.48, p<0.001), parahippocampal 

gyrus (R=-0.45, p<0.001), precuneus (R=-0.42, p<0.001), cuneus (R=-

0.41, p<0.001), frontal gyrus (R=-0.38, p=0.0013), and motor cortex (R=-

0.36, p=0.0024). On the contrary, no significant correlation was found 

between the level of PVALB and CTh of the gyrus rectus, the occipital gyrus, 

and the precentral gyrus (all p>0.01). NF-L level was also significantly 

associated with global cortical atrophy at baseline (R=-0.37, p=0.004), 

albeit with weaker correlation respect to PVALB level. In Figure 6H, are 

showed also the association with regional CTh and NF-L, weaker compared 

with association with PVALB. 

Even at T1, a significant negative correlation was found between 

PVALB CSF level and global CTh (R=-0.50, p<0.001) (Figure 6I). 
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Figure 6. Baseline and follow-up 3T MRI outcome correlations with CSF PVALB levels in 
MS patients.  
(A) Spearman correlation between PVALB level in CSF derived from MS patients and the 
number of white matter lesions.  
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(B-C) Spearman correlation analysis between PVALB levels in CSF derived from MS patients 
and both (B) cortical lesions number at baseline and (C) new cortical lesions at follow-up. 
(D) Spearman correlation analysis between PVALB levels in CSF derived from MS patients 
and global cortical thickness at baseline (T0). 
(E-F-G) Representative correlation between PVALB level, global cortical thickness and 
cortical thickness in the three strongest associated brain areas: insula (E), cingulate gyrus 
(F) and hippocampus (G).  
(H) Bubble chart showing different strengths of correlation between PVALB levels and 
regional cortical thicknesses (Insula: R=-.62; Cingulated Gyrus: R=-.60; Hippocampus: R=-
.56; Postcentral Gyrus: R=-.50; Calcarine Cortex: R=-.49; Temporal Gyrus: R=-.48, 
Fusiform Gyrus: R=-.48; Parahippocampal Gyrus: R=-.45; Precuneus: R=-.42; Cuneus: 
R=.41; Frontal Gyrus: R=-.38; Motor Cortex: R=-.36; Gyrus Rectus: R=.30; Occipital 
Gyrus: R=-.25 ; Precentral Gyrus: R=-.10). Significative threshold was considered when p-
value > 0.01. A colour scale was used to determine the significance of the cluster 
enrichment.  The bubble chart shows also the association, weaker than the one with PVALB 
levels, between regional cortical thicknesses and neurofilament light chain (NF-L) levels 
derived from CSF. 
(I) Spearman correlation analysis between PVALB levels in CSF derived from MS patients 
and global cortical thickness at follow-up (T1). 
The dots represent the samples analysed. The gray area shows the 95% CIs. 

 

Neuropsychological outcomes 

With respect to the 59 MS patients that underwent the 

neuropsychological assessment, 20 (33.9%) of them were classified as 

having no cognitive impairment (CN), 25 (42.4%) as having mild cognitive 

impairment (mCI), and 14 (23.7%) as having severe cognitive impairment 

(sCI). Among these three subgroups of CI classification (CN, mCI, sCI), 

PVALB levels were not significantly different (p=0.26) (Figure 7A). No 

significant difference was also found for NF-L levels between the three 

subgroups (p=0.22). 

However, considering the global cognitive functioning index (Z-

global) instead of cognitive impairment classification, we found a significant, 

negative correlation between the level of CSF PVALB and this index (R=-

0.26, p=0.044) (Figure 7B). On the contrary, no significant correlation was 

found between NF-L levels and Z-global (p=0.99).  

Positive correlation was also found between the baseline global CTh 

and the Z-global (R=0.39, p=0.004) (Figure 7C). 
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Furthermore, exploring the association between the level of PVALB 

and the Z-score of each subtest, significant correlations were found with the 

Spatial Recall Test – Delayed (SPART-D; R=-.26, p=0.45; Figure 7D), the 

strategy index of the Modified Five Point Test (MFPT-CSs; R=-.32, p=0.020; 

Figure 7E), the time in the Trail Making Test A (TMT-A time; R=-.61, 

p<0.001; Figure 7F) and B (TMT-B time; R=-.58, p=0.002; Figure 7G).  

However, no significant correlations were found between the level of 

NF-L and the Z-scores of each neuropsychological test (all p>0.05). 
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Figure 7. Cognitive functioning alterations in association with CSF PVALB levels and with 
global cortical thickness.  
(A) Boxplot representing the comparison of PVALB level between MS groups of different 
cognitive impairment. Severely Cognitive Impaired (sCI, blue) MS patients were 
characterized by a higher, but not clinically significant, PVALB level compared to both 
Cognitive Normal (CN, gray) and to mildly Cognitive Impaired (mCI, green) MS patients.  
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(B) Spearman correlation revealed a significant negative association (R=-.26) between 
PVALB level and global cognitive functioning index. 
(C) Spearman correlation revealed a significant negative association (R=.35) between 
global cognitive functioning index and global cortical thickness. 
(D-E-F-G) Spearman correlation revealed a significant negative association (R=-.26) 
between PVALB level and cognitive functioning index in the Spatial Recall Test - Delayed 
(SPART-D; p=.045; Figure D), in the Modified Five Point Test – Cumulative Strategies 
(MFPT-CSs; p=.02; Figure E), in the Trail Making Test – A (TMT-A; p<.001; Figure F) and 
in the Trail Making Test – B (TMT-B; p=.002; Figure G). 
The dots represent the samples analysed. The gray area shows the 95% CIs.  
 

In the MS subgroup that underwent the neuropsychological 

assessment, the association between cognitive functioning and 18 CSF 

inflammatory mediators (Magliozzi et al., 2018) was also explored. 

Correlation analysis showed, after FDR correction, a significant negative 

association between global cognitive functioning index (Z-global) and 

LIGHT TNFSF14 (r=-0.26, p=0.044). No other associations were found for 

global cognitive functioning index with other CSF molecules (all p>.05). 

Comparison of the level of inflammatory cytokines in CN-MS patients vs. CI-

MS patients showed a significant difference only for CSF level of LIGHT 

(p=0.034), while all the other molecules were not significant between the 

two groups (all p>0.05). 

 

Physical disability 

No significant correlation was found between the level of PVALB and 

the EDSS at baseline (p=0.16) (Figure 8A). On the contrary, at follow-up 

(T1), when 54 MS patients had no EDSS change (DEDSS=0), while 20 MS 

patients had EDSS change (n=7 with DEDSS=0.5; n=13 with DEDSS=1), 

significant difference was found for the levels of PVALB between the group 

with no EDSS change and the group with EDSS change (fold change=3.2, 

p<0.001) (Figure 8B). 
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Figure 8. Physical disability in association with CSF PVALB levels. 
(A) Spearman correlation revealed no significant negative association between baseline 
EDSS and PVALB level in CSF of MS patients. 
(B) Boxplot representing the comparison of PVALB level between MS patients based on their 
disability progression at follow-up. MS patients with no disability progression (no EDSS 
change) were characterized by a significant lower PVALB level, compared to MS patients 
with an increment of physical disability. 
The dots represent the samples analysed. The gray area shows the 95% CIs.  
***: p < 0.001. 
EDSS = Expanded Disability Status Scale 
 

Discussion 

In this study was reported for the first time that cerebrospinal levels 

of parvalbumin (PVALB) protein reflect cortical thickness reduction and 

worse physical and cognitive disability outcomes. These data suggest that 

PVALB may represent a new, potential, MS-specific biomarker of cortical 

neurodegeneration. 

Parvalbumin (PVALB) is a calcium binding protein expressed by a 

subset of GABA-ergic inhibitory interneurons classified as fast-spiking 

interneurons (Hu, Gan & Jonas, 2014), known to buffer calcium and with a 

protective role for neurons from excess intracellular calcium (Beers et al., 

2001; Dekkers et al., 2004). Clements et al. (2008) highlighted a specific 

reduction of PVALB-positive interneurons within cortical layer II in a group 

of MS patients; furthermore, a significant correlation between numbers of 

PVALB staining cells and age of patients was found, suggesting a possible 

association between MS disease duration and loss of PVALB interneurons, 

R = 0.15 , p = 0.16
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that was not identified in the MS cases examined in this study as were 

selected age-matched. A detailed gene expression study of normal appearing 

gray matter has shown that decrease of GABA-ergic PVALB-positive 

interneurons in the primary motor cortex induces perturbation in neuronal 

calcium levels causing harmful effects on neurodegeneration in MS (Dutta 

et al., 2006).  

Similar to other CSF biomarkers reflecting activity or damage 

associated with MS pathology, such as neurofilament light chains (NF-L), 

known to be released in the CSF derived from the damage of axons, PVALB 

is possibly released in the CSF as a consequence of interneuronal loss. 

Compared to NF-L, in this study PVALB CSF levels are able to better and 

early identify cortical thinning, EDSS exacerbation at follow-up and 

cognitive functioning alterations at the time of diagnosis. In particular, CSF 

NF-L levels were found mainly associated with cortical lesion number at 

baseline but not with the other examined MRI and clinical parameters, 

suggesting that NF-L may represent a good biomarker of focal cortical axonal 

damage. On the contrary, respect to CSF NF-L levels, the correlation between 

CSF concentration of PVALB and both baseline cortical lesion number and 

new cortical lesion at follow-up was still significant but lower, whereas the 

highest correlation was found with global cortical thickness, both at baseline 

and at follow-up. These findings may suggest that PVALB, by reflecting the 

interneuronal loss in the cortex, might represent primarily a biomarker of 

diffuse cortical neurodegeneration, detectable since the earliest disease 

stages. However, its measure at the time of diagnosis is able to predict both 

cortical thinning and EDSS change at follow-up, indicating an important 

predictive value of PVALB. The fact that high levels of PVALB may be 

detected in MS patients at the time of diagnosis and the correlation with 

cortical lesion load is lower respect to the correlation with cortical thinning, 

strongly support the hypothesis that neurodegeneration may be largely 

independent of cortical demyelination and may be better estimated by MRI 
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analysis of changes in the cortical thickness in combination with CSF 

assessment of PVALB levels. 

A significant increment of PVALB levels was reported in the CSF of 

PPMS respect to both CIS and RRMS, suggesting that this marker might 

reflect a neuronal loss increasing with the progression. There is ample 

evidence implicating an active role for neurons accumulating in the 

pathophysiology of progressive MS including not only neuronal loss but also 

molecular and metabolic changes within neuronal cell bodies inducing to 

neuronal dysfunction (Mahad, Trapp & Lassmann, 2015). At the time of 

diagnosis, it is extremely important to early predict the progressive outcome, 

therefore PVALB CSF levels might represent a useful new predictive tool. The 

fact that were found in-vivo PVALB CSF levels early in the diseases supports 

the idea that PVALB is a good predictor of active cortical pathology, both in 

GM lesions and in normal appearing GM. This is an important aspect that 

needs to be validated in longer follow-up studies and independent MS 

cohorts, considering the actual lack of biomarkers able to early reveal active 

processes of neurodegeneration. 

The results from this study seem to suggest a key role of inflammation 

in cortical damage and neurodegeneration. Then, when the CSF samples 

obtained from MS in-vivo patients were analysed and stratified according to 

the high or low degree of inflammation and high/low cortical lesion load 

(Magliozzi et al., 2018), was found that MS patients that at baseline have 

elevated inflammatory CSF profile have also increased levels of PVALB, 

supporting a strict link between neurodegeneration and intrathecal 

inflammation since the early disease stages. These data strongly encourage 

the use of combined CSF analysis, at the time of diagnosis, of a panel of 

inflammatory and neurodegenerative biomarkers for each individual, in 

order to early recognize specific MS endo-phenotype and consequently 

choose the most appropriate individualized therapy. 
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One of the most interesting results of this study was the correlation 

found between PVALB concentration in the CSF and both the baseline and 

follow-up cortical thickness levels, supporting a strict link between 

neurodegeneration, as detected by PVALB CSF level, and cortical thinning. 

This finding was particularly evident in some cortical regions, such as insula, 

cingulate gyrus, hippocampus, postcentral gyrus, calcarine cortex, temporal 

gyrus, fusiform gyrus, parahippocampal gyrus, precuneus, cuneus, frontal 

gyrus, and motor cortex, which were all previously identified by both 

neuropathological and neuroradiological studies to severely affected by 

cortical pathology (Kulzenigg et al., 2005; Wegner et al., 2006; Frischer et 

al., 2009; Calabrese et al., 2015a; Haider et al., 2016). These cortical 

regions, similar to the motor cortex, in which a reduction of PVALB gene 

expression and GABA-ergic interneurons have been observed, seem to be the 

most susceptible to neurogeneration, at least in the early stage of the disease. 

Previous studies hypothesized that the effect of meningeal inflammation was 

stronger in those regions of the cortex with deep foldings and low CSF flow, 

such as insula and cingulate gyrus (Haider et al., 2016; Eshaghi et al., 2018): 

in our study these regions seemed to be highly correlated with the CSF 

PVALB levels. The elevated association between PVALB CSF levels and 

cortical thinning in early MS stages strongly support a possible key role of 

PVALB as a prognostic biomarker of cortical pathology and 

neurodegeneration that, in combination with advance MRI analysis, may 

help clinicians to early identify MS patients at risk of a high degree of 

neurodegeneration and rapidly progressive MS. 

The finding that high levels of PVALB in the CSF of patients are not 

reflected by high accumulation of physical disability at the time of diagnosis 

but significantly predicts increased EDSS change at follow-up suggests that 

PVALB may represent a good biomarker of physical disability evolution. 

These data are corroborated by the fact that the highest PVALB protein levels 

were detected in the CSF of MS patients with more severe and rapid disease 
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progression. It would be interesting to further clinically follow the examined 

MS patients in order to understand if this predictive value of PVALB could 

be supported. 

Considering the global cognitive functioning index (Z-global), a 

significant correlation was found between this index and both level of CSF 

PVALB and global cortical thickness; these results corroborate previous 

studies in which it has been demonstrated that cognitive impairment is 

mainly associated with both focal and diffuse GM damage, more than WM 

damage (Sailer et al., 2003; Benedict et al., 2004; Fisniku et al., 2008; 

Calabrese et al., 2009, 2012; Hulst et al., 2014; Harrison et al., 2015; Daams 

et al., 2016; Tillema et al., 2016; Rimkus et al., 2019). Moreover, significant 

correlations were found between CSF PVALB levels and the Z-scores of the 

Spatial Recall Test – Delayed (SPART-D, a test of long-term verbal memory), 

both the two parts of the Trail Making Test (part A related to processing 

speed and part B related to task switching, a component of executive 

functions), as well as the strategy index of the Modified Five Point Test (a 

test figurative fluency, a component of executive functions). In summary, it 

seems that the cognitive domains that are more associated with the level of 

PVALB are verbal memory, processing speed and executive functions. These 

results are in line with the significant correlations that was found between 

level of PVALB and the level of CTh of several frontal and temporal regions, 

that are mainly related to memory and executive functions. This evidence 

suggests that PVALB might better reflect cortical interneuronal loss and be a 

valuable biomarker specific for neurodegeneration and cortical pathology in 

MS, also highlighted at a neuropsychological level in terms of cognitive 

performance instead of cognitive impairment. Since previous studies have 

also demonstrated that impairment of cognitive functions can occur from the 

early stage of the disease (Rocca et al., 2015) and is known to worsen over 

time in relation with GM damage (Pitteri et al., 2017; Eijlers et al., 2018), 

the early identification of RRMS patients at high risk of cognitive disability 
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progression is a critical problem that shall be addressed by MS clinical 

research in the near future. Although CI is a frequent and early phenomenon 

in MS, only few data are available about its role as a prognostic marker. In 

the present study, evidence was added on the importance of having sensitive 

cognitive functioning indexes to detect even slight worsening of cognitive 

performance since the early disease stages, as highlighted in the present 

study with the significant correlations between the global cognitive 

functioning index and both PVALB levels and MRI outcomes. Even though 

NF-L level in CSF (Quintana et al., 2018; Gaetani et al., 2019; Kalatha et al., 

2019) and positive oligoclonal bands (OCB+) (Farina et al., 2017) have 

been proposed as potential prognostic biomarkers of neurodegeneration 

related to cognitive dysfunction in MS patients, results from this study 

showed that only the PVALB CSF level may be well related to cognitive 

functioning alterations; in fact, no significant association was found with 

global cognitive functioning index and NF-L level in the CSF. In this respect, 

neuropsychological results are in favor of considering the PVALB a more 

specific biomarker related to neurodegeneration and GM atrophy in MS.  

Considering CSF inflammatory molecules analysed as potential 

biomarkers of alterations in cognitive functioning, LIGHT was the only one 

that showed a significant association with cognitive functioning and that was 

different between cognitive normal and cognitive impaired MS patients. 

These results are in line with biological literature that highlighted LIGHT as 

a member of tumor necrosis factor (TNF) family and its role with B-cell 

inflammatory activity (Hu et al., 2010): previous studies focused on physical 

disability highlighting the mechanisms between B-cell driven inflammation 

and cortical pathology (Magliozzi et al., 2007; Lucchinetti et al., 2011), 

while results from the present study suggest that B-cell activity in MS 

patients cause neuronal sufferance that could also lead to cognitive 

alterations. 
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 Next chapter (1.3) will further discuss the role of LIGHT in MS, by 

highlighting its role as a potential biomarker for accumulation of disease 

progression, cortical damage and severe disease activity. 

A larger MS sample and a follow-up study of the patients included in 

the current study could corroborate in the future the value of PVALB and 

LIGHT as potential predictive biomarkers of longitudinal cognitive decline.  

 

Conclusions 

By combining a clinical, MRI, and neuropsychological approach, for 

the first time this study highlighted that cerebrospinal levels of parvalbumin 

might represent a new potential biomarker of interneuron loss in the cortex 

of MS patients at time of diagnosis. In particular, this biomarker is able to 

reflect early alterations of cortical thinning, physical disability accumulation 

and cognitive functioning, suggesting the usefulness to recognize in advance 

MS patients that present early sign of neurodegeneration and related 

physical and cognitive decline to be treated with specific combination of 

neuroprotective and immunomodulatory treatments. Identifying biomarkers 

able to recognize those patients at higher risk of poorer disease evolution for 

whom highly efficacious (but with greater risk) treatments should be 

prescribed (Magliozzi & Cross, 2020) is nowadays mandatory. This is even 

more true for those patients that have to deal with the “silent” progression 

of the disease, which is mainly characterized by neurodegenerative 

phenomena. 
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1.3 COGNITIVE, CLINICAL, MRI AND CSF VARIABLES AT THE TIME OF 

MS DIAGNOSIS AND THEIR PROGNOSTIC VALUE AFTER 4 YEARS 

 Taking into account the large number of currently available DMTs 

characterized by different risk-benefit profiles, efforts are being made to 

implement, early in the disease course, a personalized therapeutic approach 

which can maximize the chances of achieving a sufficient control of the 

disease activity in the long term. However, early neurologic and 

neuroradiological features have limited prognostic value at an individual 

level: neuroimaging data have confirmed that the extent of GM damage is a 

good predictor of long-term disability (Calabrese et al., 2012). Therefore, 

the choice of the pharmacological treatment based on the patient’s expected 

clinical outcome remains a challenging task and, consequently, there is a 

need for additional biomarkers that could be applied early in the disease 

course to identify patients destined to have a more severe disease outcome. 

 It has been demonstrated that leptomeningeal immune cell 

infiltration and compartmentalized inflammation within the subarachnoid 

space play a key role in the pathogenesis of the cortical pathology (Magliozzi 

et al., 2007; Lucchinetti et al., 2011). In particular, increased meningeal 

inflammation was associated with a gradient of neuronal, astrocyte and 

oligodendrocyte damage, and with microglial activation, especially in the 

superficial cortical layers (I-III) (Magliozzi et al., 2010). Furthermore, low 

levels of cerebrospinal fluid (CSF) β-amyloid were associated with higher 

risk of disease progression (Pietroboni et al., 2018), whereas CSF 

concentrations of neurofilament light chain (NF-L) were associated with the 

2-years relapse risk but not with disease progression or clinical worsening in 

newly diagnosed CIS and RRMS patients (Sellebjerg et al., 2018). A recent 

comprehensive cross-sectional analysis of inflammatory and cytotoxic 

molecules expressed in the meninges and in the CSF from 27 post-mortem 

secondary progressive MS cases and in the CSF of 73 living MS patients at 

diagnosis (Magliozzi et al., 2018) resulted in the identification of increased 
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levels of 18 CSF inflammatory mediators which were associated with more 

severe meningeal inflammation and GM damage, both in post-mortem 

tissues and in-vivo. These data underlined the relationship between 

intrathecal inflammation and the GM damage, spanning from the early to 

the late disease stages, and the potential key role of B-cell and innate 

immune activity in characterizing a severe MS clinical phenotype. Although 

these inflammatory mediators could be useful early biomarkers of disease 

severity, the lack of longitudinal data on disease evolution has hitherto 

prevented the evaluation of their clinical prognostic relevance. Therefore, 

this study set out to investigate in a large, prospective, and multicenter 

cohort of MS patients, the association between CSF biomarkers evaluated at 

the time of diagnosis and the disease evolution over the following 4 years. 

 

Materials and methods 

Study population 

Ninety-nine treatment naive Relapsing-Remitting (RR) MS patients 

(F/M=66/33, mean age=40.4±12.0 years, range 18-55, Table 6) from the 

MS Centre of Verona University Hospital and from the MS Centre of 

Montichiari (Brescia, Italy) were asked at the time of clinical onset (T0) to 

participate to this longitudinal 4-years prospective study. Inclusion criteria 

were MS diagnosis according to the 2010 revision of diagnostic criteria 

(Polman et al., 2011) and age between 18 and 55 years at baseline. Patients 

had to be free of any other inflammatory disease and had to have at least 1 

ml of CSF obtained in the previous month. Following the enrollment, each 

patient underwent a 3T brain MRI (description below), was started on first 

line disease-modifying treatment therapy (Interferon beta1a, Glatiramer 

Acetate, Teriflunomide or Dimethylfumarate) and was monitored with 

clinical and radiological evaluation for at least four years after diagnosis. 

Both at baseline and at the end of the study (T1), a subgroup of patients 

underwent also a complete neuropsychological examination. The treatment 
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therapy was chosen by a neurologist with large experience of MS, blinded to 

the results of CSF profile (only the standard analysis of CSF and the 

presence/absence of CSF oligoclonal bands were available). The local Ethics 

Committee approved the study and informed consent was obtained from all 

the patients.  

 

 
Whole group 

n = 99 

Disease Activity 

EDA 
n= 41 

NEDA                                    
n = 58 

Age 40.4±12.0  34.7±12.5 39.5±11.3* 

Gender (F/M) 66/33 28/13 38/20 

Disease duration 
(years) 

1.8±2.2 1.4±2.1 2.1±2.3* 

EDSS median 
(range) 

2.0 (0-6.0) 2.0 (0-4.0) 1.5 (0-6.0) 

OCBs (yes/no) 87/12 38/3 49/9 

CLs number 4.3 ±5.3 7.8±6.0 1.8±3.0*** 

CTh T0 (mm) 2.4 ±0.4 2.3±0.4 2.5±0.3** 

T2WMLL T0 
(mm3) 960.7±352.7 1000.1±357.6 932.9±349.6 

Number of Gad+ 
lesionsà 

0.2±0.6 0.3±0.5 0.2±0.6 

Number of 
relapsesà 

1.0±0.3 1.0±0.4 1.0±0.2 

Median time to 
event (IQR) 

4.0 (1.1) 3.0 (1.8) 4.4 (1.0) 

 

Table 6. Characteristics of patients at the beginning of the study and after having divided 
them on the base of their clinical evolution. Data are reported as mean and standard 
deviation if not differently reported. Comparison analyses results between EDA and NEDA 
patients are provided. 
*  for p<0.05, ** for p<0.01, *** for p<0.001.  
à = in the year before lumbar puncture;  
CLs = cortical lesions; CTh = cortical thickness; EDA = evidence of disease activity; NEDA = 
no evidence of disease activity; F = female; M = male; EDSS = Expanded Disability Status 
Scale; OCB = oligoclonal band; T2WMLL = T2 white matter lesion load; Gad = gadolinium; 
IQR = interquartile range 
 

 



 62 

CSF protein analysis 

CSF samples were obtained at the time of diagnosis, at least 2 months 

after the last relapse and within one month of the MRI, according to 

Consensus Guidelines for CSF and Blood Biobanking (Teunissen et al., 

2009). After centrifugation, the supernatant and the cell pellet were stored 

separately at -80°C. The CSF analysis was optimized and performed by two 

independent investigators, blinded with respect to the clinical and MRI 

features.  

The concentrations (ng/ml/mgProt) of 18 inflammatory mediators 

identified in a previous cross-sectional study (Magliozzi et al., 2018) were 

assessed using immune-assay multiplex techniques based on the Luminex 

technology (Bio-Plex-X200 System equipped with a magnetic workstation, 

BioRad, Hercules, CA, USA) according to procedures previously optimized 

(Magliozzi et al., 2018).  

Combined CSF protein analysis was previously performed in a control 

group (Magliozzi et al., 2018), in order to define standard CSF levels of the 

inflammatory mediators. 

To verify the reproducibility and consistency of the results, all samples 

were run in duplicate in the same and in two consecutive experiments. 

According to previous published procedures (Opsahl et al., 2016), for each 

examined patient, the CSF level of each protein was normalized to the total 

protein concentration of each CSF sample (measured by the Bradford 

protocol). However, the use of absolute concentrations of CSF protein levels 

did not affect the correlations nor the multivariate models.  

 

MRI Acquisition Protocol  

Three Tesla MRI was performed on each patient at the time of 

diagnosis and then yearly for at least 4 years. All the scans were acquired at 

the Neuroradiology Unit of the University Hospital of Verona, at least 2 
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months after the last relapse. MRI sequences were acquired using a Philips 

Achieva 3T MR Scanner. The following image sets were acquired:  

-  3D-T1 weighted Turbo Field Echo (TFE) (Repetition Time (TR) / Echo 

Time (TE)= 8.4/3.7ms, voxel size of 1x1x1mm), acquisition time of 5:51 

min;  

- 3D-Double Inversion Recovery (DIR) (TR/TE=5500/275ms, Inversion 

Times (TI) TI1/TI2=450ms/2550ms voxel size of 1x1x1mm), Turbo Spin 

Echo (TSE) readout with an optimal variable flip angle scheme, number of 

excitations 3, acquisition time of 10:49 min;  

-  3D-Fluid Attenuated Inversion Recovery (FLAIR) (TR/TE=8000/288ms, 

TI=2356ms voxel size of 1x1x1mm), same TSE readout as the DIR sequence, 

number of excitations 1, acquisition time of 4:48 min; 

-  3D-T1 weighted TFE post contrast with the same parameters of the pre-

contrast sequence (TR/TE= 8.4/3.7ms, voxel size of 1x1x1 mm), acquisition 

time of 5:51 min. 

 

MRI Analysis 

Lesion detection 

The number of WM lesions at baseline and the number of Gad 

positive, new and enlarging WM lesions at the end of the study were assessed 

on FLAIR images by a neuroradiologist with extensive experience of MS. The 

number of total and new cortical lesions were assessed on DIR images 

following the recent recommendations (Geurts et al., 2011). Owing to the 

suboptimal performance of the MRI in visualizing subpial lesions, the present 

analysis has taken into account mainly the intracortical and leukocortical 

lesions. These can be considered as a surrogate marker for the total GM 

demyelination as well as demonstrated by several neuropathological/MRI 

studies.  
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Cortical thickness evaluation.  

The annualized cortical thinning was calculated using the 

longitudinal stream of FreeSurfer (Fischl, 2012) image analysis suite 

(version 6.0; http://surfer.nmr.mgh.harvard.edu). Topological defects in 

cortical surfaces due to WM and leukocortical lesions were corrected using 

a semi-automated procedure, which includes WM lesion segmentation and 

lesion filling. The software was applied to the 3D-T1 weighted Turbo Field 

Echo sequences. Five-time points, approximately equally spaced, were used 

for each subject to create an unbiased, subject-specific template (Reuter & 

Fischl, 2011) which is generated by iteratively aligning all input images to a 

median image using a symmetric robust registration method. Several steps 

in the processing of the serial MRI scans (e.g., skull stripping, atlas 

registration, etc.) are then initialized with common information from the 

subject-specific template. The software calculated the mean cortical 

thickness change between the first and the last scan; the result was then 

divided for the exact numbers of years between the two scans in order to 

obtain the annualized cortical thickness change.  

Compared with cross-sectional studies, this longitudinal design 

significantly reduces the confounding effect of inter-individual 

morphological variability by using each subject as his/her own control.  

 

Neurologic evaluation  

A neurologic evaluation, including the EDSS (Kurtzke, 1983) 

assessment, was performed every six months. The number of relapses and 

the treatments administered was also recorded.  

Patients with (EDA) or without (NEDA) evidence of disease activity 

were identified. EDA/NEDA parameter was defined as a composite score 

obtained from three related measures of disease activity: (i) evidence of 

relapses; (ii) confirmed disability progression as assessed by an increase of 



 65 

the EDSS score by at least 1 point sustained over 6 months; and (iii) evidence 

of new or newly enlarging WM T2 lesions (Havrdova & Galetta, 2010). 

 

Neuropsychological assessment 

A subgroup of 52 MS patients was assessed at baseline and at the end 

of the study with the Brief Repeatable Battery of Neuropsychological Tests 

(BRB-NT; Amato et al., 2006a) and the Stroop Test (Caffarra et al., 2002). 

MS patients were classified in 2 groups considering a conservative approach 

(Pitteri et al., 2017): “cognitively normal” if patients performed above the 

cut-off in all neuropsychological tests, and “cognitively impaired” if patients 

performed below the cut-off in 1 or more tests. 

 

Statistical analysis 

The Mann-Whitney U-test was used to compare patients with different 

clinical and MRI characteristics both at baseline and at the end of the study. 

Pairwise univariate Spearman rank correlation index was used to evaluate 

correlations between CSF proteins levels at diagnosis and both clinical and 

MRI variables at follow-up. A false discovery rate (FDR) correction was 

applied. 

To estimate the relative contributions of CSF proteins levels at the 

time of diagnosis to the clinical profile at the end of the study, logistic 

regression models with backward stepwise model selection (using Akaike 

Information Criteria, AIC) were applied. In these models, CSF levels were 

log transformed to approximate normal distribution as well as to obtain 

reliable odds ratio (OR) estimates. The log base 2 (log2) was preferred to a 

more intuitive interpretation of ORs: each unit in log2 (protein level) 

corresponds to a doubling in protein level. Specifically, EDSS progression 

(binary: worsened/stable), relapse appearance (binary: yes/no), NEDA 

status (binary: yes/no), new WM lesions (binary: yes/no), new Gad+ lesions 

(binary yes/no) and cognitive status (binary: impaired/normal), all at the 
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end of the study, were used as outcome variables while all the 18 CSF 

profiles were covariates. Logistic regressions were adjusted for age at lumbar 

puncture. The multivariate model was also performed including treatments 

variable as categorical covariate: one for each first line DMT. Five-fold cross-

validation was performed to estimate the goodness of the models in order to 

increase the generalization: for the first fold, four-fifth of data are used as 

the training set while the remaining data are used as the testing set to 

measure performance. The average over the five-fold of accuracy, specificity 

and sensitivity were used as performance measures.  

The receiver operating characteristic (ROC) curve analysis (applying 

the Youden approach) was performed to assess specificity and sensitivity of 

each CSF protein in discrimination between EDA and NEDA patients. The 

whole sample was randomly split 70%-30% into training and testing set 

datasets, respectively. A stratified 5-fold-cross-validation was applied on the 

training set in order to detect the optimal cut-off which represents the 

minimal threshold for the CSF biomarker to classify EDA patients (mean for 

each molecules’ thresholds over the 5-test fold) and their effectiveness was 

checked on the test data.  

In order to further evaluate the CSF cytokines predictiveness, a 

separate backward stepwise logistic regression was performed (stepwise 

approach), assessing the risk of EDA/NEDA based on the disease duration, 

the number of relapses in the year before diagnosis, the EDSS, the WM lesion 

number, the T2WMLL and the number of Gad+ lesions at LP. The 

performance of this model was then compared to the performance of the 

model including CSF protein levels.  

To estimate the relative contributions of CSF protein levels to the 

annualized cortical thinning, stepwise regression analysis was performed. 

Finally, to differentiate the specific contribution of CSF protein levels in 

patients with and without evidence of disease activity, two separate stepwise 
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regression analyses were performed in both NEDA and EDA patients. All the 

abovementioned models were adjusted for age at lumbar puncture. 

 

Results 

Neurologic and neuroradiological data at the end of the study 

Each patient completed the 4-years neurologic and neuroradiological 

follow-up (median= 4.3 years, range= 4-5 years). Demographic and clinical 

characteristics of the study population are reported in Table 6. Following the 

diagnosis, patients were started on disease modifying treatment: 

Dimethylfumarate (n= 51), Teriflunomide (n=21), Glatiramer acetate 

(n=16), and interferon beta1a (n=11). 

By the end of the study, 58 patients (58.6%) did not show any 

evidence of disease activity (NEDA), while 41 (41.4%) patients experienced 

some sort of disease activity: 29 patients had one or more clinical relapses 

(mean number of relapse per patient =1.4±0.6, range=1-3), 43 patients 

showed one or more new or enlarged WM lesions (3.9±2.1, range=1-9), 

which in 22 patients were active (new Gad+ lesions= 1.7±0.7, range=1-3). 

In addition, 36 patients experienced EDSS increase (mean increase 1.0±0.6, 

range=0.5-3.0). Twenty-three patients (23.2%) were switched to a second 

line treatment (Natalizumab, Ocrelizumab or Fingolimod), after the 

occurrence of disease activity while on first line treatment. The distribution 

of first line treatments was not significantly different among patients with or 

without disease activity (Table 6 for more details). 

 

CSF profiles identify patients with disease activity during the follow-up period 

Compared to NEDA patients, those who experienced disease activity 

during the observation period had at diagnosis, among others, higher CSF 

levels of CXCL13 (27.9±39.8 in EDA vs 5.4±6.7 in NEDA), CXCL12 (3.760± 

3.187 in EDA vs 1.564±0.954 in NEDA), IFNγ (33.8±34.7 in EDA vs 

7.3±8.8 in NEDA), TNF (59.8±45.4 in EDA vs 19.1±15.7 in NEDA) and 
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sCD163 (54460±21801 in EDA vs 42419±22012 in NEDA) (adjusted p 

<0.001 for all tests; Table 7 and Figure 9). An example of a patient’s CSF 

profile with severe clinic and radiological activity is showed in Figure 10. 
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Table 7. Comparison of the mean values of CSF cytokines between neurologic and MRI 
patients’ subgroups. Data are reported as mean ± standard deviation [minimum-maximum]. 
Concentration of cytokines is expressed in ng/ml/mgProt 
*: p < 0.05; **: p < 0.01, ***: p < 0.001. 

 
Relapse New WM lesions EDSS change New CLs Disease Activity 

Yes (n=29) 
No 

(n=70) 
Yes (n=43) 

No 
(n=56) 

Yes (n=36) 
No 

(n=63) 
Yes 

(n=46) 
No 

(n=53) 
NEDA 

(n=58) 
EDA 

(n=41) 

CXCL13 34.8±45.3 
[0-213]*** 

6.4±7.7 
[0-33] 

26.6±39.3 
[0-213]*** 

5.6±6.6 
[0-25] 

30.1±42.0 
[0-213]*** 

6.0±7.1 
[0-33] 

27.1±37.7 
[0-213] 

*** 

4.0±4.8 
[0-17] 

5.4±6.7 
[0-25] 

27.9±39.8 
[0-

213]*** 

CXCL12 
(x103) 

3.8±3.7 
[0.4-

17.9]** 

1.9±1.3 
[0.08-6.0] 

3.5±3.2 
[0.3-

17.9]*** 

1.7±1.0 
[0.1-5.3] 

3.9±3.3 
[0.7-

17.9]*** 

1.7±1.1 
[0.1-5.3] 

2.9±2.2 
[0.1-17.9] 

2.1±2.6 
[0.1-12.8] 

1.6±1.0 
[0.1-5.3] 

3.8±3.2 
[0.5-

17.9]*** 
CCL25 
(x102) 

1.3±1.0 [0-
4.0] 

1.1±0.7 
[0-3.1] 

1.3±0.9 [0-
4.0] 

1.0±0.7 
[0-3.1] 

1.3±1.0 [0-
4.0] 

1.0±0.6 
[0-3.1] 

1.1±0.7 
[0-3.0] 

1.1±0.8 
[0-4.0] 

0.9±0.6 
[0-3.1] 

1.4±0.9 
[0-4.0] 

TNFa 62.3±49.1 
[6-223]*** 

25.0±24.1 
[0-133] 

54.7±44.1 
[6-223]*** 

21.5±22.4 
[0-133] 

60.9±47.7 
[5-223]*** 

21.7±18.5 
[0-76] 

42.8±41.4 
[2-223] 

30.0±32.5 
[0-133] 

19.1±15.7 
[0-60]  

59.8±45.4 
[6-

223]*** 

sTNFR1 
(x103) 

7.5±5.3 
[0.3-

24.0]** 

3.9±1.9 
[0.8-10.9] 

6.6±4.6 
[0.3-

24.0]*** 

3.6±1.8 
[0.8 -9.9] 

7.1±4.8 
[0.3-

24.0]*** 

3.7±1.9 
[0.8-9.9] 

5.7±4.5 
[1.0-24.0] 

4.3±2.6 
[0.3-12.1] 

3.6±1.7 
[0.8-9.9] 

6.9±4.6 
[0.3-

24.0]*** 

TWEAK 
(x103) 

2.5±2.7 
[0.06-10.7] 

1.6±1.6 
[0.1-8.2] 

2.0±2.4 
[0.06-10.7] 

1.7±1.6 
[0.1-8.2] 

2.4±2.6 
[0.06-10.7] 

1.6±1.5 
[0.1-8.2] 

2.2±2.3 
[0.01-
10.7] 

1.6±1.6 
[0.06-8.2] 

1.6±1.5 
[0.1-8.2] 

2.3±2.5 
[0.06-
10.7] 

APRIL 
(x103) 

36.4±32.5 
[7.2-

145.8]* 

28.4±28.8 
[0.9-

125.2] 

33.2±30.5 
[7.0-145.8] 

28.8±29.7 
[0.9-

125.2] 

34.0±32.2 
[6.8-145.8] 

28.9±28.8 
[0.9-

125.2] 

34.1±32.1 
[0.9-

125.2] 

27.7±27.9 
[2.6-

145.8] 

26.3±27.6 
[0.9-

125.2] 

36.9±32.4 
[7.9-

145.8] ** 

BAFF 
(x103) 

12.6±10.0 
[3.4-45.0]* 

8.1±4.3 
[1.5-21.6] 

11.5±8.6 
[2.4-45.0]* 

7.8±4.4  
[1.5-21.6] 

11.1±8.3 
[3.8-45.0] 

8.5±5.7 
[1.5-36.6] 

9.3±6.6 
[2.4-45.0] 

9.5±7.0 
[1.5-36.6] 

7.5±4.3 
[1.5-21.6] 

12.1±8.6 
[2.4-45.0] 

*** 
LIGHT 
(x103) 

0.9±1.1 [0-
6]*** 

0.2±0.3 
[0-1] 

0.7±1.0 [0-
6]** 

0.2±0.3 
[0-1]  

0.8±1.0 [0-
6]*** 

0.2±0.3 
[0-1] 

0.6±1.0 
[0-6] 

0.3±0.3 
[0-2] 

0.2±0.3 
[0-1] 

0.7±1.0 
[0-6] *** 

IFN-g 
35.3±39.2 
[2-144]*** 

11.2±14.4 
[0-64] 

33.6±34.0 
[2-144]*** 

6.5±7.5 
[0-38] 

32.8±36.5 
[0-144]*** 

10.0±13.2 
[0-66] 

18.3±20.6 
[0-78] 

18.2±31.1 
[0-144] 

7.3±8.8 
[0-38] 

33.8±34.7 
[2-144] 

*** 

IFN-a2 31.2±28.2 
[0-99]** 

13.1±13.0 
[0-49] 

30.2±24.2 
[0-99]*** 

9.4±9.9 
[0-30] 

28.2±26.1 
[0-99]** 

12.8±13.6 
[0-58] 

18.4±17.4 
[0-59] 

18.4±22.8
[0.0-99.0] 

10.8±10.7
[0.0-32.5] 

29.1±25.5 
[0.0-99.0] 

*** 
IFNl2 
(x103) 

0.5±1.0 [0-
5]* 

0.3±0.7 
[0-4] 

0.4±0.9 [0-
5] 

0.4±0.8 
[0-4] 

0.5±1.0 [0-
5]** 

0.3±0.8 
[0-4] 

0.4±0.9 
[0-5] 

0.4±0.8 
[0-4] 

0.4±0.8 
[0-4] 

0.4±0.9 
[0-5] 

IL-6 46.2±68.3 
[2-286]** 

18.0±38.1  
[1-249] 

50.0±69.2 
[2-286]*** 

8.0±7.8  
[1-38] 

49.6±73.3 
[3-286]*** 

12.9±21.3 
[1-140] 

33.9±62.6 
[1-286] 

19.6±35.6 
[1-229] 

8.9±8.4  
[1-38] 

50.7±70.9 
[2-

286]*** 

IL-8 
(x102) 

1.1±1.1 
[0.1-4.5]** 

0.4±0.5 
[0.02-2.8] 

1.05±1.0 
[0.1-

4.5]*** 

0.3±0.2 
[0.02-1.0] 

1.0±1.1 [0.1-
4.5]** 

0.4±0.4 
[0.02-2.1] 

0.7±0.9 
[0.02-4.5] 

0.5±0.7 
[0.02-3.1] 

0.3±0.2 
[0.02-1.1]  

1.0±1.0 
[0.1-

4.5]*** 

IL-10 
25.7±25.7 

[3-93] 
19.4±18.8  

[0-79] 
24.9±22.8  

[3-93] 
18.5±19.5  

[0-79] 
22.9±23.8 

[3-93] 
20.3±19.6 

[0-79] 
19.2±16.9 

[1-73] 
23.1±24.2  

[0-93] 
18.6±19.3  

[0-79] 
25.0±23.3 

[3-93] 

MMP2 
(x103) 

1.9±6.7 
[0.09-36.5] 

2.0±4.9 
[0.07-
27.9] 

1.4±5.5 
[0.09-36.5] 

2.4±5.4 
[0.07-
27.9] 

0.6±0.5 
[0.07-3.0] 

2.8±6.7 
[0.09-
36.5] 

2.0±6.0 
[0.09-
36.5] 

2.0±5.0 
[0.07-
27.9] 

2.3±5.4 
[0.07-
27.9] 

1.5±5.6 
[0.09-
36.5] 

Pentraxin
3 (x103) 

0.7±0.9 [0-
4] *** 

0.3±0.4 
[0-3] 

0.5±0.8 [0-
3] 

0.3±0.5 
[0-3] 

0.5±0.8 [0-3] 
0.3±0.5 
[0-3] 

0.5±0.7 
[0-3] 

0.3±0.4 
[0-3] 

0.3±0.4 
[0-3] 

0.5±0.8 
[0-4] 

sCD163 
(x103) 

58.0±22.9 
[0-109]** 

43.0±21.1 
[1-126] 

51.4±21.8 
[0-109] 

44.4±23.0 
[1-126] 

52.7±21.9 
[0-109] 

44.4±22.6 
[0-126] 

50.5±18.8 
[10-86] 

44.7±25.4 
[0-126] 

42.4±22.0 
[1-126] 

54.5±21.8 
[0-109]** 
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CLs = cortical lesions; EDSS = Expanded Disability Status Scale; EDA = evidence of disease 
activity; NEDA = no evidence of disease activity; WM = white matter 
 

 
Figure 9. Boxplots of the concentrations (ng/ml/mgProt) of CXCL13, TNF and IFNγ in 
patients with or without disease activity, with or without new WM lesions, with or without 
new Gad+ lesions, with or without new CLs, with or without relapses, and with or without 
EDSS change. Boxplots show the medians and the two hinges. 
***: p < 0.001. 
NEDA = no evidence of disease activity; WM = white matter; Gad = gadolinium; CLs = cortical 
lesions; EDSS = Expanded Disability Status Scale 
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Figure 10. A: Male patient 25 years old. Disease onset in February 2015. FLAIR and DIR 
sequence obtained at diagnosis (a and b), in 2017 (c and d) and in 2018 (e and f). The 
significant increase of the lesion load in the white matter (thin arrows) and in the gray 
matter (thick arrow) parallels several severe clinical relapses with the appearance of a 
severe left hemiparesis. Perfusion sequence showed increased perfusion in one of the 
lesions, adjacent to the head of the R caudate nucleus (arrowhead); this hyperperfused 
lesion disappeared at the following MRI control (h). 
B: Combined CSF inflammatory profile of the above MS patient shown in A. The diagram 
shows fold changes of the 18 examined molecules with respect to the group of controls 
(other neurological diseases). 
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Several associations between increased cytokine level and neurologic, 

and neuroradiological outcomes were identified: CXCL13 correlated 

(adjusted p<0.001) with EDSS worsening (rho=0.52), with the occurrence 

of new WM lesions (rho=0.46) and with number of new relapses 

(rho=0.45); TNF correlated (adjusted p<0.001) with the occurrence of new 

WM lesions (rho=0.50), EDSS change (rho=0.47) and with the number of 

new relapses (rho=0.42); IFNγ correlated (adjusted p<0.001) with the 

occurrence of new WM lesions (rho=0.57), EDSS change (rho=0.38) and 

with the number of new relapses (rho=0.38) (Figure 11 and Table 8 for 

other univariate correlations).  

 

 
 

Figure 11. Correlation matrix showing Pairwise Univariate Spearman rank correlation index 
between CSF protein levels at diagnosis and both neurologic and MRI variables at the end 
of follow-up. A false discovery rate (FDR) correction was applied. The Spearman rank is 
proportional to the dimension/intensity of the bubbles.  
CLs = cortical lesions; Gad = gadolinium; WM = white matter; EDSS = Expanded Disability 
Status Scale 
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 New 
CLs 

New Gad+ 
lesions 

New WM 
lesions 

EDSS 
change 

Number of 
Relapses 

Annualized 
cortical 
thinning 

CXCL13 0.67*** 0.39*** 0.46*** 0.52*** 0.45*** -0.58*** 
CXCL12 0.37** 0.27* 0.42*** 0.51*** 0.26* -0.45*** 
CCL25 0.03 0.07 0.22* 0.14 0.06 -0.08 
TNF 0.19 0.34** 0.50*** 0.47*** 0.42*** -0.36*** 

sTNFR1 0.26* 0.28* 0.40*** 0.45*** 0.35** -0.37*** 
TWEAK 0.20 0.04 -0.01 0.16 0.15 -0.37*** 
APRIL 0.21 0.08 0.16 0.20 0.21 -0.31** 
BAFF 0.03 0.07 0.25* 0.23* 0.23* -0.16 

LIGHT 0.20 0.25* 0.37*** 0.47*** 0.37*** -0.33** 
IFNγ 0.13 0.33** 0.57*** 0.38*** 0.38*** -0.39*** 

INFα2 0.00 0.31** 0.55*** 0.31** 0.34** -0.14 
IFNλ2 0.10 0.18 0.19 0.27* 0.22 -0.16 
IL-6 0.15 0.33** 0.57*** 0.42*** 0.34** -0.21 
IL-8 0.16 0.29** 0.54*** 0.32** 0.33** -0.22 
IL-10 -0.03 0.05 0.21 0.05 0.13 0.00 
MMP2 0.06 0.05 0.06 0.01 0.12 -0.11 

Pentraxin3 0.18 0.05 -0.05 0.10 0.13 -0.21 
sCD163 0.33** 0.19 0.20 0.24* 0.32** -0.47*** 

 

Table 8. Pairwise Univariate Spearman rank correlation index between CSF profile at T0 
and clinical and radiological data at T1 
*: p < 0.05; **: p < 0.01, ***: p < 0.001. 
CLs = cortical lesions; EDSS = Expanded Disability Status Scale; Gad = gadolinium; EDA = 
evidence of disease activity; WM = white matter 
 

 The logistic regression analysis showed that IFNγ (OR=3.09, 

CI=1.09-8.79) and CXCL13 (OR=2.36, CI=1.11-5.22) were independently 

associated with the risk of disease activity (Table 9 for other multivariate 

analyses). The generalized linear model correctly classified 35 of 41 patients 

who showed EDA and 51 of 58 patients who retained a NEDA status 

(sensitivity=88%, specificity=85% and accuracy=87%). On the contrary, 

the logistic regression including only neurologic and conventional MRI 

parameters showed a very low sensitivity (19%), high specificity (86%) and 

an overall accuracy of 52% which was much lower than the model including 

the MRI, neurologic and CSF variables which correctly classified 32 of the 
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41 patients who showed EDA and 48 of the 58 patients who retained the 

NEDA status (Sensitivity 83%, Specificity 84% and Accuracy 81%).  

 

Statistically significant variables  Odds Ratio Confidence Interval (95%) 

N° of Relapses T0-T1 
CXCL13 3.10 1.26-4.48 
Pentraxin3 1.65 1.11-2.46 

New Gad lesions T0-T1 

IFNγ 4.06 1.56-10.60 
TNF 3.91 2.11-8.67 
CXCL13 1.69 1.02-2.80 

EDSS change T0-T1 
TNF 5,61 1.06-29.65 
IFNα2 2.95 1.42-6.12 
CXCL13 2.57 1.41-4.66 

New WM lesions T0-T1 
CXCL13 10.59 2.88-38.80 
IFNγ 8.06 2.51-25.82 
INFα2 7.54 2.12-78.00 

EDA at T1 
IFNγ 3.09 1.69-8.79 
CXCL13 2.36 1.11-5.22 

New CLs T0-T1 

CXCL13 2.27 1.64-3.14 
 

Table 9. Logistic Regression Analysis between CSF profile at the beginning of the study 
(T0), and neurologic and MRI variables at the end of the study (T1). 
CLs = cortical lesions; EDSS = Expanded Disability Status Scale; Gad = gadolinium; EDA = 
evidence of disease activity; WM = white matter 
 

CSF profile predicts the severity of GM damage at 4 years 

Forty-six patients experienced one or more new CLs (3.6±2.7, 

range=1-8) during the study. This subgroup had more than fivefold 

increased CSF levels of CXCL13 (27.1±37.7 vs 4.0±4.8, adjusted p<0.001), 

compared to patients without new CLs. A strong positive correlation was 

observed between the number of new CLs and the CXCL13 CSF level 

(rho=0.67, adjusted p<0.001) (Figure 12), which was also confirmed by the 

logistic regression analysis (OR=2.27, CI=1.64-3.14).  
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Figure 12. Scatter plot of the relationship between the CXCL13 and the new cortical lesions 
(new CLs) at T1 and its corresponding correlation coefficient (rho) and p-value. 
 

During the 4-years observation period, in the whole group, the mean 

annualized cortical thinning was -0.69% (standard deviation=0.27%, 

range=-0.19%/-1.6%). Among others (Table 8), the rate of cortical atrophy 

correlated with CSF levels of CXCL13 (rho=-0.58), CXCL12 (rho=-0.45), 

and sCD163 (rho=-0.47) (adjusted p<0.001). The stepwise regression 

analysis revealed that CXCL13 (β=4.7*10-4, p<0.001), TNF (β =3.1*10-3, 

p=0.004), LIGHT (β =2.6*10-4, p=0.003), sCD163 (β=4.3*10-3, p=0.009) 

and TWEAK (β =3.4*10-3, p=0.024) were independent predictors of the 

annualized cortical thinning.  

The rate of cortical atrophy was much higher in the EDA group (-

0.88%±0.23%) compared to the NEDA group (-0.56%±0.20%, p<0.001). In 

each group, was assessed the correlation between CSF cytokine levels and 

the cortical thickness changes. The multiple regression analysis 

demonstrated that, among patients with EDA, CSF levels of CXCL13 

(β=6.1*10-4, p<0.001), TNF (β=5.1*103, p<0.001), LIGHT (β=4.6*10-4, 

p<0.001) and sCD163 (β=3.3*10-4, p<0.001) were independently 
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associated with annualized cortical thinning. Interestingly, in the NEDA 

group, CXCL13 was the only CSF cytokine found to be associated with the 

rate of global cortical loss (β=3.0* 10-3, p=0.009). 

 

CSF profile is not associated with cognitive dysfunction at 4 years 

At baseline, 28 patients had no cognitive abnormalities and 24 

patients were cognitively impaired, whereas, at the end of the study, 1 

cognitive normal patient worsened in the cognitive performance and was 

reclassified as cognitive impaired. No significant differences in the CSF 

profile were observed between cognitive normal and impaired patients both 

at study entry and at the end of the study. 

 

ROC curve analysis 

Table 10 shows the ROC curve analysis assessing area under the curve 

(AUC), accuracy, sensitivity and specificity for each CSF cytokines in 

predicting EDA and NEDA patients, in the testing set.  

The CSF proteins were sorted by accuracy and the first 8 proteins 

(CXCL13, IFN-γ, TNF, sTNFR, sCD163, LIGHT, CXCL12, IFN-λ2) can be 

considered good biomarkers for identification of patients with disability 

progression. All these molecules, in fact, show an accuracy of ≥ 70%. 
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Table 10. Results of the ROC curve analysis in the testing set. For each CSF protein was 
reported the optimal threshold, AUC [95%], Accuracy, Specificity and Sensitivity. 
Concentration of the cytokines is expressed ng/ml/mgProt. 
AUC= area under the curve 
 

Discussion 

In this 4-year, longitudinal, prospective, multicenter study was 

observed that specific CSF inflammatory cytokines at diagnosis are able to 

differentiate patients destined to have a more severe disease course and 

worsening cortical pathology over time. The logistic regression multivariate 

model highlighted the CSF levels of CXCL13 and IFNγ as the most accurate 

early predictors of clinical activity, reflected by the occurrence of new 

relapses, new white matter lesions, and disability accumulation among 

patients on first line DMTs. These results are in agreement with previous 

studies demonstrating an association between elevated CSF CXCL13 levels 

and intrathecal inflammatory markers (i.e. CSF restricted IgG oligoclonal 

bands) with a high number of early relapses (Ferraro et al., 2015).  

 Optimal 
cut-off 

AUC [95%] 
Accuracy 

(%) 
Specificity 

(%) 
Sensitivity 

(%) 
LIGHT (x103) 0.16 0.78 [0.62-0.95] 80 84 72 

sTNFR1 (x103) 5.69 0.77 [0.60-0.93] 80 89 63 
CXCL13 7.85 0.80 [0.62-0.93] 77 73 81 
TNFα 37.73 0.76 [0.59-0.93] 77 79 73 

CXCL12 (x103) 1.91 0.80 [0.62-0.93] 77 74 82 
IFN-γ 10.54 0.67 [0.49-0.85] 70 79 55 

sCD163 (x103) 46.07 0.67 [0.49-0.85] 70 79 55 
IFNλ2 37.78 0.67 [0.49-0.85] 70 79 55 
INF-α2 27.61 0.58 [0.43-0.74] 67 89 27 

IL-6 11.07 0.67 [0.50-0.86] 67 63 72 
BAFF (x103) 7.94 0.68 [0.50-0.87] 67 63 73 
APRIL (x103) 18.786 0.61 [0.43-0.80] 63 68 54 

IL-8 44.34 0.52 [0.34-0.71] 57 68 36 
MMP2 449.80 0.56 [0.37-0.75] 57 57 55 
CCL25 114.40 0.54 [0.35-0.73] 57 63 45 

TWEAK (x103) 1.01 0.55 [0.37-0.74] 47 53 36 
IL-10 17.18 0.56 [0.37-0.75] 43 42 45 

Pentraxin3 (x103) 0.23 0.49 [0.31-0.68] 33 15 63 
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With the large number of currently available DMTs, characterized by 

different efficacy and safety profiles, efforts are being made to implement, 

early in the disease course, a personalized therapeutic approach which can 

maximize the chances of achieving a potential disease control in the long 

term. However, early neurologic and neuroradiological features have limited 

prognostic value and optimizing the treatment selection, based on the 

patient’s expected clinical outcome, remains a significant challenge 

(Ruggieri et al., 2018). These results demonstrate that specific CSF profiles 

at diagnosis characterize patients that are likely to have a suboptimal 

response to first line treatments. The study demonstrated that, compared to 

the evaluation of only neurologic and MRI parameters, the characterization 

of CSF biomarkers allows to achieve much higher accuracy in predicting the 

disease severity. Therefore, the CSF analysis can more accurately identify, 

early in the disease course, patients at high risk of experiencing disease 

activity, which should be treated more aggressively before the occurrence of 

irreversible damage. The logistic regression model including only clinical 

and radiological variables showed less accuracy (52%) in identifying patients 

at risk of disease activity, compared to the model incorporating CSF variables 

(87%). 

The NEDA status places emphasizes on the inflammatory clinical and 

subclinical WM activity and mostly overlooks ongoing GM damage 

(Giovannoni et al., 2017). This imbalance was tried to be addressed by also 

assessing the correlation between CSF cytokines and the accumulation of 

cortical pathology (new cortical lesions and cortical thickness change) and 

on the cognitive outcome. A strong association was observed between high 

levels of specific CSF chemokines, mainly related to lymphoid neogenesis 

and B-cells, such as CXCL13, TNF, TWEAK and LIGHT, not only with more 

severe GM damage at diagnosis but also with the cortical damage 

accumulation over 4 years. This is in line with a previous study that showed 

a correlation between early inflammation and mechanisms underlying the 
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focal and global GM pathology in the long term (Scalfari et al., 2018). 

Besides, it supports that B-cells play a key role in the biological mechanisms 

underlying the cortical pathology (Magliozzi et al., 2007). Importantly, CSF 

levels of CXCL13 and TNF were also identified as independent predictors of 

EDSS increase, supporting the previously demonstrated link (Magliozzi et 

al., 2007; Lucchinetti et al., 2011) between B-cell driven inflammation and 

long-term disability progression, secondary to the worsening cortical 

pathology.  

Several studies have provided evidence that soluble demyelinating 

and cytotoxic factors produced by B-cells, both in the perivascular and 

meningeal spaces, are likely to play a major role in the development of GM 

damage, including cortical demyelination and synapse and neuronal loss 

(Lisak et al., 2012; Gardner et al., 2013). In-vivo, such molecules could 

originate both from cells resident in the meninges or from cells within the 

CNS parenchyma (Rainey-Barger et al., 2011; Esen et al., 2014; Stilund et 

al., 2015), but little is known about the occurrence of this expression in the 

MS brain. Interestingly, both CXCL13 and CXCL12 are indispensable 

chemokines for the initial recruitment and organization of B cells in the CNS. 

Therefore, together with the increased presence of TNF and lymphotoxin-

α/β in the subarachnoid space, raised CXCL13 is likely to contribute to the 

formation of tertiary lymphoid tissues in the meninges (Aloisi & Pujol-

Borrell, 2006). Noteworthy is also the observation that the CSF levels of 

sCD163, a marker of myeloid lineage, cells and expressed by activated 

monocyte/macrophage in MS lesions and infiltrates (Stilund et al., 2014), 

was found to be predictive of the rate of cortical thinning. Activated 

monocytes/macrophages in the meningeal infiltrates and circulating in the 

CSF could, therefore, mediate phagocytosis, inflammatory cell 

recruitment/activation and antigen presentation, via sCD163 and CXCL13 

related mechanisms (Aloisi & Pujol-Borrell, 2006). This agrees with the 
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notion that innate immunity significantly contributes to the cortical 

pathology since the onset of the disease (Calabrese et al., 2015a).  

This study demonstrates that while some molecules are associated 

with lesion activity, such as new T2 WM lesions and Gad+ lesions, other CSF 

biomarkers correlated with non-conventional MRI parameters (such as 

cortical thinning) not strictly linked to acute blood-brain-barrier damage and 

WM lesion activity but, possibly, to intrathecal inflammation (such as 

CXCL13) and microglial activity (such as sCD163) which persists in the 

progressive stages (Komori et al., 2015; Magliozzi et al., 2018). While some 

CSF molecules (CXCL13) were found to correlate with mechanisms driving 

both WM and GM damage, others were shown to be associated selectively 

with only one. A potential link was found between B-cell intrathecal activity 

(CXCL12, LIGHT and TWEAK) and the cortical pathology. In contrast, 

parameters of WM inflammatory activity, such as new WM lesions and 

number of relapses, correlated with high levels of different CSF biomarkers 

(TNF, IFNγ) that indicate increased intrathecal T-cell activity.  

All the pro-inflammatory molecules, produced by both lymphocytes 

and/or macrophages compartmentalized within CSF and 

meningeal/perivascular infiltrates, may play a direct role in determining 

demyelination and pathological cell alterations, but may also induce tissue 

damage indirectly by mediating glial (microglia and astrocytes) activation, 

as suggested by the relationship between sCD163 and both GM and WM 

pathology. Indeed, the interaction of complex inflammatory mechanisms, 

leading to perivascular infiltration by both T- and B-lymphocytes and 

monocytes, is likely to result in blood brain barrier leakage and the formation 

of active WM plaques (Lassmann, 2018).  

This study is not free from limitations. The low number of patients 

enrolled from only two MS centers and the lack of an independent validation 

cohort might limit the general applicability of the model. Nevertheless, the 

characteristics of this cohort, enrolled at the time of diagnosis when 
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treatment had yet to begin, the comprehensive CSF evaluation and the 4-

year neurologic and neuroradiological follow-up by using high field 3T MRI 

make results robust. Furthermore, patients with or without cognitive 

impairment at the beginning and at the end of the study did not show any 

significant difference in the CSF profile. As shown in the previous chapter 

(1.2), it seems probable that at the time of diagnosis a more specific analysis 

is required to highlight significant associations between CSF and cognitive 

aspects. Instead, for the follow-up part is important to highlight that, since 

patients were included in the study very early considering their disease 

course, the non-significant differences in the CSF composition between 

cognitive normal and cognitive impaired patients could be due to the fact 

that patients are still able to compensate the low level of accumulated 

neuronal/axonal degeneration and, consequently, to postpone the more 

severe cognitive deterioration. In fact, four years of follow-up could be a 

period of time excessively short for severe cognitive outcomes to occur: 

probably a longer period of time would cause a greater accumulation of 

cognitive deterioration that, at baseline, could be reflected by different CSF 

profiles. The study presented in the previous chapter (1.2) described cross-

sectional results about the association between CSF and cognition, while 

future studies should probably include a longer follow-up time in order to 

obtain consistent longitudinal results. Moreover, treatments might have 

affected the models results. Nevertheless, all the patients were started on 

first-line DMTs with an almost similar effect on the disease activity (Mikol et 

al., 2008; Fox et al., 2012) and with no proven effect on the accumulation 

of cortical damage. Furthermore, the choice of the pharmacological 

treatment was blinded with respect to the CSF cytokines profile. Therefore, 

it can be assumed that results are not impacted by the use of DMTs. Finally, 

the low sensitivity of DIR for cortical lesions, especially for subpial lesions, 

might affect the correlation with CSF inflammation; for this reason, a 
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separate analysis was run to assess also the relationship between CSF 

cytokines and the annual cortical thickness change. 

 

Conclusions 

In conclusion, by prospectively following a large cohort of MS patients 

from diagnosis to the 4-year time point, we demonstrated that high CSF 

levels of the B-cell related cytokines, CXCL13, CXCL12, TWEAK, and LIGHT, 

together with proinflammatory molecules, IFNγ and TNF, and the monocyte 

activity biomarker, sCD163, represent a potential molecular signature that 

could be used to distinguish patients at high risk of experiencing increased 

more severe disease activity, increased GM damage and disability 

progression in the early phase of the disease. A more detailed CSF analysis 

may allow an early stratification of patients, based on their expected 

outcome, which can assist the optimization of the therapeutic approach. 

Further studies on larger cohorts are required to support the potential 

application of CSF profiling as a reliable prognostic tool which could be used 

in clinical practice with a high level of reproducibility.  
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PROJECT 2 – NON-CONVENTIONAL COGNITIVE 

ASSESSMENT IN MS 
 

2.1 FALSE MEMORIES IN RRMS: A PRELIMINARY INVESTIGATION 

WITH THE DRM PARADIGM 

As previously highlighted, cognitive impairment (CI) is a common 

consequence of MS (Amato, Zipoli & Portaccio, 2006; Grzegorski & Losy, 

2017), mainly associated with GM damage (Calabrese et al., 2009; Rocca et 

al., 2015), and also visible in the long term (Pitteri, et al., 2017; Eijlers et 

al., 2018). Among cognitive functions, impairment in learning and memory 

is one of the most frequently and early detected in MS patients (Amato et 

al., 2001; Bobholz & Rao, 2003; Sepulcre et al., 2006; Chiaravalloti & 

DeLuca, 2008). Although extensively debated, the pathogenesis of memory 

dysfunction in MS is still unclear. A key challenge that research in this field 

is still facing is whether memory impairments arise from deficits in encoding, 

retrieval, or both. To this regard, some authors argued that the impaired 

retrieval process is responsible for long-term memory impairment (Beatty et 

al., 1993; Rao et al., 1993; Bobholz et al., 2006). Conversely, other studies 

suggested that dysfunctions of encoding and information storing processes 

lead to memory deficits (DeLuca et al., 1998; Thornton, Raz & Tucker, 

2002). Finally, other studies suggested different mechanisms depending on 

the stage of the disease, with impairments in information retrieval in the 

early stage of MS and additional impairments in the encoding phase as the 

disease progresses (e.g., Brissart, et al., 2012).  

A recent behavioral study by Abad et al. (2015) pointed out that when 

a failure occurs in the retrieval of lexical information, this might be because 

of a reduction of the lexical pool, related to semantic memory. By studying 

a large cohort of MS patients, the authors found that their content of 

semantic networks was noticeably inferior to that of the matched control 

networks, both in terms of nodes and edges (i.e., relationships between 
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nodes), despite the network complexity and cluster hierarchy of related 

words seemed to be preserved. The authors concluded that semantic 

networks from MS patients were smaller, with fewer nodes and edges 

scattered in a narrower distribution than that of the healthy controls. 

These behavioral findings are in line with the results of neuroimaging 

studies which have shown that neurologic diseases are often associated with 

brain damage that may differentially affect short-term connections in the GM 

(due to direct damage to neurons or synapses) and long-term connections in 

the WM (Rocca et al., 2015). Specifically, for MS patients, Rimkus et al. 

(2019) have shown that single-subject GM networks have fewer connections 

compared to controls, with the most pronounced differences shown by 

patients with CI. Moreover, authors observed GM network disruptions 

related to specific cognitive functions: they identified the most significant 

loss of GM connections in the bilateral fusiform gyrus and the mesial 

temporal-occipital regions, implicated in visual, categorical, and also 

semantic memory. Other imaging studies have also reported that networks 

become increasingly disorganized in MS patients as related to disease 

progression and that these measures might be related to CI (Riccitelli et al., 

2011). 

Semantic verbal fluency tests are the most common methods to 

quantify semantic memory; however, these tests, in addition to their lexical–

semantic component, are affected by executive function components since 

the task involves strategy generation, monitoring of strategy success, and 

inhibition of previous responses. As a consequence, the use of semantic 

verbal fluency tests cannot exclude the reflection of other levels of cognitive 

impairment outside the semantic domain (Abad et al., 2015), leaving 

unsolved the hypothesis of a primary semantic memory impairment in MS 

patients. 

In the present study, on the basis of these findings, memory 

alterations in MS patients were further investigated, by focusing on memory 
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distortions (i.e., false memories) for semantically-related material. To this 

aim, the Deese-Roediger-McDermott paradigm was used (hereafter called 

DRM; Deese, 1959; Roediger & McDermott, 1995), a robust paradigm to 

investigate false memories for associatively/semantically-related neutral 

words. In the task, participants are required to learn lists of words 

constructed so that all the words in the list are associates of a word not 

presented in the list (i.e., critical word or critical lure; e.g., bed, rest, 

awake…all related to sleep). After each list is presented, participants are 

given a free recall task and they are instructed not to guess. After participants 

have studied and recalled several lists, they are given a final overall 

recognition test in which studied items from the lists are mixed with the 

critical words (e.g., sleep) and other unrelated distractors. Studies on 

healthy young adults have found that the non-presented critical word is 

falsely recalled with relatively high probability (i.e., from 0.40 to 0.55 in 

different studies). At the recognition task, the false recognition rates of the 

critical words approximate the hit rate (i.e., rate of correct recognition) for 

studied items (i.e., from 0.80 to 0.85 in different studies). When asked to do 

a further “Remember/Know” judgment, in most cases (0.80 or more) 

participants claim to remember the presentation of the critical words as 

frequently as they do for studied (old) words (for a review, Gallo, 2010). 

According to the activation-monitoring account (Roediger, Balota, & 

Watson, 2001), false memories for critical words arises because of processes 

occurring at both encoding and retrieval: while participants are listening to 

the DRM list, the non-presented critical word may be mentally activated 

(either consciously or unconsciously), due to a spread of activation across 

the items within a semantic network, which converges on the non-presented 

critical representation. If the spreading activation process occurred for the 

critical item, at retrieval participants would be faced with a classic reality-

monitoring problem (e.g., discrimination between sources of activation). 
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In this preliminary study, conducted in collaboration with the 

University of Florence and the University of Padua, possible semantic 

networks alteration in MS patients would be investigated by using the DRM 

paradigm. If alterations in the semantic network of MS patients are present, 

one might hypothesize that the activation of the critical word during the 

encoding phase was less likely, thereby resulting in a lower amount of false 

memories for critical words compared to healthy controls. 

 

Materials and methods 

Participants 

Forty consecutive relapsing-remitting MS patients (RRMS; 28 F) and 

a matched control group of 40 healthy controls (HCs; 21 F) took part in the 

present study. Inclusion criteria for the experimental group were diagnosis 

of RRMS (Polman et al., 2011), no concomitant neurological or other 

pathological health conditions, no relapse in the last six months before the 

testing phase, no substance abuse or other concomitant medications. 

Inclusion criteria for HCs were absence of cognitive impairment, assessed 

through the Montreal Cognitive Assessment (MoCA) test (Santangelo et al., 

2015), absence of neurological or psychiatric conditions, and no substance 

abuse or medications. RRMS and HCs were recruited at the Multiple 

Sclerosis Center of Verona University Hospital (Verona, Italy). Demographic 

and clinical characteristics of the participants are provided in Table 11.  
 

 RRMS (=40) HCs (=40) p 
Gender (M/F) 12/28 19/21 0.17 
MoCA* 26.4±2.3 26.0±2.0 0.43 
Age (years) 41.6±9.2 42.3±8.9 0.74 
Education (years) 13.4±2.7 13.9±3.9 0.52 
EDSS 2 (0-7) /  
Disease duration (years) 9.0±8.4 /  

 

Table 11. Demographic and clinical characteristics of RRMS patients and HCs. Mean±SD 
was provided for continuous variables. Median±range was given for EDSS. (*) Raw scores.  

P-value with significant level of 0.05 was used. 
MoCA = Montreal Cognitive Assessment; EDSS = Expanded Disability Status Scale 
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Each MS patient underwent a neurologic examination (including the 

evaluation of the expanded disability status scale, EDSS; Kurtzke, 1983) and 

a neuropsychological assessment consisting in the Italian version of the 

Montreal Cognitive Assessment test (MoCA; Santangelo et al., 2015), the 

Brief Repeatable Battery of Neuropsychological Tests (BRB-NT; Amato et al., 

2006a) and the Stroop Test (ST; Caffarra et al., 2002). Tests’ scores were 

classified as failed according to the cut-off scores (fifth percentile) derived 

from the Italian normative sample. Depression, anxiety, and stress status 

were evaluated by means of the Depression Anxiety Stress Scale (DASS-21; 

Bottesi et al., 2015). 

The study was approved by the Verona University Ethics Committee 

and informed consent was obtained from all participants prior to their 

participation in the study. 

 

Stimuli 

The learning phase consisted of 4 lists, each composed of 12 

semantically related words. The words of each list were strongly associated 

with a critical item not included in the list (the critical lure). For example, 

for the words “hot”, “snow”, “winter”, “ice” etc., the critical item is “cold”. 

The recognition phase consisted of other 4 lists, composed of 12 words each. 

The 4 lists used for the learning phase showed a probability to recall 

the critical item of 52% (first list), 44% (second list), 34% (third list), and 

42% (fourth list). Besides, the 4 lists used for the recognition task showed a 

probability to recognize the critical item of 60% (first list), 53% (second list), 

35% (third list), and 42% (fourth list). The total number of words used 

during the recognition phase was 32: 12 from the lists previously presented 

(3 from each of the 4 lists, in particular in position 1, 5, 8 of the serial order 

of presentation), 4 critical items associated to the lists previously presented 

(1 from each of the 4 lists), 4 critical items associated to the lists not 

previously presented (1 from each of 4 lists), 12 new words belonging to the 
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lists not previously presented (4 weakly associated to the lists presented and 

8 completely not related to the lists presented; all of them were presented in 

position 1, 5, 8 of the serial order of presentation of each list). 

 

Procedure 

 Participants were seated in comfortable position and tested 

individually in a quiet room. During the learning phase, participants were 

asked to listen to an electronic male voice that pronounced the 12 words of 

each list (lapse of 2 seconds between each word). Immediately after, they 

were asked to recall orally as many words as possible within 60 seconds. The 

study-recall cycle was repeated for all the 4 lists of words. No feedback was 

given to the participants regarding the correctness of responses. 

 After the 4 cycles, there was a brief time interval (about 2 minutes) 

and then patients performed the recognition task: during this phase, the 

examiner read the list of 32 words, listed in a pseudorandomized way, and 

for each word participants had to say whether the pronounced word was 

already presented earlier or not. For each response, participants had also to 

express their confidence level on a scale ranging from 1 (low confidence) to 

5 (high confidence). 

 The experimental session was audio recorded to allow an accurate 

off-line analysis of the patients’ responses.  

 

Statistical Analysis 

 Mann-Whitney U-tests were performed to investigate the difference 

between RRMS and HCs. In the recall task, the total number of critical false 

recalls, the total number of correct recalls, the total number of intrusions 

(non-critical false recalls), and the accuracy (proportion of correct recalls on 

the total number of recalls) served as dependent variables. In the recognition 

task, the number of correct recognitions (hits), the number of false 

recognition of critical words (false alarms to critical words), and the number 
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of false recognition of new words (false alarms to non-critical words, which 

includes: false recognition of new-non related words and false recognition 

of new-weakly related words) served as dependent variables. Confidence 

ratings for each of these variables also served as dependent variables in the 

recognition task. 

 Spearman correlation analyses were carried out between disease 

duration and significant dependent variables derived from the Mann-

Whitney U-tests. 

 

Results 

MS patients and HCs did not differ in gender, age, education, and 

global cognitive performance (Table 11). No patients were considered as 

having emotional distress as assessed by the DASS-21 (all scores were not 

clinically relevant). Detailed results about neuropsychological performance 

of RRMS patients are shown in Table 12. 

 RRMS (=40) Mean±SD 
Patients scores 

below the cut-off  
Montreal Cognitive 
Assessment (MoCA) 

MoCA total score 26.4±2.3 / 

Brief Repeatable Battery 
of Neuropsychological 

Tests (BRB-NT) 

SRT-LTS 45.2±12.9 3 
SRT-CLTR 34.6±15.4 5 

SRT-D 8.2±2.9 8 
SPART 21.5±5.2 0 

SPART-D 7.1±2.2 1 
SDMT 48.9±12.8 6 

PASAT-3 42.2±11.4 5 
PASAT-2 30.5±10.0 4 

WLG 25.3±5.6 2 

Stroop Test (ST) 
ST-EIT 14.3±7.5 2 
ST-EIE 0.4±0.6 0 

 

Table 12. RRMS patients’ neuropsychological performances. Mean±SD was provided for 
each test. 
RRMS = Relapsing Remitting Multiple Sclerosis; SRT-LTS = Selective Reminding Test – Long 
Term Storage; SRT-CLTR = Selective Reminding Test – Consistent Long Term Retrieval; SRT-D 
= Selective Reminding Test – Delayed; SPART-I = Spatial Recall Test – Immediate; SPART-D 
= Spatial Recall Test – Delayed; SDMT = Symbol Digit Modalities Test; PASAT = Paced 
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Auditory Serial Addition Test; WLG = Word List Generation; ST - EIT = Stroop Test - Effect 
Interference Time; ST - EIE = Stroop Test - Effect Interference Error 
 

Recall task 

Results showed a significant difference between RRMS and HCs in the 

total number of critical false recalls (p=0.009, r=0.29): RRMS reported 

fewer critical false recalls (median±range=1±3) than HCs 

(median±range=2±4). No significant differences between the two groups 

were found in the other measures, i.e. the number of correct recalls 

(p=0.67), the number of intrusions (non-critical false recalls) (p=0.99), and 

accuracy (p=0.21) (Figure 13).  

 

 
 
Figure 13. Median scores of responses in the recall phase of the DRM paradigm. Error bars 
represent range of scores. Black bars: RRMS patients; white bars: HCs.  
*: p < 0.05 
RRMS = Relapsing Remitting Multiple Sclerosis; HCs = Healthy Controls 
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No significant correlation between the total number of critical false 

recalls and the years of disease duration (p=0.28) was found. 

 

Recognition task  

No significant differences between the two groups were found in the 

number of correct recognitions (hits; p=0.22), the number of false 

recognitions of critical words (p=0.21), and the number of false recognitions 

of new words (p=0.96). 

With respect to confidence ratings, results showed a significant 

difference between RRMS and HCs in the confidence ratings of false 

recognition of critical words (p=0.019, r=0.26): RRMS were less confident 

about the critical false recognitions (median±range=4.5±2) than HCs 

(median±range=4.75±4). No significant differences between the two 

groups were found in the other confidence ratings, that is of correct 

recognitions (hits; p=0.63) and false recognition of new words (p=0.81) 

(Figure 14).  
 

 
Figure 14. Median scores of responses in the recognition phase of the DRM paradigm. Error 
bars represent range of scores. Black bars: RRMS patients; white bars: HCs.  
*: p < 0.05 
RRMS = Relapsing Remitting Multiple Sclerosis; HCs = Healthy Controls 
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No significant correlation between the confidence ratings of false 

recognition and the years of disease duration (p=0.90) was found. 

 

Subgroup analysis 

The group of RRMS patients included some patients with verbal 

memory or semantic memory deficits. As a matter of safety, since 10 RRMS 

patients performed below the cut-off in the test of verbal memory (i.e., the 

SRT) and 2 RRMS performed below the cut-off in the test of semantic fluency 

(i.e., the WLG), the same analyses were ran excluding these 12 patients (new 

n=28). The two groups (RRMS vs. HCs) did not differ in age (p=0.54) and 

education (p=0.91). At the recall task, the results confirmed a significant 

difference in the total number of critical false recalls between the two groups 

(p=0.024, r=0.27). Even at the recognition task, the results confirmed a 

significant difference in the confidence ratings of false recognition of critical 

words (p=0.029, r=0.26) between the two groups. No other comparisons 

reached the statistical significance (all p>0.05).  

  

Discussion 

The present study aimed at investigating veridical and false memory 

for associatively/semantically related material in MS patients, by using the 

Deese-Roediger–McDermott false memory paradigm (DRM; Deese, 1959; 

Roediger & McDermott, 1995). The results showed that the group of RRMS 

patients were less likely to falsely recall highly related but non-presented 

items (critical false recalls) than the group of HCs were. Moreover, at the 

recognition task, RRMS patients showed a reduced level of confidence for 

false recognitions of critical items. 

This is the first report describing memory distortions, and specifically 

false memories for semantically-related words, in MS patients. The most 

interesting finding of this study is the reduced susceptibility to this kind of 

false memories in RRMS patients compared to HCs.  
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Such an effect could be due to alterations in the semantic memory 

networks in MS patients. To this regard, a recent study by Abad et al. (2015) 

has shown that MS patients are characterized by an alteration in the 

connectivity of semantic networks that involves reduced number of nodes 

(words) and links (significant associative relationship between words), 

besides reduced cohesive force of the network. Based on the functional 

efficacy of semantic networks (Goñi et al., 2011), a higher number of nodes 

means more information stored in the semantic memory, while a higher 

number of connections between nodes represents an indicator of the ability 

to retrieve information. 

In the light of these findings, it might be suggested that the reduced 

number of critical false recalls found in the group of RRMS patients might 

arise from alterations in the structure of semantic memory. In RRMS 

patients, the alteration of semantic networks might interfere with the 

activation of semantic associates from the list words during the encoding 

phase, thereby reducing the likelihood of critical false recalls.  

In the recognition task, the two groups did not differ in the number 

of false recognitions for critical items but in their level of confidence: RRMS 

patients were less confident in their false recognitions for critical items than 

HCs. Nevertheless, the two groups exhibited similar levels of confidence in 

their correct recognition responses to studied items. Previous studies have 

shown that normal individuals experience false recognitions for critical items 

accompanied by strong feelings of recollection, as indicated by a high level 

of confidence (for a review, Roediger & McDermott, 2000). The reduced 

level of confidence for false recognitions reported by RRMS patients 

provided further support of a less robust false remembering in patients 

compared to controls.  

The reduced susceptibility to false memories for critical words shown 

by RRMS patients could not be ascribed to an impairment in verbal memory, 

since the same pattern of results arose when the analyses were limited to the 
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subgroup of patients without deficits in verbal memory and semantic fluency 

as assessed with the SRT and the WLG, respectively.  

However, some limitations of the present study should be considered 

when interpreting the results. First, the sample size was relatively small, 

considering the high heterogeneity of clinical characteristics of MS patients: 

therefore, studies with higher number of MS patients, stratified considering 

MS type and other neurological characteristics, e.g., disease duration and 

disease type, are needed. Second, this study did not include analysis of 

neuroimaging data: future research will incorporate advanced structural and 

functional MRI outcomes which could shed light on the neuroanatomical 

organization that promotes semantic networks alteration associated with 

false memories. Third, both MS patients and HCs underwent, in addition to 

the false memories protocol, also a screening cognitive evaluation by means 

of MoCA test: however, only MS patients underwent a comprehensive 

neuropsychological evaluation by means of BRB-NT and the Stroop Test. In 

future studies also HCs will need to be administered with a complete 

neuropsychological battery, in order to have the possibility to compare 

between the two groups not only the false memories phenomenon but also 

the cognitive impairment level. Some evidence about the comparison of 

cognitive functioning between MS and HCs have been described in the 

previous chapter (1.1). 

Despite these limitations, the present study provides a first 

exploratory contribution to understanding of semantic memory mechanisms 

and distortions shown by RRMS patients, a topic that has been neglected for 

a long time and that might have important implications also in clinical 

setting. In this regard, although it is well known that MS is characterized by 

neurodegeneration and demyelination, subtle cognitive changes and initial 

alterations in semantic networks might not be evident in the classic 

neuropsychological examination. Including the DRM paradigm in the 

cognitive assessment of MS patients might provide more sensitive 
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information about the functioning of semantic memory networks that might 

be associated with the course of degenerative processes underlying the 

disease. 
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2.2 SOCIAL COGNITION AND THE ROLE OF AMYGDALA IN RRMS 

PATIENTS WITHOUT COGNITIVE IMPAIRMENT 

Despite a wealth of research investigating the role of traditional 

domains of CI in MS patients, fewer studies have been performed related to 

deficits in social cognition, i.e., mental operations underlying social 

interactions and processes required to establish/sustain interpersonal 

relationships (Dulau et al., 2017). Social cognition (SC) is a 

multidimensional construct that involves, among other aspects, theory of 

mind (ToM), facial emotion recognition, and empathy (Chalah & Ayache, 

2017). Emerging evidence suggests that individuals with MS have significant 

deficits in this domain (Genova et al., 2016; Bora et al., 2016; Cotter et al., 

2016). However, an inhomogeneity in social cognitive performance has been 

observed across MS studies, which may be due to confounding factors, such 

as fatigue, mood, alexithymia, and cognitive impairment (Chalah & Ayache, 

2017). Among these factors, one variable that is often overlooked when 

studying SC is controlling for CI. Several studies found significant 

correlations between cognitive measures and ToM tasks (Henry et al., 2009; 

Kraemer et al., 2013; Dulau et al., 2017; Raimo et al., 2017; Ciampi et al., 

2018), as well as facial emotion recognition (Ouellet et al., 2010; Berneiser 

et al., 2014; Cecchetto et al., 2014;) and empathy (Kraemer et al., 2013). In 

contrast, other studies showed no correlation between CI and SC deficits in 

MS patients (Banati et al., 2010; Pottgen et al., 2013; Phillips et al., 2014; 

Batista et al., 2017c; Neuhaus et al., 2018). Among the different cognitive 

domains that can be involved in SC deficits, executive functions (EF) can be 

frequently associated with social behavior problems but, at the same time, 

can also occur independently of the level of EF performance (e.g., Batista et 

al., 2017c). Previous studies in patients with neurological disorders have 

shown variable results, either supporting an association or a dissociation 

between EF and ToM (Aboulafia-Brakha et al., 2011); also in MS patients, 



 98 

the nature of the relationship between EF and ToM is still debated (Chalah 

& Ayache, 2017). 

One way to clarify the abovementioned issues would be to study 

individuals with MS who are not experiencing CI, in order to examine if SC 

deficits can occur even in the absence of CI. Although brain MRI measures 

(i.e., global and regional GM volume, and cortical thickness) have been 

widely reported as being correlated with cognitive performance (Rocca et 

al., 2015; Rimkus et al., 2019), only a few recent studies have begun to 

explore this behavioral-neuroradiological relationship in SC, including the 

involvement of bilateral amygdala and associated frontal, temporal, and 

parietal brain areas (Batista et al., 2017b; Chalah & Ayache, 2017) as well 

as diffuse WM damage (Batista et al., 2017a). Moreover, the role of the 

amygdala in SC in MS has not been well established and needs further 

investigation. 

The aim of the present study, conducted in collaboration with the 

Kessler Foundation (West Orange, NJ, USA), was to examine whether 

deficits in SC are present in a group of relapsing-remitting MS patients 

(RRMS) without CI, with a specific interest in the role of bilateral amygdala, 

assessed with non-conventional imaging techniques. 

 

Materials and methods 

Participants 

The present study enrolled 31 RRMS patients recruited at the MS 

Center of Verona University Hospital (Verona, Italy) and a healthy controls 

(HCs) group of 38 matched on age, gender, and education. Demographic 

and clinical characteristics of the participants are provided in Table 14.  

The patients were under immunomodulatory therapy: 19 were 

treated with dimethylfumarate, 5 were treated with high doses of interferon 

beta-1a, one patient was treated with glatiramer acetate and 6 were treated 

with fingolimod. Inclusion criteria for the MS group were diagnosis of RRMS 
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according to the most recent diagnostic criteria (Polman et al., 2011), no 

concomitant neurological or other pathological health conditions, no relapse 

in the last six months before the testing phase, no substance abuse or other 

MS concomitant medications (as benzodiazepines or antidepressant drugs), 

no visual impairment, and absence of cognitive impairment (CI). Cognitive 

status was evaluated by means of the Brief Repeatable Battery of 

Neuropsychological Tests (BRB-NT) (Amato et al., 2006a) and the Stroop 

test (Caffarra et al., 2002). Depression, anxiety, and stress disorders were 

evaluated by means of the Depression Anxiety Stress Scale (DASS-21; Bottesi 

et al., 2015). To be considered cognitively intact, each MS patient had to 

achieve scores above the cut-off score (5th percentile) on each subtest of the 

BRB-NT and on the Stroop test. Table 13 shows RRMS patients’ performance 

on neuropsychological tests (Z-scores) on each BRB-NT subtest and the 

Stroop test. 

 BRB-NT Z-scores range  
Cognitive test 

less than 
2 SD 

between -2 
and -1 SD 

between -1 
and 0 SD 

more than 
0 SD 

Mean (SD) 
Z-scores 

SRT-LTS 0 2 8 21 0.33 (0.84) 
SRT-CLTR 0 2 11 18 0.22 (0.95) 

SRT-D 0 1 6 24 0.37 (0.73) 
SPART 0 1 4 26 0.66 (0.78) 

SPART-D 0 0 8 23 0.53 (0.66) 
SDMT 0 0 9 22 0.54 (0.79) 

PASAT-3 0 1 11 19 0.14 (0.73) 
PASAT-2* 0 3 14 13 -0.04 (0.83) 

WLG 0 3 16 12 -0.08 (0.74) 

 

 
Stroop test Equivalent Scores (ES)°  

  ES 0 ES 1 ES 2 ES 3 ES 4 
Time 0 0 1 15 15 
Errors 0 3 4 2 22 

 

Table 13. Number of patients according to the classification of Z-scores on each subtest of 
the BRB-NT. *=one missed value. °Equivalent Scores (ES) is a 5-point (range: 0-4) scale 
that offers a solution to the problem of standardizing neuropsychological scores after 
adjustment for age and education when the common Z-standardization is not applicable. 
The cut-off score is zero. 
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SD = Standard Deviation; SRT-LTS = Selective Reminding Test – Long Term Storage; SRT-
CLTR = Selective Reminding Test – Consistent Long Term Retrieval; SRT-D = Selective 
Reminding Test – Delayed; SPART-I = Spatial Recall Test – Immediate; SPART-D = Spatial 
Recall Test – Delayed; SDMT = Symbol Digit Modalities Test; PASAT = Paced Auditory Serial 
Addition Test; WLG = Word List Generation 

 

The inclusion criteria for HCs consisted in absence of CI assessed 

through the Montreal Cognitive Assessment (MoCA; Santangelo et al., 

2015), absence of neurological or psychiatric conditions, substance abuse or 

medication, and normal or corrected to normal vision. 

Social cognition was examined with the Reading the Mind in the Eyes 

test (RME; Baron-Cohen et al., 2001), a task of facial affect recognition 

(FAR), and the Empathy Quotient questionnaire (EQ; Baron-Cohen & 

Wheelwright, 2004).  

The study was approved by the local Ethics Committee and the 

informed consent was obtained from all individual participants included in 

the study. 

 

Reading the Mind in the Eyes test (RME) – Stimuli and procedure 

The Italian version of the RME test (Vellante et al., 2013) was used 

to assess ToM. The RME test consists of 36 black-and-white images 

representing only the horizontal portion of faces showing the eyes of 

different persons (17 female faces and 19 male faces). The participants are 

presented with an image to view for 5 seconds; afterwards, 4 emotion 

adjectives appeared on each corner of the image. Participants were asked to 

choose which of the 4 emotion adjectives best described the emotion 

transmitted by the eyes in the image. As a control task, participants were 

also asked to indicate whether each pair of eyes was that of a female or a 

male face. The emotion adjectives provided the meaning of a belief or an 

intention with the same valence, e.g., “serious”, “ashamed”, “alarmed”, and 

“bewildered”. For each image, a correct response received a score of 1 point 

and no points for incorrect responses. 
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Facial Affect Recognition (FAR) - Stimuli and procedure 

In the FAR task, the participant is presented with a series of 36 black 

and white photos of different actors displaying one of six emotions: 

happiness, sadness, anger, surprise, fear, and disgust. The stimuli were 

selected from the Karolinska Directed Emotional Faces (KDEF) database 

(Lundqvist, Flykt & Öhman, 1998; Goeleven et al., 2008), which has been 

well validated. Each emotion is presented randomly six times. Participants 

then decided which emotion each face is expressing, and their oral response 

was recorded. The total test score on this measure was calculated as total 

items correctly identified. 

 

Empathy Quotient (EQ) - Stimuli and procedure 

The EQ questionnaire (Baron-Cohen & Wheelwright, 2004) was 

administered to the participants to assess their level of empathy. The EQ is 

a self-report questionnaire consisting of 60 items (40 about empathy and 20 

about other domains) (Lawrence et al., 2004). For each item, a 4-point 

Likert-scale is provided to measure the negative or positive empathic valence 

of the sentences; for the 40 empathy questions, 2 points were assigned for 

the extreme answers (i.e., “totally disagree” [score 1] and “totally agree” 

[score 4]) and 1 point for intermediate answers (i.e., “partially disagree” 

[score 2] and “partially agree” [score 3]). No points were assigned to the 20 

non-empathic control questions. The maximum score is 80: higher scores 

indicate higher empathy. This measure has been largely used in MS and it 

has been shown to be sensitive to measuring reduced empathy in MS 

(Kraemer et al., 2013). 

 

MRI acquisition and imaging analysis 

Each patient was scanned at enrolment using a 3.0 Tesla Philips 

Achieva MRI (Philips Medical Systems, Best, The Netherlands). No major 

hardware upgrades were carried out on the MRI scanner during the study 
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and weekly quality assurance sessions took place to guarantee measurement 

stability. The following sets of images were acquired:  

-    3D Fluid Attenuated Inversion Recovery (FLAIR) TR/TE=5500/292 ms, 

TI=1650 ms, voxel dimension of 1x1x1 mm, matrix=256x256; 

- 3D Double Inversion Recovery (DIR) TR/TE=5500/292 ms, 

TI1/TI2=525/2530 ms voxel dimension of 1x1x1 mm;  

-  3D T1 weighted Fast Field Echo (FFE) TR/TE=8.4/3.7 ms, voxel 

dimension of 1x1x1 mm, matrix=256x256; 

-   2D T1w SE GD: TR/TE=550/10 ms, 50 contiguous axial slices with a 

thickness=3.0 mm, matrix=256x256. 

 

Regional cortical thickness and volume evaluation 

Global cortical thickness and cortical volume of amygdalae were 

calculated on the volumetric T1 weighted data set, using the FreeSurfer 

image analysis suite (release v5.3.0), available online 

(http://surfer.nmr.mgh.harvard.edu). Topological defects in cortical 

surfaces due to white matter lesions were corrected using a semi-automated 

procedure with lesions filling. Each MRI has been evaluated by a neurologist 

well trained and experienced in MS, blinded to patients’ behavioral results.  

 

Lesions number and volume 

The total number of CLs and the number of CLs located in the 

amygdala were assessed on DIR images and confirmed on T1 weighted 

images, following the recent recommendations for CLs scoring in patients 

with MS (Geurts et al., 2011) – Figure 15.  

 

 



 103 

 
 
Figure 15. Coronal (A) and axial (B) double inversion recovery (DIR) sequence of a RRMS 
patient showing left amygdala lesion (red arrows). The same lesion is also depicted as 
hypointensity in the phase sensitive inversion recovery (PSIR) sequence (C). 
 

Owing to the suboptimal performance of the image-acquisition 

sequences on MRI in visualizing subpial lesions, the present analysis has 

considered mainly the intracortical and leukocortical lesions. 

Cortical lesion volume (CLV) was calculated using a semiautomatic 

thresholding technique based on Fuzzy C-mean algorithm (Pham & Prince, 

2000) included in software developed at the National Institutes of Health 

(NIH), Medical Images Processing, Analysis and Visualization (MIPAV) 

(http://mipav.cit.nih.gov). The same procedure was applied to FLAIR 

images to calculate the white matter lesion load. 

 

Statistical analyses 

Mann-Whitney U-tests were applied to test the differences between 

RRMS patients and HCs on the dependent variables (i.e., RME, FAR task, 

EQ). Chi-square test was applied to test female/male ratio between groups. 

Partial correlation analysis with Bonferroni correction, with age as covariate, 

was applied among imaging parameters and the dependent variables. 

Multiple linear regressions, weighted for age, were applied to assess the 

predictive role of imaging parameters on each of the dependent variables. 

Effect sizes for group comparisons were also calculated. 
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Results 

Clinical and demographic characteristics of RRMS patients and HCs 

are provided in Table 14. 

 
 RRMS (n=31) HCs (n=38) 
Gender (M/F) 7/24 10/28 
Age (years) 36.3±7.6 37.1±8.9 
Education (years) 13.4±3.4 14.6±3.4 
EDSS 1±3.5 / 
Disease duration (years) 7.0±4.5 / 

 

Table 14. Clinical and demographic characteristics of experimental (RRMS) and control 
(HCs) groups. Mean±SD was provided for continuous variables; Median±range was 
provided for the Expanded Disability Status Scale (EDSS). Range is expressed as the largest 
value minus the smallest value. 
 

There were no significant differences between the two groups on age 

(U=562, p=0.74), education (U=463, p=0.12), and gender (χ2(1)=0.09, 

p=0.78). No significant correlations were found among depression, anxiety, 

and stress disorders (DASS-21 scale) and the RME, the FAR task and the EQ 

(all p>0.05). Cognitive performance (Z-scores) in the MS group did not 

correlate significantly with the RME, the FAR task, and the EQ (all p>0.05). 

There were no significant correlations between the EDSS and any of the 

neuropsychological variables examined (all p>0.05). 

 

RME 

The number of correct responses on the RME served as the dependent 

variable. The RRMS group had significantly fewer correct responses on the 

RME (median±range=26±16) than the HCs group 

(median±range=28±11) (U=293.5, p<0.001, η2=0.19) - Figure 16. 
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Figure 16. Mean scores of correct responses on the RME (box A), FAR (box B), and EQ (box 
C) tasks. Error bars represent the standard error of the mean (SEM). Black bars: MS patients; 
white bars: healthy controls.  
*: p < 0.05; **: p < 0.001 
 

FAR Task 

The number of correct responses on the FAR task served as the 

dependent variable. In the FAR task, there was a significant difference 

between RRMS and HCs groups, (U=311.5, p=0.001, η2=0.17); the RRMS 

group had fewer correct responses (median±range=29±13) than the HCs 

group (median±range=31±8) – Figure 16. Specifically, the RRMS group 

had significantly fewer correct responses compared to the HC group in 

recognition of fear (RRMS: median±range=2±5; HCs: 

median±range=4±5; U=275.5, p<0.001, η2=0.22), and anger (RRMS: 

median±range=5±4; HCs: median±range=5±4; U=423.5, p=0.036, 

η2=0.06) - Figure 17. 
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Figure 17. Mean scores of correct responses by single emotions on the FAR task. Error bars 
represent the standard error of the mean (SEM). Black bars: MS patients; white bars: 
healthy controls.  
*: p < 0.05; **: p < 0.001 
 

EQ 

The EQ total served as the dependent variable. The RRMS group 

scored significantly worse than the HCs group on the EQ score (U=399, 

p=0.022, η2=.08) with the RRMS group scoring lower 

(median±range=45±36) than the HCs group (median±range=51±47) - 

Figure 16. 

 

Lesion volume of bilateral amygdala 

The cortical lesion volume (CLV) of amygdala (left and right), the 

number of cortical lesions (CLs) in the whole brain, the brain cortical 

thickness (CTh), and the brain white matter lesion volume (WMLV) were 

considered as predictors of RME, FAR task, and EQ in the RRMS subjects. 

Partial correlation analysis showed a significant correlation between 

amygdala CLV and the RME, r(28)=-0.611, p<0.001 (the greater CLV, the 

lower the correct responses on the RME), and between amygdala CLV and 

the FAR task, r(28)=-0.462, p=0.010 (the greater CLV, the lower the correct 

responses on the FAR task). There was no significant correlation between 
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amygdala CLV and the EQ (r(28)=0.018, p=0.924). Given the extensive 

literature linking fear and anger with amygdala, fear and anger results were 

combined and compared them with the combination of the results from the 

other emotions (happiness, surprise, sadness, disgust) in relation to 

amygdala CLV. A significant correlation was found between amygdala CLV 

and fear/anger (r(28)=-0.435, p=0.016), but not between amygdala CLV 

and the other emotions (r(28)=-0.349, p=0.059). A multiple regression 

analysis including all six emotions as predictors showed that fear was the 

only significant predictor of bilateral amygdala CLV (R2=377, t(30)=-2.207, 

p=0.037). 

To exclude a possible confounding role of global brain impairment on 

the social cognition tasks, separate multiple regression analyses were run 

with the amygdala CLV, the brain CLs, the brain CTh, and the brain WMLV 

as predictors of RME, FAR task, and EQ. The results showed that bilateral 

amygdala CLV was the only significant predictor of RME (R2=476, t(30)=-

4.154, p<0.001) and FAR task (R2=287, t(30)=-3.04, p=0.005). Brain CLs 

was the only significant predictor of EQ (R2=157, t(30)=-2.163, p=0.040). 

Separate multiple regression analyses were also run with cognitive 

measures as predictors of RME, FAR task, and EQ. The results showed that 

none of the cognitive measures predicted significantly the social cognition 

variables (all p>0.05). 

 

Discussion 

The present results showed that RRMS patients manifested specific 

impairment in SC tasks compared to matched HCs and that SC impairment 

can occur even in the absence of CI. These results are consistent with 

previous studies that did not find any association between CI and SC deficits 

in MS (Banati et al., 2010; Pottgen et al., 2013; Phillips et al., 2014; Batista 

et al., 2017c; Neuhaus et al., 2018). The RRMS group performed 

significantly worse on the RME test compared to the control group, 
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corroborating the hypothesis that RRMS have a specific impairment in the 

domain of ToM, which can occur independently of the level of global 

cognitive performance. In the current cohort of RRMS patients, performance 

on the RME test correlated significantly with the bilateral amygdala CLV and 

the CLV was the only significant predictor of RME scores; specifically, the 

higher the total score on the RME, the lower the CLV value. It has been 

recently reported that amygdala volume was significantly lower also in 

pediatric onset MS (POMS) compared with controls and that the left 

amygdala volume was a strong predictor of parent-reported social skills in 

POMS (Green et al., 2018). These findings suggest that amygdala damage 

might play a central role in SC deficits in both adults with MS and POMS. 

In the domain of facial affect recognition, the RRMS group scored 

significantly lower than the control group, specifically in recognition of anger 

and fear, as has been shown in other studies assessing MS patients (Henry 

et al., 2009; Ciampi et al., 2018). Also, facial affect recognition correlated 

significantly with bilateral amygdala CLV and that the amygdala CLV was 

the only significant predictor of FAR task scores (the higher the total score 

on the FAR task, the lower the CLV value). This is the first study in which it 

has been shown a correlation between bilateral amygdala CLV and deficits 

in FAR, specifically related to anger and fear, in a group of RRMS patients 

without CI, adding evidence on the role of bilateral amygdala in recognizing 

basic emotional states. This result underlines the key role of amygdala in the 

domain of SC also in MS (Batista et al., 2017b; Green et al., 2018).  

Finally, empathy, as assessed with the EQ, was significantly lower in 

the RRMS group compared with HCs. RRMS patients defined themselves as 

less empathic and less prone toward sharing emotional states of other 

persons and in sympathizing towards the other’s situations, in agreement 

with previous studies (Banati et al., 2010; Kraemer et al., 2013). The 

amygdala may play a lesser role regarding empathy than its role in fear and 

anger, as several studies have related empathy more with the anterior insula, 
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and that empathic behavior can be modulated by various factors, such as 

those related to individual traits and situational contexts (Lenne et al., 

2014). However, brain CLs were a predictor of EQ score, which is consistent 

with recent studies suggesting that a distributed network involving multiple 

cortical and subcortical regions may underlie the experience of empathy 

(Nomi et al., 2008; Bernhardt & Singer, 2012). 

There are several limitations in the current study. First, the control 

group of HCs did not underwent an MRI, so comparisons with the RRMS 

group on brain parameters could not be conducted. Further studies are 

required to collect also MRI data of a matched control group. Second, HCs 

did not undergo neuropsychological assessment except with MoCA, so CI 

classification of MS patients, although conservative, was based on Italian 

normative data and not with respect to the HCs group. Another limitation is 

that SC deficits in MS have only recently been investigated, and thus there 

are no measures that have been validated in this population. A recent meta-

analysis (Cotter et al., 2016) suggests that investigations of SC in MS have 

used a wide number of SC tests, most validated in other populations such as 

Autism Spectrum Disorder, but validation and standardization of measures 

to clinically investigate SC aspects in individuals with MS should be the 

target of future research. In the current study, was utilized a database of 

facial affect stimuli that has been well validated in the general population 

(Lundqvist, Flykt & Öhman, 1998; Goeleven et al., 2008). Moreover, future 

studies will be conducted by also considering the social functioning in 

everyday life of patients, in order to evaluate the reflection of SC deficits in 

daily living of MS patients and in their quality of life, even in the absence of 

formal CI, and strengthen the validity of the results presented. Furthermore, 

future research should be conducted by implementing “dual-task” 

conditions: this is an emerging paradigm which has been increasingly 

studied over the past few years, that could represent a more ecological 

method to identify issues related to social cognitive processes in MS. 
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Conclusions 

In summary, the results of the present study showed that SC can be 

impaired in several domains in RRMS patients even in the absence of CI. The 

lower performance on RME and FAR task was related specifically to bilateral 

amygdala damage as measured by CLV, and not to global brain impairment. 

This is the first study investigating three different aspects of SC with both 

behavioral and structural imaging data in the same group of RRMS patients 

without CI. These results point to the prominent role of amygdala in SC 

deficits in persons with MS, in particular fear and anger. It could be argued 

that bilateral amygdala, as a primitive subcortical area and as a fundamental 

region for the “social brain” (Bickart, Dickerson & Barrett, 2014), in RRMS 

might be related to SC deficits also in the absence of CI. 

The results of the current study reinforce the need of further 

investigating SC earlier in the course of the disease in both adults with MS 

and POMS (Charvet et al., 2018; Green et al., 2018), not only for clinically 

related aspect of MS, but also because of its influence on social aspects of 

quality of life of MS patients and their families, such as the ability to regulate 

emotions (Phillips et al., 2011). As such, SC should be assessed 

independently of the presence of CI. 
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PROJECT 3 – REHABILITATION OF COGNITIVE 

FUNCTIONING IN MS 
 

CLINICAL, CONVENTIONAL MRI AND ADVANCED MRI PREDICTORS OF 

EFFECTIVENESS OF COGNITIVE REHABILITATION IN MS PATIENTS 

Considering the fact that cognitive alterations are highly frequent in 

MS patients since the very early stages of the disease, it is of paramount 

importance to intervene with specific rehabilitation approaches in order to 

improve cognitive functioning. Cognitive rehabilitation (hereafter CR) refers 

to a specific process based on behavioral interventions aimed at improving 

cognitive functioning, awareness and quality of life in individuals with 

cognitive deficits due to brain injuries or neurodegenerative conditions 

(Mateer, 2005; Mitolo et al., 2015). CR should be considered and offered to 

all patients suffering from long-term problems, and not only to patients that 

are expected to recover completely (Wilson & Betteridge, 2019). However, 

individuals respond in various ways and at different times to various types 

of cognitive interventions: premorbid functioning, personality, social 

support, and environmental demands are some of the factors that can 

profoundly influence rehabilitative outcomes (Sohlberg & Mateer, 2001 & 

2017). 

CR can be divided into two major categories: compensatory and 

restorative. Compensatory approaches aim to adjust and modify behavioral 

patterns and styles of thinking to compensate for cognitive deficits. 

Otherwise, restorative approaches are designed to strengthen impaired 

cognitive functions through repeated exercises and similar forms of training 

(Sandry et al., 2016). Restorative interventions may be suitable for patients 

at the early stages of the disease, while compensatory interventions may be 

more appropriate for patients with severe cognitive impairment. Besides the 

type of rehabilitation, it is important to offer treatments that are suitable for 
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patients with particular needs and capacities to benefit for a specified 

approach. 

The first studies describing CR programs for patients with MS were 

used to focus on learning and memory problems, but recently most of the 

interventions were centered on problems regarding attention, executive 

functions and information processing speed domains (Goverover et al., 

2018). In particular, slowed cognitive processing speed, the most frequent 

cognitive deficit in patients with MS (Benedict et al., 2017a), is associated 

with decrements in quality of life, employment, and independence of daily 

activities (Benedict et al., 2017b; Sumowski et al., 2018). Fortunately, early 

data suggest that CR interventions are efficacious in enhancing processing 

speed in patients with MS, relative to control interventions (Goverover et al., 

2018). One recent study demonstrated the efficacy of a restorative 

telerehabilitation approach in a randomized controlled trial (Charvet et al., 

2017). An adaptive software was used (BrainHQ, Posit Science Corporation), 

that is affordable, easy to use, and can be implemented on home computers, 

tablets, and laptops, being therefore accessible to people with limited 

mobility or other constraints (Charvet et al., 2017). The study showed a 

significant effect of the cognitive training measured by a composite score 

derived from neuropsychological tests, as compared with the active control 

group who underwent ordinary computer games. Despite the moderate 

success, the change in group means overlay considerable variability in 

treatment response across participants. For instance, the mean improvement 

in the treatment group (z=0.25) was smaller than the standard deviation 

(0.45).  

In order to better investigate which patient is best suited for different 

treatments of CR, a research project was carried out at the Buffalo 

Neuroimaging Analysis Center (NY, USA) between 2017 and 2018, aimed at 

identifying baseline variables that presage favorable outcome with this same 

approach. Since providers and patients alike would benefit from data that 
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would inform the goodness of fit between patients and symptomatic 

therapies (Sumowski et al., 2018), in this pilot, single-arm repeated 

measures study, demographic, clinical, neuropsychological, both 

conventional and non-conventional brain MRI, and brain functional MRI 

variables were measured, in order to explain variability in individual patient 

response to this form of restorative rehabilitation in a real-world outpatient 

setting. 

 

Materials and methods 

Participants 

Fifty-four MS patients were recruited for the present study in Buffalo, 

(NY, USA) between 1 November 2017 and 30 April 2018 from a sub-sample 

of eligible subjects previously enrolled in a larger Cardiovascular, 

Environmental, and Genetics (CEG) study (Zivadinov et al., 2016a). A sub-

group of 25 MS patients also underwent resting-state functional MRI (rs-

fMRI) at baseline. Of the total sample, 3 subjects were lost to follow-up. 

Subjects were provided free access to a CR software and financial 

compensation for participation and completion of the program. Sample size 

was determined with a power analysis relating to effect size reported in a 

previous cognitive training study (Studer-Luethi et al., 2012).  

Inclusion criteria were diagnosis of clinically definite MS (Polman et 

al., 2011), age 18+, English fluency, able to provide informed consent to all 

procedures, access to internet and home computer, computer competency, 

and high-quality structural MRI available from the CEG study. Participants 

were excluded based on the following criteria: other 

neurological/psychiatric disorder, alcohol/substance abuse, relapse/acute 

corticosteroid treatment within 1 month of testing, color-blindness, and 

motor or sensory defect that might interfere with cognitive test performance 

(e.g. corrected near vision of at least 20/70).  
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Cognitive impairment was not an inclusion criterion for this study for 

two main reasons: firstly, baseline cognitive status was intended as a 

candidate predictor of pre- to post-intervention change and so heterogeneity 

in patients’ cognitive functioning was one key aim of the study. Secondly, 

individuals may have cognitive impairment relative to their own pre-disease 

status but not relative to average healthy populations. These individuals 

might be bothered by their cognitive disturbances and still seek out CR. 

Individuals were therefore considered for the study if interested in the 

service. Additional information about eligibility, enrollment, and loss to 

follow-up, is provided in the study flowchart (Figure 18). 
 

 
 

Figure 18. Study flowchart: eligibility, enrollment, and loss to follow-up. 
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Study design 

The primary aim of the study was to explore the baseline factors 

associated with individual patient variability in response to treatment rather 

than to replicate a treatment effect relative to control (Charvet et al., 2017). 

For this reason, a single-arm repeated measures study design was applied 

using the same intervention structure as in the previous randomized-

controlled trial (Charvet et al., 2017). Figure 19 shows a schematic of the 

study timeline. 

 
 
Figure 19. Study timeline. MS patients underwent a 3T MRI at baseline. Then 
neuropsychological assessment was conducted before and after the restorative cognitive 
training period. 
 

Participants underwent a baseline neuropsychological assessment 

and were trained in the use of an online restorative CR software (BrainHQ, 

Posit Science Corporation). Since cognitive processing speed is the most 

common cognitive deficit in MS patients (Benedict et al., 2017a), were 

selected exercises within this program which were expected to improve 

cognitive processing speed. The initial assessment was completed an average 

of 2.2 years (median=2.2, interquartile range IQR=1.6-2.8) following the 

baseline MRI scans available from the CEG study. Notably, study participants 

only experienced an average of 0.18 (median=0, IQR=0-0, range=0-2) 
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relapses between the time of MRI and the initial neuropsychological 

evaluation. 

Participants were asked to complete 12 weeks of training on their own 

home computers. For each week, participants were asked to complete 1 

training session/day (~45-60 minutes), for 5 days each week. The 

rehabilitation software increases difficulty as users improve by adapting 

parameters such as speed of processing and distractor stimuli. Study 

participants were only contacted once each week by research assistants to be 

provided with technical support and mild encouragement. Research 

assistants had expertise in using the BrainHQ software. Under the 

supervision of neuropsychologists, they completed phone calls in accordance 

with the following protocol:  

- participants were asked to verify the accuracy of usage data collected 

by the software; 

- participants were provided with one compliment specific to their 

training performance and were reminded of the study protocol and 

goals; 

- participants were provided with technical support and questions & 

answers as needed. 

After completion of the training period, participants underwent a post-

treatment neuropsychological assessment. 

  

Pre- to post-intervention change, exposure, and compliance 

Pre- to post-intervention change: The post-rehabilitation 

improvement on the primary outcome measure, cognitive processing speed 

(SDMT).  

Treatment exposure: The number of exercises completed across all 12 

weeks of the study period. Exposure was measured to determine whether 

pre- to post-intervention change was positively associated with total 

exposure to treatment; that is whether there was a dose-effect. It is expected 
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that an increased exposure would correlate with greater pre- to post-

intervention change. 

Treatment compliance: The percent exercises completed each week 

out of those scheduled was measured. Then we considered the average 

weekly compliance across all 12 weeks as the final value.  

 

Neuropsychological assessment and neurologic examination 

Neuropsychological testing was conducted under the supervision of a 

board-certified neuropsychologist according to consensus recommendation, 

using the Brief International Cognitive Assessment for MS (BICAMS) 

(Langdon et al., 2012). This included assessment of cognitive processing 

speed using the Symbol Digit Modalities Test (SDMT) (Smith, 2013), 

visual/spatial memory using the Brief Visuospatial Memory Test-Revised 

(BVMTR) (Benedict, 1997), and verbal memory using the California Verbal 

Learning Test-II (CVLT-II) (Delis, 2000). Performance on the SDMT was the 

primary outcome measure for this study because of its previously stated as a 

sensitive and reliable measure of cognitive processing speed, and gold-

standard cognitive assessment for MS clinical trials (Strober et al., 2018), in 

addition to the relevance to the expected primary impact of the rehabilitation 

software. Total learnings across trials during the BVMTR and CVLT-II were 

utilized for final analyses.  

Executive functions were also assessed using three subtests of the 

Delis-Kaplan Executive Functions System (DKEFS) (Delis, Kaplan & Kramer, 

2001): Tower, Sorting, and Verbal Fluency. Scores from these tests used in 

the final analyses were achievement score from the Tower test, description 

score from the Sorting test, and phonemic total correct from the Verbal 

Fluency test. 

The NEO five-factor inventory (NEO-FFI) was applied to measure 

informant-report trait Conscientiousness (McCrae & Costa, 1987). The sub-

scales of Conscientiousness for trait Orderliness, Goal-striving, and 
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Dependability were considered. Self-report questionnaires were used to 

assess depression (Beck Depression Inventory Fast Screen, BDI-FS; Benedict 

et al., 2003), fatigue (Fatigue Severity Scale, FSS; Krupp et al., 1989), and 

subjective cognitive impairment (Multiple Sclerosis Neuropsychological 

Questionnaire, MSNQ; Benedict et al., 2004).  

Participants were also asked about their neurologic disease course 

and then these responses were confirmed by trained MS neurologists via 

inspection of electronic medical records. For the purposes of final analyses, 

they were categorized as having either relapsing-remitting MS (RRMS) or 

progressive MS (PMS). Employment status was assessed using the 

Occupational Functioning Questionnaire (Strober et al., 2012). Clinical 

disability was assessed using the Expanded Disability Status Scale (EDSS) 

(Kurtzke, 1983).  

At follow-up, the same neuropsychological tests and questionnaires 

were applied. Alternate testing forms were used when available. Follow-up 

assessment also included measures of physical disability: Timed 25-Foot 

Walk (T25FW; Goldman et al., 2013), 9-Hole Peg Test (9HPT; Mathiowetz 

et al., 1985), and Low Contrast Letter Acuity (LCLA; Regan, Silver & Murray, 

1977).  

 

MRI  

MRI acquisition 

Brain MRI were collected at baseline using a 3T GE scanner. Imaging 

included a 3D T1-weighted inversion recovery fast spoiled gradient echo, 

repetition time (TR) 5.9ms, echo time (TE) 2.8 ms, inversion time (TI) 900 

ms, flip angle (FA) 10°, field-of-view (FOV) 25.6 ⨉19.2 cm2 (256 ⨉ 256 

matrix with phase FOV 0.75), 180 slices of 1 mm for a final voxel size of 1 

⨉ 1 ⨉	1 mm3.  

2D T2-FLAIR scans were also collected with TR 8500 ms, TE 120 ms, 

TI 2100 ms, FA 90º, echo train length 24, FOV 25.6x19.2cm2 (256x256 
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matrix with phase FOV 0.75), 48 slices of 3mm without gap for a final voxel 

size of 1 ⨉ 1 ⨉	1 mm3.  

For resting-state fMRI, 240 volumes of gradient-echo echo-planar 

images were acquired (TR 2500ms, TE 35ms, FA 90°), 3.75x3.75x4.00-mm3 

voxels, and 4mm slice thickness. During the scan, subjects were instructed 

to lie awake with their eyes closed and to think of nothing in particular. 

 

MRI processing: conventional volumetry and image parcellation 

N4 bias field correction and lesion-filling to T1w images were applied 

to minimize the impact of inhomogeneity and hypointensity on subsequent 

processing. FSL tools was used for brain extraction of these images and then 

the SIENAX cross-sectional software (Smith et al., 2002) (version 2.6) to 

obtain global volumetric measures, including lateral ventricular volume 

(LVV), gray matter volume (GMV), white matter volume (WMV), and 

neocortical gray matter volume (NCV). 

Then, the FMRIB Integrated Registration and Segmentation Tool 

(FIRST; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST) (Smith et al., 2004) 

were applied to measure deep gray matter volume (dGMV).  All volumetric 

data were normalized for head size.  

 

MRI processing: white matter tract disruption 

White matter (WM) lesion masks and T2 lesion volume (T2LV) data 

were generated using a previously described semi-automated edge detection 

technique (Zivadinov et al., 2012). Lesion masks were non-linearly 

registered to the Montreal Neurological Institute (MNI) space using ANTs 

(Avants et al., 2011). To measure WM tract disruption between pairs of GM 

regions, the lesion masks were processed using the Network Modification 

tool (NeMo; Kuceyeski et al., 2013). The use of this tool has been previously 

described (Fuchs et al., 2018). In short, this tool probabilistically infers 

alterations to the structural connectivity between pairs of GM regions by 
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comparing the lesion masks with a database of 73 healthy control 

tractograms. WM tract disruption between each pair of GM regions is 

calculated as the number of WM tract streamlines connecting those regions 

which pass through a lesion and are therefore disrupted. This was done for 

all pairs of structurally connected GM region-pairs in the 86-region 

FreeSurfer brain atlas (Dale, Fischl & Sereno, 1999). Figure 20 shows 

procedure details. 

 

 
 
Figure 20. White matter (WM) tract disruption in people with multiple sclerosis. WM tract 
disruption was measured using the network modification (NeMo) tool. First, lesion masks 
(A) were registered to Montreal Neurological Institute standard space. Then, a database of 
healthy control tractograms (B) was applied to probabilistically determine the impact of 
lesions on white matter tracts which connect gray matter regions in an 86-region FreeSurfer 
atlas (C). This was done for all pairs of gray matter regions (D), resulting in an 86x86 
connectivity/dysconnectivity matrix (E) that illustrates the proportion of WM tracts 
streamlines, normally connecting each pair of regions, that are disrupted by lesions (range 
-1 to 1).  
 

MRI processing, preservation/deviation of brain functional connectivity 

fMRI data were pre-processed using FSL tools and included the 

following steps: (a) removal of volumes 1 and 2, (b) slice time correction, 
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(c) motion correction, (d) intensity normalization, (e) high pass temporal 

filtering (2000s), (f) brain extraction, (g) fieldmap unwarping, and (h) 4mm 

spatial smoothing. These data were then non-linearly registered to their 

corresponding T1w structural images using ANTs (Avants et al., 2011). FSL 

MELODIC was then applied to perform independent component analysis, 

classification, and removal of noise components according to published 

guidelines (Griffanti et al., 2011). Motion parameters, mean cerebrospinal 

fluid, and mean WM signal were then regressed from the data.  

Next, the aim was to produce the summary measure of deviated 

functional connectivity, as consistent with previous reports (Fuchs et al., 

2019a). First, 86x86 functional connectivity matrices were generated using 

the inverse covariance matrix function of Nilearn (akin to partial 

correlations, controls for global signal) (Abraham et al., 2014). These 

matrices were then compared with the average and the standard deviation 

of a cohort of 29 healthy controls of similar age and sex-distribution (non 

significantly different) to derive z-score matrices. The absolute value of these 

was taken, such that lower values reflect functional connectivity which is 

more similar to HCs and higher values reflect greater deviation.  

 

Statistical Analysis 

Sample characteristics, exposure, compliance, and pre- to post-intervention 

change 

All scores from the BICAMS tests (SDMT, BVMTR, CVLT-II) were 

converted to age- and sex-corrected z-scores according to norms reported in 

a previous publication (Parmenter et al., 2010).  

Similarly, performance on executive function (DKEFS) tasks were 

converted to age-corrected z-scores, according to abovementioned published 

manual. These scores were averaged to calculate an executive function 

composite score.  
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Z-scores were also calculated for the FSS, BDI-FS, trait 

Conscientiousness domains, MSNQ, 9HPT, and T25FW according to 

normative data available in abovementioned publications.  

To determine whether study participants exhibited significant 

cognitive improvement following treatment, paired t-tests were applied to 

compare cognitive processing speed (SDMT) at the pre- and post-

rehabilitation time-points. This was repeated for the secondary outcome 

measures, BVMTR and CVLT-II. Then, a partial correlation analysis was 

applied to assess the relationship between treatment exposure and pre- to 

post-intervention change (improvement on SDMT), controlling for age and 

disease course. As well, subjects were divided into either cognitive-impaired 

or cognitively-intact depending on whether their baseline SDMT 

performance was below or above a z-score of -1. Paired t-test were repeated 

on each group separately to determine whether post-rehabilitation 

improvement on SDMT varied between them.  

 

Baseline demographic, clinical and neuropsychological factors associated 

with response to treatment 

Next, attempts have been made to address the primary aim of 

exploring baseline factors that help explain individual patient variability in 

response to the rehabilitation. These factors were intentionally explored 

separately from quantitative MRI factors because 

clinical/neuropsychological factors are often more accessible in clinical 

environments and so their predictive capacity were thought to be more 

clinically translatable. To identify baseline demographic, clinical, and 

neuropsychological factors associated with pre- to post-intervention change 

(improvement on SDMT), a two-stage approach was followed. First, two-

tailed Spearman correlation analysis, Pearson’s correlation analysis, or 

independent sample t-tests were applied when appropriate, with pre- to post-

intervention change as the dependent variable. Next, baseline predictors 
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from the first stage of analysis with a p-value ≤ 0.15 were included in a 

forward stepwise regression predicting pre- to post-intervention change. The 

following baseline demographic and clinical factors were explored: age, sex, 

education, disease duration, disease course, and physical disability (EDSS). 

The following neuropsychological factors were examined: cognitive 

processing speed, personality trait Conscientiousness and its subdomains 

(Orderliness, Goal-Striving, Dependability), subjective cognitive 

impairment, executive function, depression, and fatigue. For descriptive 

purposes, a correlation matrix between these predictor variables was also 

generated and baseline cognitive processing speed for RRMS was compared 

to PMS participants using independent-samples t-tests.  

 

Baseline brain MRI factors associated with response to treatment  

The above analysis plan was then repeated for the following baseline 

brain MRI factors (T2LV, LVV, GMV, WMV, NCV, and dGMV). 

 

Exploratory analyses of predictive factors on a sub-set of study participants 

with above threshold compliance and response to treatment 

In a sub-sample of study participants (n=17) who improved on SDMT 

above a cut-off of 4 raw-score points (Strober et al., 2018) and were 

minimally compliant (>25%), the stepwise regression analyses were 

repeated, considering all clinical, neuropsychological, and MRI factors. This 

was repeated again, excluding subjects with greater than 3 years between 

time of MRI and baseline neuropsychological testing (n=14).  

 

Baseline functional connectivity and structural network disruption 

In a subgroup of participants that underwent resting state fMRI at 

baseline (n=25), attempts have been made to address the primary aim of 

exploring whether baseline functional connectivity moderates the 

relationship between structural network disruption and post-rehabilitation 
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improvement on SDMT. This was accomplished in two stages: (1) 

identification of a structural network of connected GM regions whose WM 

tract disruption at baseline predicts patient post-rehabilitation improvement 

on SDMT and (2) determining whether functional connectivity deviations 

within the network moderate this relationship. Furthermore, (3) an 

exploratory analysis, conventional network functional connectivity was also 

conducted. 

 

(1) Identification of WM tract disruption network 

The aim was to identify local patterns of baseline WM tract disruption 

which predict response to CR treatment. To do this the network-based 

statistics (NBS) tool (Zalesky, Fornito & Bullmore, 2010) was applied. The 

NBS tool, similar to conventional cluster statistics, is a method for controlling 

family-wise error while retaining power by accounting for network structure. 

First, in relation to change in SDMT performance, a test statistic is computed 

for each pair of connected GM regions. Then a network of structurally 

connected suprathreshold pairs is identified and a p-value is assigned to the 

entire identified component by comparing its size with the null distribution 

of maximal component size (5000 permutations). The analysis was 

performed including the covariates of age, sex, and GMV. GMV was included 

to control for overall disease burden in the identification of a localized 

network. Results were considered significant at an α-level of 0.05. Once the 

network was identified, a one-sample t-test was applied to determine if the 

proportion of disruption within the identified network was significantly 

greater than 0. 

 

(2) Functional connectivity moderation of the structure-cognitive 

relationship 

First, were calculated the mean proportion of WM tract disruption 

and the mean deviation of functional connectivity for GM pairs included in 
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the associated network (identified as described in the section above). 

Deviation of functional connectivity was reported as ‘high’ for above median 

values and ‘low’ for below median values. To determine whether the impact 

of structural network disruption is moderated by deviation in functional 

connectivity, multiple linear regression analysis was applied. For the 

regression, network WM tract disruption data was cubed-root transformed 

to maintain distribution normality. The regression model, predicting post-

rehabilitation change in SDMT performance, included the covariates: age, 

sex, education (years), WM tract disruption of the associated network, 

deviation of functional in the network, and the interaction term between 

network WM tract disruption and functional network deviation. All β 

coefficients reported are standardized and R2 values are adjusted for the 

number of covariates included in the model.  

 

(3) Exploratory analysis, conventional network functional connectivity 

To better understand the role of specific well-known functional brain 

networks, an additional exploratory analysis was completed in which was 

assessed the relationship between response to treatment and baseline 

functional connectivity with established resting state networks (Smith et al., 

2009). This analysis was completed using FSL Dual Regression (Nickerson 

et al., 2017). First, a temporal-concatenated group independent component 

analysis was conducted to identify 20 spatial-temporal maps. These 

components were labeled according to previously established resting-state 

networks (Smith et al., 2009), and they were used to extract per-subject sets 

of time series using general linear modelling.  

FSL randomize was then used with threshold-free cluster 

enhancement, 5000 permutations, to identify patterns of functional 

connectivity in association with the resting-state networks which are 

significantly associated with treatment response. Age and sex were included 
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as covariates in the model and corrected p-values using false discovery rate 

(FDR). Results were considered significant at α-level of 0.05. 

 

Results 

Sample characteristics, exposure, compliance, and pre- to post-intervention 

change  

MS patients (70.6% female, 47.1% employed) participating in the 

study had a mean age of 56.1±11.8, disease duration of 21.6±9.8 years, and 

baseline SDMT score of 49.5±14.7. Baseline cognitive processing speed was 

significantly higher for participants with RRMS (mean=52.7, SD=13.6) 

relative to those with PMS (mean=42.6, SD=15.1; cohen’s d=0.71, t=2.35, 

p=0.023). Mean speed on T25FW and 9HPT were 7.2±5.6 and 30.7±15.6 

seconds respectively. Additional details are provided in Table 15. 
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 Patient Factor Raw Scores  Z-scores  

Demographics and 
Clinical 

Characteristics 

Age 56.1±11.8 / 

Female/Male; % Female 36/15; 70.6 / 
Education (years) 15.6±2.3 / 
Right-handed/Left-handed; % Right-handed 45/6; 88.2  
Disease Duration 21.6±9.8 / 
Disease Course 
     Relapse Remitting MS; % 35; 68.6 / 

     Primary Progressive MS; % 4; 7.8 / 

     Secondary Progressive MS; % 12; 23.5 / 
Physical disability, EDSS 4.0 (2.0-6.0) / 

Neuropsychological 
Metrics 

Cognitive functioning (BICAMS) 
     Cognitive Processing Speed, SDMT 49.6±14.7  -0.46 ± 1.13 
     Visual/Spatial Memory, BVMTR 23.3±8.0  0.22 ± 1.29 
     Verbal Memory, CVLT-II 53.5±12.6 -0.17 ± 1.28 
Executive Functions (DKEFS) 
     Tower Test, Total Achievement 16.3±3.9 0.12 ± 0.87 
     Card Sorting, Free Description  34.9±10.9 0.39 ± 1.02 
     Letter Verbal Fluency, Total Correct  35.9±11.2 -0.03 ± 1.14 
Conscientiousness 47.1±12.5 -0.67 ± 0.93 
   Orderliness 2.1±4.2 / 

   Goal-Striving 3±2.5 / 
   Dependability 4.2±3.4 / 
Subjective Cognitive Impairment, MSNQ-P  19.5±11.8 -0.66 ± 0.99 
Depression, BDI-FS  1.7±2.4 -0.56 ± 0.71 
Fatigue, FSS  4.1±1.7 -0.51 ± 1.28 

Brain MRI 

T2LV 15.0±18.5 / 
LVV 50.8±22.6 / 
GMV 737.4±50.6 / 
WMV 714.7±38.5 / 
NCV 600.4±38.5 / 
dGMV 54.0±5.7 / 

 
Table 15. Demographic/clinical, neurological/neuropsychological, and brain MRI 
characteristics of study participants (N=51). Mean±SD are provided for continuous 
variables; median (IQR) is provided for EDSS. 
SD = standard deviation; MS = Multiple Sclerosis; EDSS = Expanded Disability Status Scale; 
IQR = interquartile range; BICAMS = Brief International Cognitive Assessment for Multiple 
Sclerosis; SDMT = Symbol Digit Modalities Test; BVMTR = Brief Visuospatial Memory Test 
Revised; CVLT-II = California Verbal Learning Test II; DKEFS = Delis-Kaplan Executive 
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Function System; MSNQ-P = Patient-Report Multiple Sclerosis Neuropsychological Screening 
Questionnaire; BDI-FS = Beck Depression Inventory – Fast Screen; FSS = Fatigue Severity 
Scale; MRI = magnetic resonance imaging; T2LV = T2 lesion volume; LVV, lateral ventricular 
volume; GMV = gray matter volume; WMV = white matter volume; NCV = neocortical gray 
matter volume; dGMV = deep gray matter volume. 
 

Study participants were exposed to a mean±SD of 561.4±398.3 

exercises (median=566, IQR=225-870). Mean±SD weekly compliance for 

the study participants was 62.3±44.5. Compliance was significantly directly 

correlated with age (r=0.53, p<0.001) and inversely with the number of 

children raised at home (r=-0.45, p=0.001).  

Significant improvement was observed on SDMT (cohen’s d=0.55, 

t=3.91, p<0.001) from a mean±SD of 49.6±14.7 to 52.6±15.6 (Figure 21). 

 
 

Figure 21. Performance on assessments of cognition pre- and post-rehabilitation. Study 
participants exhibited a statistically significant improvement on cognitive processing speed 
(SDMT).  
* : p < 0.001 
SDMT = Symbol Digit Modalities Test; BVMTR = Brief Visuospatial Memory Test Revised; 
CVLT-II = California Verbal Learning Test – II 
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Participants with RRMS improved by a mean±SD of 4.4±6.5 points 

on SDMT (p<0.001), exceeding the expected SDMT practice effect in MS 

(~0.5 points per repetition) by over 800% (Benedict et al., 2008a). In 

comparison, participants with PMS only improved by a mean±SD of 0.3±4.7 

points (p=0.835) (Figure 22). Out of all the study participants (n=51), 22 

(43.1%) exhibited a post-intervention improvement on SDMT above a 

threshold of 4 raw score points (Strober et al., 2018). Treatment response 

correlated positively with exposure (r=0.38, p=0.007), accounting for the 

effect of age and disease course. Nonetheless, response was highly 

heterogeneous (mean change±SD=3.1±6.2, range -6 to 21; Figure 22). A 

trending but non-significant improvement was also observed on BVMTR 

(cohen’s d=0.22, t=1.58, p=0.12) and CVLT2 (cohen’s d=0.26, t=1.86, 

p=0.069). Post-intervention improvement on SDMT was statistically 

significant for subjects who were cognitively impaired at baseline (n=14, 

mean change=3.4, cohen’s d=0.74, t=2.75, p=0.016) and for those who 

were not (n=37, mean change = 3.0, cohen’s d=0.48, t=2.96, p=0.005). 
 

 
Figure 22. Disease course and treatment response heterogeneity. Greater post-
rehabilitation improvement on cognitive processing speed (SDMT) was observed for people 
with RRMS relative to those with PMS. These differences and response heterogeneity 
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between the PMS and RRMS participants are illustrated here in a histogram (A) and scatter-
box plot (B).  
*: p < 0.05 
SDMT = Symbol Digit Modalities Test; RRMS = Relapsing-Remitting Multiple Sclerosis; PMS 
= Progressive Multiple Sclerosis 

 

Baseline demographic, clinical, and neuropsychological factors associated with 

response to treatment 

Figure 23 shows a correlation matrix between each potential 

predictor considered, generated for descriptive purposes.  

 
Figure 23. Association between baseline patient factors. 
EDSS = Expanded Disability Status Scale; T2LV = T2 lesion volume; LVV = lateral ventricular 
volume; GMV = gray matter volume; WMV = white matter volume; NCV = neocortical gray 
matter volume; dGMV = deep gray matter volume 
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The associations between each baseline factor and response to 

treatment (improvement on SDMT) are provided in Table 16. A significant 

effect was observed for RRMS relative to PMS (t=2.29, p=0.026) and 

physical disability (EDSS, rs=-0.31, p=0.027). The final model was a 

statistically significant predictor of treatment response (R2=0.130, p=0.016) 

and included the following variables: disease course (RRMS vs PMS; β=-

0.343, p=0.017) and trait Conscientiousness-Orderliness (β=0.292, 

p=0.040). In Figure 22 is provided a visualization of these group differences. 

 
 Candidate Baseline Predictor Effect p 

Demographics and 
Clinical Characteristics 

Age r=-0.151 0.291 
Sex (female vs male) t=-1.467 0.149 

Education (Years) r=-0.142 0.321 
Disease Duration (Years) r=-0.101 0.480 

Disease Course (RRMS vs PMS) t=2.294 0.026 
Physical Disability (EDSS) rs=-0.312 0.027 

Neuropsychological 
Metrics 

Baseline Cognitive Processing Speed 
(SDMT) 

r=-0.058 0.684 

Executive Functions (DKEFS) r=-0.213 0.134 
Conscientiousness-Orderliness r=0.232 0.113 

Conscientiousness-Goal-Striving r=0.110 0.445 
Conscientiousness-Dependability r=0.126 0.395 
Subjective Cognitive Impairment 

(MSNQ-P) 
r=0.120 0.402 

Brain MRI 

T2LV r=-0.208 0.143 
LVV r=-0.214 0.140 
GMV r=0.311 0.030 
WMV r=0.260 0.071 
NCV r=0.245 0.089 

dGMV r=0.283 0.049 
 
Table 16. Association between baseline patient factors and response to restorative cognitive 
rehabilitation (post-rehabilitation change in cognitive processing speed, SDMT).  
SDMT = Symbol Digit Modalities Test; RRMS = relapsing-remitting multiple sclerosis; PMS = 
progressive multiple sclerosis; EDSS = Expanded Disability Status Scale; DKEFS = Delis-Kaplan 
Executive Function System; MSNQ-P = Patient-Report Multiple Sclerosis Neuropsychological 
Screening Questionnaire; MRI = magnetic resonance imaging; T2LV = T2 lesion volume; LVV 
= lateral ventricular volume; GMV = gray matter volume; WMV = white matter volume; NCV 
= neocortical gray matter volume; dGMV = deep gray matter volume 
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Baseline conventional brain MRI factors associated with response to treatment  

The associations between baseline brain MRI factors and response to 

treatment (improvement on SDMT) are provided in Table 16. A significant 

positive effect was observed for GMV (r=0.31, p=0.030) and dGMV 

(r=0.28, p=0.049). The final model (R2=0.077, p=0.030) included GMV as 

a statistically significant predictor of treatment response (β=0.311, 

p=0.030; Figure 24A). Post-hoc analyses revealed that participants with 

PMS had significantly lower GMV relative to those with RRMS (t=2.74, 

p=0.009; Figure 24B) and the correlation between Conscientiousness-

Orderliness and response to treatment was stronger for individuals with 

lower baseline GMV (below median, r=0.44, p=0.026) relative to those with 

higher baseline GMV (r=0.10, p=0.66).  

 

 
Figure 24. Gray matter volume in study participants. Greater post-rehabilitation 
improvement of cognitive processing speed (SDMT) was associated with higher baseline 
GMV (A). Subjects with PMS had reduced GMV at baseline relative to those with RRMS (B). 
*: p < 0.05 
SDMT = Symbol Digit Modalities Test; PMS = Progressive Multiple Sclerosis; RRMS = 
Relapsing-Remitting Multiple Sclerosis  
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Exploratory analyses of predictive factors on a sub-set of study participants 

(n=17) with above threshold compliance and response to treatment 

In the sub-sample of study participants with above-threshold 

compliance and response to treatment (n=17; 76.4% RRMS), the final 

model was a statistically significant predictor of post-rehabilitation SDMT 

improvement (R2=0.742, p<0.001). Within this final model, a significant 

positive effect was observed for dGMV (β=0.73, p<0.001; model 1 

ΔR2=0.376), trait Orderliness (β=0.60, p=0.001; model 2 ΔR2=0.281), and 

executive functioning (β=0.31, p=0.041; model 3 ΔR2=0.085). In the 

analysis repeated for subjects with the additional criteria of having MRI 

within 3 years of baseline neuropsychological assessment (n=14), the final 

model was a statistically significant predictor of post-rehabilitation 

improvement on SDMT (R2=0.79, p<0.001). This model included dGMV 

(β=0.86, p<0.001) and trait Orderliness (β=0.61, p=0.001) as statistically 

significant predictors of post-rehabilitation improvement of SDMT 

performance. 

 

Baseline advanced brain MRI factors associated with response to treatment  

(1) Identification of WM tract disruption network 

Network based analysis revealed a single network of connected GM 

regions whose structural disruption at baseline predicted patient response to 

rehabilitation, controlling for age, sex, and GMV. This network included four 

region-pairs in the left hemisphere and was largely centered on default mode 

network-related regions, the precuneus and cingulate (p=0.048). Details are 

provided in Table 17 and Figure 25. Median(IQR) pairwise disruption of WM 

tract streamlines in the network was 65.7%(22.9-95.6%) and mean±SD 

disruption was 59.1±36.9% (t=11.428, p<0.001). Tract disruption within 

this network was higher in participants with progressive MS relative to 

relapsing-remitting, approaching statistical significance (t=1.98, p=0.071).  
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Region-pair 
% tract 

disruption 
Deviation of 

FC 
t value p 

L. Precuneus-L. Transverse 
Temporal Gyrus 

60.9±39.5 0.832±0.627 3.43 0.006 

L. Precuneus-L. Globus 
Pallidus 

56.8±38.2 0.720±0.568 3.15 0.006 

L. Cingulate Isthmus-L. 
Superior Temporal Gyrus 

58.1±39.7 0.990±0.618 3.14 0.009 

L. Cingulate Isthmus-L. 
Globus Pallidus 

53.9±38.2 0.637±0.492 2.70 0.014 

 
Table 17. Network white matter tract disruption. Accounting for age, sex, and gray matter 
volume, lower baseline white matter tract disruption within the described network of 
connected gray matter regions predicted greater post-rehabilitation improvement on 
Symbol Digit Modalities Test. The strength of association between tract disruption in each 
region-pair and patient response to the restorative rehabilitation is listed. 
Mean±SD are provided for % tract disruption and deviation of FC. 
L = left; R = right; FC = Functional Connectivity 
 
 

 
 
Figure 25. Accounting for age, sex, and gray matter volume, lower baseline white matter 
tract disruption within the pictured network of connected gray matter regions predicted 
greater post-rehabilitation Symbol Digit Modalities Test improvement. This network here 
illustrated (A. sagittal; B. horizontal) is centered on the left precuneus and cingulate. 
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(2) Functional connectivity moderation of structure-cognitive relationship 

In the regression model predicting post-rehabilitation improvement 

of SDMT, (R2=0.385, p=0.017), a statistically significant interaction effect 

between WM tract disruption and deviation in functional connectivity in the 

associated network was identified (β=-0.415, [95% CI: -0.764, -0.065], 

p=0.022). In Table 18 and Figure 26 are provided more details. Based on 

these results, subjects were divided into four groups according to median 

network structural disruption and functional deviation: (1) low structural 

disruption with high functional deviation (greatest treatment response), (2) 

low structural disruption with low functional deviation, (3) high structural 

disruption with low functional deviation, and (4) high structural disruption 

with high functional deviation (lowest treatment response). One-way 

ANOVA revealed these groups significantly differed in regard to baseline 

T2LV (F=17.92, p<0.001), such that group 1 had lowest baseline T2LV 

(group 1 mean=1.8mL; group 2 mean=3.1mL; group 3 mean=33.4mL; 

group 4 mean=35.7mL). The mean deviation in network functional 

connectivity did not significantly vary between groups 1 and 4 (t=-1.22, 

p=0.33), and the directions of the deviations were consistent for all network 

region-pairs across the groups. 

  

 mean±SD β β, 95% CI p 

Age (years) 54.7±12.5 -0.299 -0.664, 0.067 0.103 

Gender (F vs. M) / 0.344 -0.022, 0.711 0.063 

Education (year) 16.9±1.9 -0.325 -0.672, 0.021 0.064 

Network WM Tract Disruption 
(%) 

56.6±39.1 -0.210 -0.571, 0.151 0.237 

Network Functional Deviation 
(|z|) 

0.23±0.07 -0.081 -0.462, 0.301 0.661 

Interaction: Tract Disruption-by-
Functional Deviation 

/ -0.415 -0.764, -0.065 0.022 

 

Table 18. Functional Connectivity Moderation of Structure-Cognitive Relationship. In a 
model predicting patient response to restorative cognitive rehabilitation (post-rehabilitation 
improvement on Symbol Digit Modalities Test, SDMT), deviation in functional connectivity 
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moderated the relationship between baseline structural network disruption and post-
rehabilitation improvement on SDMT. 
CI = confidence interval. 
 

 
Figure 26 The relationship between baseline structural network disruption and post-
rehabilitation improvement on SDMT was moderated by patient profiles of functional 
connectivity (A)(β=-0.415, p=0.022). Accounting for network functional deviation, four 
groups of patients were identified with varying degrees of post-rehabilitation improvement 
on the SDMT (B). Study participants with low structural disruption and high functional 
deviation at baseline responded best to the treatment. In contrast, those with higher degrees 
of structural disruption responded less well to treatment, especially given higher levels of 
functional deviation. In Figure 26B, the rectangles of the boxplots extend from the first to 
the third quartiles, the mid-lines represent the median, and the whiskers extend to 1.5 times 
the interquartile range. 
*: p < 0.05 
 

(3) Exploratory analysis, conventional network functional connectivity 

Independent component analysis isolated 20 spatiotemporal maps, 

consistent with previously established resting-state networks (Smith et al., 

2009). These components conformed to the boundaries of the visual (5 

components), frontoparietal (2 components), default-mode (4 components), 

executive control (2 components), cerebellar (1 component), auditory (1 

component), and somatosensory networks (5 components). 
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Baseline functional connectivity of several clusters of gray matter 

within the DMN significantly correlated with greater post-rehabilitation 

improvement on SDMT (mean t-stat=2.37, mean p=0.04, 137 voxels). The 

largest of these clusters included the superior frontal gyrus (MNI 4, 36, 52), 

frontal pole (MNI 30, 50, 22), and precentral gyrus (MNI 30, -22, 62). Figure 

27 for details.  

 

 
 
Figure 27. Functional connectivity of several clusters within the default mode network (A) 
was significantly associated with increased post-rehabilitation improvement on the Symbol 
Digit Modalities Test (B), accounting for age and sex. The largest clusters included the 
superior frontal gyrus (Montreal Neurological Institute, MNI 4, 36, 52), frontal pole (MNI 
30, 50, 22), and precentral gyrus (MNI 30, -22, 62). 
L = left; R = right 
 

Discussion 

MS patients improved cognitive processing speed following a 

restorative home-based cognitive training. In participants with RRMS, this 

was 800% over the expected practice effect on the SDMT (Benedict et al., 

2008a) and is considered a clinically meaningful change (Strober et al., 
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2018). Greater cognitive improvement was associated with baseline 

diagnosis of RRMS vs PMS, higher trait Orderliness (a subcomponent of 

Conscientiousness), and increased GMV (Figure 22 & Figure 24).  

In the sub-sample of study participants with above threshold pre- to 

post-treatment improvement on SDMT and compliance (n=17; 76.4% 

RRMS), cognitive improvement was predicted by greater dGMV, higher trait 

Orderliness, and higher executive functioning. In this small sub-sample, a 

much higher degree of variance was explained by the final predictive model 

relative to the best model including all study participants (74.2% versus 

13.0%), though the small sample size limits generalizability.  

The positive association between baseline GMV and response to 

training is consistent with the importance of gray matter pathology in MS 

(Calabrese et al., 2015a) and cognition (Batista et al., 2012). Substantial 

gray matter atrophy likely contributes to an inability to functionally 

compensate for neuropathology and therefore limits the restorative capacity 

of the brain (Schoonheim, Meijer & Geurts, 2015). This result and the 

increased pre- to post-intervention change in RRMS (as compared to lower 

pre- to post-intervention change in PMS) is relevant because, in the past, 

restorative CR has been largely validated in studies which only consider 

people with RRMS (Mitolo et al., 2015). This view is reminiscent of the 

widely accepted notion that after traumatic brain injury, restorative 

approaches are most applicable during a period of spontaneous recovery of 

function and after a plateau, compensatory strategies are indicated (Eshel, 

Bowels & Ray, 2019). In MS, restorative CR may be better suited for RRMS 

patients whose neural capacity to benefit is spared in contrast to PMS 

characterized by more cerebral injury. Rather than the restorative technique 

investigated here, the compensatory approach may be more useful for people 

with PMS. In fact, a recent randomized controlled trial indicated class I 

evidence for the pre- to post-intervention change of a compensatory 

rehabilitation technique in PMS (Chiaravalloti, Moore & DeLuca, 2019). As 
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these findings are preliminary, future work is needed to further explore the 

pre- to post-intervention change of restorative versus compensatory 

approaches in people with varied disease course.  

In this sample, RRMS were less cognitively impaired than PMS at 

baseline. This may have led us to believe that a higher level of cognitive 

functioning at baseline partially explains the difference in these groups 

responses to cognitive training. Nonetheless, baseline cognitive processing 

speed was not a significant predictor of response to the treatment itself and 

post-rehabilitation improvement on SDMT was not different for the 

cognitively-impaired subjects relative to those who were not. Based on these 

observations, it is unlikely that the group differences in response to training 

are due to differences in cognitive impairment alone. Future research is 

needed to clarify the relationship between baseline cognitive functioning and 

responsiveness to restorative cognitive training.  

The effect of personality on response to training was also of particular 

interest. There are several possible explanations for the positive relationship 

between baseline Orderliness (a sub-component of Conscientiousness) and 

response to treatment. Conscientiousness is subsumed within the wider 

neurological reserve construct, as there are synergistic effects between 

Conscientiousness and traditional measures of cognitive reserve (Roy et al., 

2016). High Conscientiousness might also be viewed as a correlate of a 

healthier brain: conscientiousness is associated with less neocortical atrophy 

(Benedict et al., 2008b) and spared network disruption in eloquent fronto-

parietal networks which might otherwise contribute to cognitive adaptability 

(Fuchs et al., 2018). Additionally, Orderliness specifically relates to whether 

a person is methodical, organized, and efficient (Chapman, 2007). It is 

possible that these traits are contributing to increased treatment response 

because of increased moment-to-moment intentionality and purposefulness 

while completing exercises. The relationship between Conscientiousness and 

response to training is especially interesting in the context of MS, because 
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Conscientiousness is lower in MS patients and declines longitudinally in this 

population (Benedict et al., 2008b; Roy et al., 2018). Furthermore, lower 

Conscientiousness in MS patients is predictive of less favorable outcomes, 

such as increased unemployment and faster rates of cognitive decline 

(Strober et al., 2012; Fuchs et al., 2019b). Because Conscientiousness is 

negatively affected in MS patients and vice-versa, lower Conscientiousness 

itself predicts other unfavorable outcomes, it is often difficult to interpret the 

direction of causation. Future work is needed to clarify and to determine 

whether Conscientiousness-targeted interventions can help improve 

treatment outcomes. 

Considering advanced MRI outcomes, in a subgroup of MS patients 

were found that lower WM tract disruption in a network of regions centered 

on the precuneus and posterior cingulate (key components of the default-

mode network, DMN) predicted greater cognitive improvement (p=0.048) 

following the restorative CR. This relationship was moderated by profiles of 

functional connectivity within the network (β=-0.415, p=0.022), revealing 

four groups of subjects with varying degrees of response to rehabilitation: 

low structural network disruption with high functional deviation (greatest 

treatment response), low structural network disruption with low functional 

deviation, high structural network disruption with low functional deviation, 

and high structural network disruption with high functional deviation 

(lowest treatment response).  

 These results have several implications. For one, localized patterns of 

baseline structural network disruption between GM regions, including 

default-mode network regions, predict patient response to restorative CR. 

The variance explained by this network is above what is otherwise explained 

by GMV, a metric which predicts patient response to restorative CR better 

than other conventional MRI measures, as shown in this study. Thus, future 

studies aimed at determining which MS patients are most likely to benefit 

from restorative CR may benefit from exploring network-based metrics, 
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especially for the default-mode network, in addition to more conventional 

measures. The importance of the default-mode network in relation to 

cognitive functioning is a well-observed phenomenon in patients with MS 

(Rocca et al., 2010; Eijlers et al., 2017; Van Geest et al., 2018; Savini et al., 

2019). This study builds on these findings by further demonstrating the 

importance of the default-mode network connectivity, not only to cognitive 

functioning, but also to individual’s abilities to improve cognition with 

training. These findings may also help explain why people with progressive 

MS are less likely to respond to restorative CR, as they approached 

significantly greater disruption within the described network in the present 

study relative to individuals with relapsing-remitting MS.  

These findings also indicate that patterns of functional connectivity 

moderate the relationship between baseline structural network damage and 

patient response to treatment. In the context of a previous work, which 

showed a relationship between preservation of functional connectivity and 

cognitive reserve in patients with MS (Fuchs et al., 2019a), the current 

findings may indicate that patterns of functional connectivity relate not only 

to cognitive reserve potential but also to the ability to improve cognitive 

functioning. It is interesting to see that our exploratory analysis further 

corroborated the importance of the default-mode network for determining 

which people are most likely to benefit from cognitive rehabilitation. These 

results were notably derived independently of the primary analysis plan and 

were acquired using a statistically driven approach. This exploratory analysis 

was undertaken to take a “function-first” analysis approach (rather than 

focused on networks of structurally disrupted networks) and to explore the 

relationship between response to rehabilitation and connectivity of 

known/established functional networks (Smith et al., 2009). In this analysis, 

it was also observed the importance of functional connectivity of the frontal 

pole and superior frontal gyrus with the default-mode network, which also 

further supports the importance of these regions for cognition in healthy 
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adults and in patients with MS (Duncan & Owen, 2000; Benedict et al., 

2002). 

Furthermore, the present findings build on this previous work because 

heretofore, preserved functional connectivity (i.e., most similar to HCs) was 

considered as an indication of maintained cognitive function despite 

structural brain insult. However, this study now also highlights that some 

individuals with lower structural network damage have patterns of 

functional connectivity that deviate from the HCs norms and also exhibit the 

greatest response to restorative cognitive training. In addition, individuals 

with functional connectivity most similar to HCs (low deviation), 

independently from their degree of structural network disruption, responded 

moderately well to the treatment. From this, one can deduce that when 

interpreting patterns of functional connectivity and whether deviations are 

adaptive or pathological, considering the context of such deviations is vital. 

Some MS patients with low structural network damage may benefit from 

adaptive functional reorganization, reflected as higher deviation compared 

to HCs. On the other hand, later in the disease after greater structural 

network damage, similar deviations may instead reflect a decompensation of 

functional connectivity.  

Conflicting reports on the meaning of functional connectivity 

alterations have been reported many times in the literature (Hawellek et al., 

2011; Rocca & Filippi, 2017; Schoonheim, 2017; Dobryakova, Rocca & 

Filippi, 2018; Meijer et al., 2018). Functional reorganization may be an 

adaptive response to early structural damage, whereas functional 

decompensation may occur during later stages of the disease with greater 

accumulation of structural damage (Schoonheim, Geurts & Barkhof, 2010). 

These results build on this hypothesis, suggesting that deviations in 

functional connectivity may be adaptive or maladaptive, depending on the 

degree of structural network disruption characterizing each person with MS.  
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These results provide preliminary evidence that baseline 

demographic, clinical, neuropsychological, and brain MRI factors are 

associated with response to restorative CR in MS patients. However, many 

other factors, i.e. emotional state (anxiety or stress), sleep quality, and 

familiarity with technology might contribute as well to moderate effects of 

cognitive intervention in MS. Given the added strength of the model 

performed on the sub-sample of supra-threshold study participants, it is 

possible that variability in treatment compliance and ceiling effects on 

treatment response also confound final predictions. Response to treatment 

may have also been limited to improvement on cognitive processing speed 

because the exercises chosen for the restorative cognitive intervention were 

selected to improve this domain.  

The present study has several limitations. Firstly, patients compliance 

in this study was slightly lower than for a similarly structured intervention 

(Charvet et al., 2017), a difference possibly attributable to participants being 

asked to use their own home computers rather than laptops provided by 

study administrators. Additionally, compliance was not strictly enforced for 

participation in the study. It has been chosen to design the protocols in this 

way to increase the real-world clinical relevance of these findings. Use of 

home computers and restricted clinician involvement decreased the cost of 

treatment in terms of time, travel, and money and thus allows accessibility 

for a wider range of individuals. These results reflect a “real-world” 

application of Brain HQ, as it is likely to be utilized by MS patients who are 

steered toward the program and advised to use it on their own. 

Though study participants experienced a median of 0 (IQR=0-0) 

relapses between the time of the MRI and the initial neuropsychological 

evaluation, future work could be improved by collecting MRI data closer to 

the time of baseline neuropsychological assessment. Future works should 

investigate a larger cohort of participants to provide more comparable 

samples of people with PMS and RRMS, include control treatment, and to 
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validate predictor variables in training sets and testing sets. It has been 

chosen not to include a control intervention so that it could adequately 

power the primary analyses – investigating predictors of response variability 

to a previously validated program (Charvet et al., 2017). Future studies 

should also further explore default-mode network disruption and patterns of 

functional connectivity to elucidate how deviations in functional connectivity 

affect cognitive functioning and potential for cognitive improvement in the 

context of varying structural brain insult. Moreover, it will be necessary in 

the future to compare the pre- to post-intervention change of restorative and 

compensatory training in RRMS versus PMS groups, at the same time in 

larger samples. Optimally, patients would be prescribed symptomatic 

treatment which is most appropriate for their needs, and future work could 

provide clinicians with the necessary information for making treatment 

decisions.  

 

Conclusions 

These results indicate that greater response to restorative cognitive 

training in MS is most apparent for individuals with RRMS (relative to those 

with PMS) and higher Orderliness at time of treatment initiation. The same 

was found for MS patients with greater gray matter volume previous to 

cognitive treatment initiation. Moreover, response to restorative CR is also 

predicted by structural network disruption between regions associated with 

the default-mode network, and this effect is moderated by patient profiles of 

functional connectivity. Deviations in functional connectivity relative to HCs 

may indicate cognitive reserve potential and may be adaptive or 

pathological, depending on the burden of structural brain insult 

characterizing each person with MS. 
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GENERAL CONCLUSIONS 
 

For many years, the vast majority of studies on multiple sclerosis 

focused mainly on patients’ physical manifestations and disability; however, 

in the last decades, a considerable interest in the topic of diagnosis and 

management of cognitive impairment has arisen. This doctoral thesis focused 

on cognitive alterations in MS patients with the aim of exploring emerging 

topics and providing relevant implications on diagnosis, prognosis, and 

rehabilitation. 

 

The first study focused on MS patients early in the disease course, 

since the time of diagnosis, aiming at creating different patient profiles that 

will evolve through different disease progression pathways, combining 

neurologic, neuropsychological, neuroradiological, and bioumoral 

outcomes. This may contribute to better clarify the heterogeneity of MS in 

different patients, in order to know in advance how disease will progress in 

each patient, and will provide important clinical information in therapeutic 

interventions, including the choice of the most appropriate DMTs and the 

most suited rehabilitative approach. The combination of different outcomes 

may offer possible prognostic values of specific variables early in the disease 

course: previous works tried to combine different measures in order to 

obtain prognostic values, but the relevance of this project concerns in the 

large number of different outcomes selected, the large number and the 

different provenance of patients included in this multicentric project, and 

that all the patients included were assessed at the time of diagnosis. 

 Firstly, we began to focus on cognitive functioning at baseline. Results 

from this study showed that cognitive alterations are already present in MS 

patients since the time of diagnosis, even in the absence of formal cognitive 

impairment. The alterations in cognitive functioning were found both at a 

global level and at specific domain levels (i.e. memory, 
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attention/information processing speed, executive functions). Particularly 

relevant was the executive functions alteration, that might be neglected 

considering that the two most commonly used neuropsychological batteries 

in MS (i.e., the BRB-NT and the BICAMS) do not include any executive 

functions test. An extended neuropsychological assessment is of paramount 

importance from the beginning of the disease course, in order to early 

identify slight cognitive alterations that are missed in the traditional 

approach, in which cognition is considered in a dichotomic classification of 

“normal” vs. “impaired”. However, there is no consensus on what has to be 

considered “normal cognition”, since an enormous number of different 

classification criteria has been proposed; therefore, it seems preferable to 

consider cognitive functioning as a continuum, ranging from a minimum to 

a maximum, rather than dichotomize the cognitive variables using a large 

number of different criteria. Future perspectives of this study might include 

a greater number of MS patients, and likewise to include measures of MRI 

(i.e., brain atrophy) in order to investigate whether cognitive alterations 

reflect the same pattern of neuroradiological measures. Furthermore, 

longitudinal follow-up data of cognitive functioning might provide 

information on the progression of cognitive impairment, in association with 

disease progression and both inflammatory and neurodegenerative 

phenomena. 

 The second study, through the combination of neurologic, 

neuropsychological, neuroradiological, and bioumoral data, provided new 

insights about the association between these different outcomes. While the 

association between cognitive and MRI has been widely investigated in 

literature (strong correlation between cognitive impairment and both WM 

and GM damage), as well as the cognitive-neurologic association 

(correlation between cognitive impairment and physical disability, and the 

proved cognitive decline during a clinical relapse), the association between 

CSF and neuropsychological outcomes has never been deeply explored. 
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However, both LIGHT and parvalbumin were found to be associated with 

cognitive functioning at the time of diagnosis. Considering the role of LIGHT 

in the B-cell intrathecal activity, association between cognitive alterations 

and the presence of LIGHT in the CSF may reflect brain network dysfunction 

due to active inflammation processes. Parvalbumin, instead, may represent 

a valid biomarker for neurodegeneration: in addition to cognitive 

functioning, CSF parvalbumin levels are also correlated, both at baseline and 

at follow-up, with global and regional cortical thickness and with clinical 

disability. In this study, the level of NF-L was also investigated, as a well-

known and wide used biomarker of neurodegenerative processes: however, 

correlation with NF-L were significant but weaker compared to parvalbumin 

results, suggesting that in our group of MS patients CSF parvalbumin level 

acted as a better biomarker of neurodegeneration. The relevance of the study 

was that it has been highlighted two specific biomarkers (one resembling an 

inflammatory aspect and the other resembling a neurodegenerative aspect) 

that, at baseline, are significantly associated with cognitive functioning, even 

more than other well-established biomarkers. Future perspectives might 

include a larger number of patients and, also, might include longitudinal 

data for cognitive functioning and greater time at follow-up for neurological 

and neuroradiological outcomes, to further investigate and establish the 

prognostic values of these two biomarkers. 

 Thirdly, the 4-years follow-up study highlighted the specific role of 

some CSF molecules (CXCL13, CXCL12, IFNγ, TNF, TWEAK, LIGHT, 

sCD163) in discriminating patients that will show a more severe disease 

course and a worse cortical pathology outcome over time. The predictive 

value since the time of diagnosis might help clinicians to know in advance 

how MS will progress and which is the most appropriate DMT for each 

patient, according to the hypothesis of shaping different MS profiles since 

the earliest stages of the disease and to identify the best pharmacological 

treatment for each patient. While CSF molecules showed a good predictive 
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value, for cognitive impairment at the time of diagnosis no prognostic effect 

was found at 4 years of follow-up. A possible explanation of this finding 

might be that patients at the time of diagnosis and after 4 years may have 

still a relative low level of accumulated neurodegeneration, due to the short 

disease duration, that will not exacerbate in severe cognitive worsening. 

However, the study highlighted the CSF-cytokines prognostic values in 

predicting new evidences of MS activity after the following 4 years. Future 

studies might include a higher number of patients and a longer follow-up 

period: this could be particularly relevant for cognitive impairment to occur, 

in order to investigate which sort of CSF profile showed at baseline those 

patients that will develop cognitive impairment at follow-up. Otherwise, to 

better understand the bioumoral prognostic value on cognitive alterations, 

future analyses could be performed using cognitive functioning as a variable, 

instead of dichotomizing cognitive impairment, considering that slight 

alterations in cognitive functioning arose sharply in advance compared to a 

more global cognitive impairment. 

 

 In MS patients, traditional cognitive assessment based on classical 

neuropsychological batteries (i.e. BICAMS, BRB-NT, MACFIMS, …) might be 

not sensitive enough to detect alterations in cognitive functioning. In this 

regard, the potential role of false memories was reported, a well-known 

psychological phenomenon, to better understand the characteristic of the 

semantic memory in MS patients. The study highlighted that MS patients, 

compared to a matched group of HCs, were less likely to produce false 

memories and were less confident to recognize stimuli never presented. 

These results might contribute in providing knowledge about semantic 

networks architecture in MS patients: a few numbers of nodes, besides 

alterations in connection between the nodes, might explain the reduced 

probability to produce false recalls and false recognition, nevertheless it is a 

normal effect that was found in HCs. It is important to underline that the 
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false memories effect found in the MS group could not be explained by verbal 

memory alterations, because the same results were found in MS patients 

without any evidence of cognitive impairment. Future studies might include 

follow-up data, in order to evaluate the impact of MS progression on 

semantic memory alterations; in addition, future works might investigate 

functioning of semantic memory in MS patients through MRI sequences of 

advanced structural neuroimaging, that could be able to provide knowledge 

on semantic network structure and organization. Further investigations by 

using a DRM paradigm might provoke false memories by means of visual 

materials instead of auditory stimuli, or might use lists of words 

phonologically related, instead of semantically related, to better understand 

different mechanisms underlying verbal memory in MS patients. 

A group of MS patients without evidence of cognitive impairment 

were also evaluated with a specific protocol aimed to assess the social 

cognition domain, i.e. theory of mind, facial emotion recognition, and 

empathy. Despite all MS patients were classified as “cognitive normal”, they 

were characterized by a significantly lower performance in all the social 

cognition measures compared to a control group. By evaluating the MRI 

scans of these patients, it was found that theory of mind and facial emotion 

recognition impairment were associated with cortical lesion volume in the 

amygdalae (both left and right), which are the main brain hubs for 

processing and identify emotions and emotive status. In particular, 

identification of emotions of angry and afraid faces was difficult to be 

discriminated and elaborated by MS patients, probably due to the high 

association between amygdalae and these two emotional states. These 

results highlighted that social cognition alterations can occur in MS patients 

independently from the level of global cognitive functioning. Recently, social 

cognition has been inserted in the new version of the Diagnostic and 

Statistical Manual of Mental Disorders (DSM-5) as one of the six main 

cognitive domains (together with complex attention, learning and memory, 
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executive functions, perceptual-motor function, and language), suggesting 

the importance of deeply investigating these abilities in the 

neuropsychological assessment. Future perspective of this study might 

investigate at follow-up both traditional cognitive domains and also social 

cognition processes, in order to understand whether, after a certain period 

of time, cognitive impairment and social cognition impairment still follow 

two different pathways of progression, as demonstrated at baseline, and 

whether the cortical lesion burden in the amygdalae at baseline, associated 

with social cognition impairment, will predict functional impairment in 

terms of social activities, employment and quality of life. 

In the light of both these two studies on false memories and social 

cognition, it seems of fundamental importance to overcome the classical 

neuropsychological examination and further and deeper investigate wider 

cognitive aspects in MS patients by means of using specific paradigms.  

 

 In order to contrast cognitive decline associated with disease 

progression, cognitive rehabilitation programs should be administered 

promptly to MS patients. One of the major challenges for clinicians is to 

understand which patient is best suited for different existing types of 

cognitive rehabilitation. The single-arm study performed at the Buffalo 

Neuroimaging Analysis Center provided important evidence about which 

clinical, neuropsychological, structural MRI, and functional MRI variables 

seem to be predictive of a better improvement after a 3-months period of a 

restorative cognitive training. Behavioral results showed how MS patients 

with diagnosis of RRMS and higher conscientiousness personality trait 

reported greater cognitive impairment after the training period, while MRI 

outcomes better associated with cognitive improvement were found to be a 

higher gray matter volume and a lower WM tract disruption in a network of 

brain regions centered on the precuneus and posterior cingulate, both key 

areas of the default-mode network (previously demonstrated to have an 
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important role in cognitive functioning). Furthermore, fMRI data analysis 

showed how MS patients with the greatest post-treatment improvement 

were those with a high functional deviation from the HCs norms, meaning 

that deviations in functional connectivity may indicate relative cognitive 

reserve potential and may be adaptive or pathological, on the basis of the 

structural damage characterizing each MS patients. Taking together, these 

results provide encouraging evidence about the possibility to know in 

advance how much each patient would benefit from a cognitive 

rehabilitation program, allowing to maximize intervention effect and to 

choose the most suited rehabilitation treatment for each MS patient profile. 

Future perspectives of this study might include additional factors that could 

play a role in determining neuropsychological rehabilitation improvement, 

and, in addition, might recruit a larger number of MS patients. Moreover, 

since the rehabilitation software that was used showed a significantly greater 

improvement for RRMS compared to patients with a progressive phase, it 

would be interesting to run the same experimental design using a software 

that may be more specific for progressive patients (i.e. a neuropsychological 

rehabilitation treatment based on a compensatory approach). 

 

 In conclusion, despite MS patients are characterized by heterogenous 

burdens of neuroinflammation and neurodegeneration, these processes 

leads to different levels of brain damages that consequently result in 

alterations in cognitive functioning. From a translational perspective, the 

results of the studies presented suggest that a comprehensive 

neuropsychological assessment, therefore not limited to the traditional 

cognitive domains evaluations and in which a functional approach is 

preferred instead of a dichotomic one, should become a fundamental part of 

everyday clinical practice of MS patients, both at baseline and also at follow-

up, in order to monitor cognitive functioning decline progression. Since 

cognitive alterations are present since the time of the diagnosis and lead to 
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devastating impact on psychological aspects of both patients and their 

caregivers, neuropsychological rehabilitation treatments should be offered 

to all MS patients as early as possible in the disease course. 
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