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Abstract

:

In multiple sclerosis (MS), the transition from relapsing-remitting to the secondary-progressive phase is characterized by a progression independent of relapse activity (PIRA), resulting in physical disability accumulation and invisible symptoms, i.e., fatigue and cognitive impairment (CI). These symptoms are related to neurodegenerative processes and have been correlated with MRI measures of brain atrophy only at a group level; however, the application in clinical practice of atrophy-based measurements for single-patient evaluation is yet to be fully investigated. In the present study, we aimed to evaluate the association between brain atrophy, measured with easy-to-use automatic software, and the “invisible” MS symptoms of cognition and fatigue. A total of 69 MS patients were included in the study; cognitive impairment and fatigue (FSS) (in addition to neurological disability, EDSS) were assessed and correlated with brain volumes calculated using the automated software QyScore® which is validated for single-patient use in the clinical setting. Results showed that the cognitive status was accurately reflected by measures of atrophy, with a sensitivity of up to 90%. CI patients showed a lower volume compared to cognitively normal patients in the whole brain (p = 0.017), gray matter (p = 0.042), insula (p = 0.035), cerebellum (p = 0.008), and limbic lobe (p = 0.049). FSS was associated with temporal lobe (r = −0.37, p = 0.013) and insular (r = −0.36, p = 0.019) volumes. The volumes of the same regions were also associated with EDSS. The global/regional atrophy results, assessed with automatic and easy-to-use software, correlated with cognitive and fatigue symptoms, thus supporting the clinical application in routine patient management.
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1. Introduction


Multiple sclerosis (MS) is a common disease of the central nervous system that represents the most frequent non-traumatic cause of disability in young adults [1]. At a clinical level, MS has always been classified as a heterogenous disease following a two-staged model [2]: the majority of patients experience an initial phase of transient neurological deficits due to acute inflammation activity and partial or complete remission (relapsing-remitting MS, RRMS), then, in a period variable from one to two decades, patients tend to progressively and irreversibly accumulate disability, entering into the secondary progressive course (SPMS) characterized by neurodegeneration and chronic axonal injury processes [3,4,5].



Nowadays, it is accepted that the conversion from RR to SP conditions occurs gradually; thus, the term “transitional” phase of MS has been proposed [6]. It has been demonstrated that, even in the earliest stages of the RR phase, most patients can experience a steady progression and disability accumulation independent from inflammatory events (progression independent of relapse activity, PIRA) and new MRI lesions [7,8]. Therefore, in clinical practice, it is of fundamental importance to monitor each patient’s disease evolution.



Cognitive impairment and fatigue are two of the most typical diagnostic findings associated with this transition between MS phenotypes and could represent “red flags” for clinicians to detect this progression. Cognitive impairment (CI) is frequent in MS, affecting up to 70% of patients at any time of their disease course [9]. Cognitive dysfunctions can be found from the earliest stages of the disease [10], with a severe impact on the quality of life of patients and their caregivers [11]. Several cognitive domains can be impaired in MS, i.e., memory, attention, information processing speed, and executive functioning [12].



Fatigue is also frequently described and represents a disabling symptom for most MS patients, affecting up to 95% of them during their disease course [13,14]. However, MS fatigue is a heterogeneous phenomenon, including not only physical but also mental and cognitive fatigue [15]. Fatigue is reported as the most severe MS-related symptom [16] and as the major contributor to poor health perception and low quality of life [17].



Both CI and fatigue are classified as “invisible symptoms” of MS due to the difficulty in evaluating them in clinical practice [18], considering the lack of time of healthcare professionals during the clinical evaluation and the absence of unique objective and reliable assessment instruments able to detect the real status of patients. Nevertheless, the presence of these symptoms reflects cerebral abnormalities; it has been demonstrated that the association between brain atrophy and both CI [19,20,21,22] and fatigue [23,24,25,26,27] is the strongest correlation among measures of brain damage [15]. However, the quantification of atrophy is not straightforward, and its evaluation in MS patients is limited to research settings or cases with severe clinical deficits. Current software for calculating brain atrophy (FreeSurfer, SienaX, etc.) are mainly used for group analysis since they cannot provide clinical information regarding the brain volumes of single subjects with reference to a normative sample. Therefore, monitoring PIRA patients characterized by a steady progression toward the SP phase remains an unmet need in clinical practice.



In the present study, we tested the possibility of utilizing an automatic FDA/CE-approved software for evaluating and quantifying brain atrophy (QyScore®) that could be easily performed in MS clinical practice and also employed at a clinical level for single-patient assessments. We aimed to investigate the association between atrophy and the clinically invisible symptoms of cognitive alterations and fatigue.




2. Materials and Methods


We enrolled in the present study a total of 69 MS patients (46 females, mean ± SD age = 38.2 ± 12.2 years). All patients underwent a 3T MRI and a neurological evaluation, including the evaluation of clinical disability through the Expanded Disability Status Scale (EDSS) [28]. In addition, a subgroup of 56 patients underwent a comprehensive neuropsychological assessment, 43 of whom completed a fatigue evaluation.



Exclusion criteria were the presence of any concomitant neurological condition (other than MS), substance abuse, hearing impairment, or upper-limb impairment that could interfere with neuropsychological performance.



All participants were recruited at the MS Center of the Verona University Hospital (Verona, Italy). The local Ethics Committee approved the present study. Informed consent was collected from all participants.



2.1. MRI Acquisition and Analysis


All images were acquired using a 3T scanner (Achieva, Philips Medical Systems, Eindhoven, The Netherlands) with an 8-channel head coil. The following sets of images were acquired:




	-

	
3D T1-weighted turbo field echo, repetition time (TR) = 8.1 ms, echo time (TE) = 3.7 ms, 180 slices, voxel size = 1 × 1 × 1 mm3;




	-

	
3D fluid-attenuated inversion recovery (FLAIR), TR = 8000 ms, TE = 290 ms, inversion time (TI) = 2360 ms, 180 slices, FOV = 1 × 1 × 1 mm3.









We used the software QyScore®, developed by Qynapse (https://qynapse.com/qyscore, accessed on 28 November 2022), to calculate cerebral volumes by considering 3D T1 and 3D FLAIR images. QyScore® reports generally provide measurements of the global and regional atrophy expressed either in volume (mL), possibly normalized to the intracranial cavity volume (%ICV), or in z-scores and percentiles resulting from the comparison with a wide database of healthy controls. For the present study, we considered whole brain (WB) percentiles and normalized volumes of both global measures, such as the whole brain (WB), grey matter (GM), and white matter (WM), and regional measures, such as the frontal lobe, temporal lobe, parietal lobe, occipital lobe, limbic lobe, amygdala, hippocampus, insula, and cerebellum volumes.




2.2. Neuropsychological Assessment


MS patients underwent a comprehensive neuropsychological assessment by using the Brief Repeatable Battery of Neuropsychological Tests (BRB-NT) [29] and the Stroop Test (ST) [30]. The BRB-NT is composed of tests of verbal learning and memory (Selective Reminding Test, SRT); visuospatial learning and memory (10/36 Spatial Recall Test, SPART); visual information processing speed and attention (Symbol Digit Modalities Test, SDMT); auditory information processing speed, calculation, and attention (Paced Auditory Serial Addition Task, PASAT); and semantic verbal fluency within two categories (Word List Generation, WLG). The ST is a test of automatic response inhibition and attention (ST-EIT and ST-EIE).



Moreover, raw scores were adjusted for age, education, and gender: adjusted scores below the cut-off (5th percentile) of the Italian normative data of each test were considered as failed. Patients were clinically classified based on their cognitive performance by using a conservative approach [31]: cognitively normal (CN, no failed subtests) and cognitively impaired (CI). Furthermore, CI patients were specifically subdivided into mild CI (mCI, one or two failed subtests) and severe CI (sCI, at least three failed subtests).




2.3. Fatigue


Fatigue was evaluated using the Fatigue Severity Scale (FSS) [32], one of the most used scales to assess subjective fatigue. FSS is a Likert scale composed of nine items, each ranging from 1 (strongly disagree) to 7 (strongly agree): the higher the global score, the higher the subjective fatigue perceived.




2.4. Statistical Analysis


SPSS statistic software (SPSS Inc., Chicago, IL, USA, version 24) and the JASP software (JASP Team 2019, version 0.16.1) were used to perform statistical analyses, and design figures and graphs.



Pearson correlation analyses were carried out between brain volume measurements and physical disability (EDSS) and fatigue (FSS).



A Chi-square analysis was performed to compare the prevalence of patients with different percentiles of whole brain volume and cognitive status.



T-test analyses were conducted to compare MRI metrics between patients with and without cognitive impairment (CN vs. CI), and ANOVA analyses with post-hoc tests were conducted to compare MRI metrics between patients classified considering a more specific subdivision of the cognitively impaired status (CN vs. mCI vs. sCI).



Results were presented as the means ± standard deviations (SDs) for continuous variables or as medians and interquartile ranges (IQR) for discrete variables. A p-value less than 0.05 was considered statistically significant.





3. Results


3.1. Physical Disability


In total, 14 clinically isolated syndromes (CIS), 50 relapsing-remitting MS (RRMS), and 5 primary progressive MS (PPMS) were enrolled. The sample median [IQR] EDSS was 2.0 [2.0].



A significant correlation was found between EDSS and the whole brain (r = −0.34, p = 0.004) and the grey matter (r = −0.33, p = 0.006) volumes normalized to the ICV, as well as the regional normalized volumes of the parietal lobe (r = −0.37, p = 0.002), temporal lobe (r = −0.33, p = 0.005), cerebellum (r = −0.26, p = 0.33), and insula (r = −0.33, p = 0.006) (Figure 1).




3.2. Fatigue


The mean FSS score of the sample was 29.5 ± 17.4. A significant correlation was observed between FSS and the volumes of the temporal lobe (r = −0.37, p = 0.013) and insula (r = −0.36, p = 0.019) (Figure 2).




3.3. Cognitive Status


The sample was composed of 26 CN patients and 30 CI patients (20 mCI and 10 sCI).



The concordance between the prevalence of patients classified using percentiles of whole brain volume and cognitive status was analyzed. A Chi-square analysis showed a significant result (p = 0.043), suggesting the association between the two methods of classification.



A valuable concordance was found between these two methods, in particular for patients with lower cognitive functioning (<50 percentile): 24 out of 30 patients showed a reduction in brain volume (<50 percentile) with a sensitivity of 80%. Moreover, focusing on patients with the lowest cognitive functioning (<25 percentile), almost all of them (9 out of 10) showed a decrease in brain volume (<50 percentile) with a sensitivity of 90%. However, only 6 out of 24 patients with a higher cognitive functioning (>50 percentile) showed a higher brain volume (>50 percentile) with a specificity of 35%. Results are shown in Table 1.



Patients with CI showed a significant decrease in whole brain volume (p = 0.032) and insular volume (p = 0.035) compared to CN (Figure 3).



Specifically, patients with a severe cognitive impairment showed a decrease in whole brain volume (CN vs. sCI: p = 0.032), grey matter volume (CN vs. sCI: p = 0.042), cerebellar volume (CN vs. sCI: p = 0.008; mCI vs. sCI: p = 0.042), and limbic lobe volume (CN vs. sCI: p = 0.049) compared to other patients (Figure 4).





4. Discussion


Recent observations have been provided on the evidence that the transition between the relapsing-remitting to the secondary-progressive course of MS is characterized by a gradual conversion mostly characterized by a progression independent of new clinical attacks or new MRI lesions [6,7,8]. Therefore, adequate monitoring should be mandatory to identify such progression promptly. A potential target for monitoring the progression of the disease could be brain atrophy, which reflects the neurodegeneration process leading to the accumulation of MS symptomatology. So far, the efficacious measurement of brain atrophy has been an unmet need for clinicians due to the time-consuming procedure for processing and evaluating neuroradiological images in clinical practice. In the present study, we tested the applicability in the MS clinical routine of QyScore®, an automatic tool for the rapid measurement of brain atrophy. QyScore® provides clinicians with specific data on global and regional brain volumes to evaluate brain atrophy and monitor it over time following an automatic FDA/CE-approved process showing a performance comparable to the manual segmentation of expert neuroradiologists [33]. Moreover, Qyscore® provides invaluable details comparing volumes to a reference sample of healthy subjects, to obtain clinical information for evaluating and monitoring brain atrophy on single-patient use.



Our results showed that the brain volume automatically measured with QyScore® is associated with MS clinical symptoms: physical disability, fatigue, and cognitive alterations. Firstly, we found that atrophy in the whole brain, GM, temporal lobe, parietal lobe, cerebellum, and insula was associated with physical disability measured using the EDSS. Physical disability is undoubtedly the most investigated clinical symptom in MS, thanks to the administration of the EDSS that allows the evaluation of several physical domains. Our results corroborated its association with brain atrophy, as we found a significant correlation between EDSS and brain volumes, in line with previous studies [34,35,36].



However, in addition to physical disability, other symptoms may be experienced by patients with MS, in particular cognitive impairment and fatigue. In the present study, we found that higher fatigue levels were associated with higher atrophy in the temporal lobe and insula, while patients who showed cognitive alterations were also those characterized by higher atrophy in key regions for cognitive performances, such as the limbic lobe, the cerebellum, and the insula, as well as in the whole brain and the GM, compared to cognitively normal patients. These results are in accordance with the literature for both cognitive alterations [19,37,38] and fatigue [23,24,25,26,27].



Despite being extremely frequent in MS patients and severely impactful, cognitive impairment and fatigue are too often neglected in clinical practice and have been defined as the “invisible symptoms” of MS [18]. Nevertheless, it is evident that the impact of these symptoms, which often arise together with emotional disturbances of anxiety and depression, on the daily life of patients necessitates the need to increase clinicians’ mindfulness of them [15]. Recent studies are moving in this direction, suggesting incorporating neuropsychological tests and fatigue questionnaires within the EDSS to improve its accuracy as a complete measure of the clinical status of MS patients [39,40]. Moreover, some MS patients show cognitive alterations and fatigue despite a minimum grade of physical difficulties, thus suggesting how these symptoms should be targeted in primary care [41,42,43].



It is important to point out the valuable concordance that we found in this study between the whole brain atrophy and cognitive status, specifically the high sensitivity of Qyscore® in the identification of cognitively impaired patients (80% for both mildly and severely impaired, reaching 90% for only severely impaired). On the other hand, the specificity of Qyscore® in the identification of cognitively normal patients was low (35%), probably due to the great role played by compensation mechanisms (brain and cognitive reserve above all) and by the relatively low ability of a paper-and-pencil test to identify slight cognitive alterations, compared to computerized assessment methods [43]. These results suggest the use of Qyscore® as a screening test at a patient level, able to identify those at major risk of cognitive alterations that should be clinically assessed. From our results emerged the importance of measuring the neurodegenerative processes and monitoring the “silent” progression of those less visible and measurable symptoms caused by MS.



The present study is not without limitations. Firstly, the number of patients included in the analyses is limited and heterogeneous in terms of the number of patients that performed clinical assessments: future studies should increase the sample size and include patients that underwent all the clinical evaluations. Moreover, the current study followed a cross-sectional design: future studies should also consider a longitudinal evaluation of the outcomes measured in the present work, including both the neuroradiological evolution over time and the monitoring of physical/cognitive disabilities and fatigue, to prove the reliability of this MRI tool in MS routine practice. Furthermore, evidence has been provided on the importance of the developmental origins of this health and disease conceptual model regarding the relevance of the prenatal period for later well-being [44,45]: future research should also consider this important perspective in multiple sclerosis as well as in other chronic/neurodegenerative disorders.




5. Conclusions


Our results showed that the evaluation of global and regional brain atrophy in clinical practice is feasible and could be implemented in routine clinical practice as a screening test to evaluate the progression of multiple sclerosis disease and to prevent the invisible clinical symptoms of cognitive impairment and fatigue.







Author Contributions


Conceptualization, M.C. and F.B.P.; methodology, S.Z. and C.C.; formal analysis, S.Z.; investigation, S.Z., F.B.P. and M.C.; resources, M.C. and F.B.P.; writing—original draft preparation, S.Z.; writing—review and editing, S.Z., M.G., A.T., F.B.P. and M.C.; visualization, S.Z.; supervision, M.C. and F.B.P.; project administration, S.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of A.O.U.I. Verona (MSBioB Biological Bank-Protocol Code 66418; date of approval 25 November 2019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data supporting the findings of this study are available from the corresponding authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Browne, P.; Chandraratna, D.; Angood, C.; Tremlett, H.; Baker, C.; Taylor, B.V.; Thompson, A.J. Atlas of Multiple Sclerosis 2013: A growing global problem with widespread inequity. Neurology 2014, 83, 1022–1024. [Google Scholar] [CrossRef] [PubMed]

	



Steinman, L. Multiple sclerosis: A two-stage disease. Nat. Immunol. 2001, 2, 762–764. [Google Scholar] [CrossRef] [PubMed]

	



Confavreux, C.; Vukusic, S.; Moreau, T.; Adeleine, P. Relapses and progression of disability in multiple sclerosis. N. Engl. J. Med. 2000, 343, 1430–1438. [Google Scholar] [CrossRef] [PubMed]

	



Lassmann, H. Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple Sclerosis. Front. Immunol. 2019, 9, 3116. [Google Scholar] [CrossRef]

	



Leray, E.; Yaouanq, J.; Le Page, E.; Coustans, M.; Laplaud, D.; Oger, J.; Edan, G. Evidence for a two-stage disability progression in multiple sclerosis. Brain 2010, 133, 1900–1913. [Google Scholar] [CrossRef]

	



Kleiter, I.; Ayzenberg, I.; Havla, J.; Lukas, C.; Penner, I.K.; Stadelmann, C.; Linker, R.A. The transitional phase of multiple sclerosis: Characterization and conceptual framework. Mult. Scler. Relat. Disord. 2020, 44, 102242. [Google Scholar] [CrossRef]

	



Cree, B.A.C.; Hollenbach, J.A.; Bove, R.; Kirkish, G.; Sacco, S.; Caverzasi, E.; Bischof, A.; Gundel, T.; Zhu, A.H.; Papinutto, N.; et al. Silent progression in disease activity-free relapsing multiple sclerosis. Ann. Neurol. 2019, 85, 653–666. [Google Scholar] [CrossRef]

	



Kappos, L.; Wolinsky, J.S.; Giovannoni, G.; Arnold, D.L.; Wang, Q.; Bernasconi, C.; Model, F.; Koendgen, H.; Manfrini, M.; Belachew, S.; et al. Contribution of Relapse-Independent Progression vs Relapse-Associated Worsening to Overall Confirmed Disability Accumulation in Typical Relapsing Multiple Sclerosis in a Pooled Analysis of 2 Randomized Clinical Trials. JAMA Neurol. 2020, 77, 1132–1140. [Google Scholar] [CrossRef]

	



Amato, M.P.; Prestipino, E.; Bellinvia, A.; Niccolai, C.; Razzolini, L.; Pastò, L.; Fratangelo, R.; Tudisco, L.; Fonderico, M.; Mattiolo, P.L.; et al. Cognitive impairment in multiple sclerosis: An exploratory analysis of environmental and lifestyle risk factors. PLoS ONE 2019, 14, e0222929. [Google Scholar] [CrossRef]

	



Sumowski, J.F.; Benedict, R.; Enzinger, C.; Filippi, M.; Geurts, J.J.; Hamalainen, P.; Hulst, H.; Inglese, M.; Leavitt, V.M.; Rocca, M.A.; et al. Cognition in multiple sclerosis: State of the field and priorities for the future. Neurology 2018, 90, 278–288. [Google Scholar] [CrossRef]

	



Benedict, R.H.B.; Amato, M.P.; DeLuca, J.; Geurts, J.J.G. Cognitive impairment in multiple sclerosis: Clinical management, MRI, and therapeutic avenues. Lancet Neurol. 2020, 19, 860–871. [Google Scholar] [CrossRef] [PubMed]

	



DeLuca, J.; Chiaravalloti, N.D.; Sandroff, B.M. Treatment and management of cognitive dysfunction in patients with multiple sclerosis. Nat. Rev. Neurol. 2020, 16, 319–332. [Google Scholar] [CrossRef] [PubMed]

	



Fisk, J.D.; Pontefract, A.; Ritvo, P.G.; Archibald, C.; Murray, T.J. The impact of fatigue on patients with multiple sclerosis. Can. J. Neurol. Sci. 1994, 21, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Kobelt, G.; Thompson, A.; Berg, J.; Gannedahl, M.; Eriksson, J.; MSCOI Study Group; European Multiple Sclerosis Platform. New insights into the burden and costs of multiple sclerosis in Europe. Mult. Scler. 2017, 23, 1123–1136. [Google Scholar] [CrossRef]

	



Penner, I.K. Evaluation of cognition and fatigue in multiple sclerosis: Daily practice and future directions. Acta Neurol. Scand. 2016, 134, 19–23. [Google Scholar] [CrossRef]

	



Khan, F.; Amatya, B.; Galea, M. Management of fatigue in persons with multiple sclerosis. Front. Neurol. 2014, 5, 177–187. [Google Scholar] [CrossRef]

	



Green, R.; Cutter, G.; Friendly, M.; Kister, I. Which symptoms contribute the most to patients’ perception of health in multiple sclerosis? Mult. Scler. J. Exp. Transl. Clin. 2017, 3, 2055217317728301. [Google Scholar] [CrossRef]

	



Lakin, L.; Davis, B.E.; Binns, C.C.; Currie, K.M.; Rensel, M.R. Comprehensive Approach to Management of Multiple Sclerosis: Addressing Invisible Symptoms-A Narrative Review. Neurol. Ther. 2021, 10, 75–98. [Google Scholar] [CrossRef]

	



Calabrese, M.; Rinaldi, F.; Mattisi, I.; Grossi, P.; Favaretto, A.; Atzori, M.; Bernardi, V.; Barachino, L.; Romualdi, C.; Rinaldi, L.; et al. Widespread cortical thinning characterizes patients with MS with mild cognitive impairment. Neurology 2010, 74, 321–328. [Google Scholar] [CrossRef]

	



Eijlers, A.J.C.; van Geest, Q.; Dekker, I.; Steenwijk, M.D.; Meijer, K.A.; Hulst, H.E.; Barkhof, F.; Uitdehaag, B.M.J.; Schoonheim, M.M.; Geurts, J.J.G. Predicting cognitive decline in multiple sclerosis: A 5-year follow-up study. Brain 2018, 141, 2605–2618. [Google Scholar] [CrossRef]

	



Pitteri, M.; Romualdi, C.; Magliozzi, R.; Monaco, S.; Calabrese, M. Cognitive impairment predicts disability progression and cortical thinning in MS: An 8-year study. Mult. Scler. 2017, 23, 848–854. [Google Scholar] [CrossRef] [PubMed]

	



Tillema, J.M.; Hulst, H.E.; Rocca, M.A.; Vrenken, H.; Steenwijk, M.D.; Damjanovic, D.; Enzinger, C.; Ropele, S.; Tedeschi, G.; Gallo, A.; et al. Regional cortical thinning in multiple sclerosis and its relation with cognitive impairment: A multicenter study. Mult. Scler. 2016, 22, 901–909. [Google Scholar] [CrossRef] [PubMed]

	



Calabrese, M.; Rinaldi, F.; Grossi, P.; Mattisi, I.; Bernardi, V.; Favaretto, A.; Perini, P.; Gallo, P. Basal ganglia and frontal/parietal cortical atrophy is associated with fatigue in relapsing-remitting multiple sclerosis. Mult. Scler. 2010, 16, 1220–1228. [Google Scholar] [CrossRef] [PubMed]

	



Fleischer, V.; Ciolac, D.; Gonzalez-Escamilla, G.; Grothe, M.; Strauss, S.; Molina Galindo, L.S.; Radetz, A.; Salmen, A.; Lukas, C.; Klotz, L.; et al. Subcortical Volumes as Early Predictors of Fatigue in Multiple Sclerosis. Ann. Neurol. 2022, 91, 192–202. [Google Scholar] [CrossRef] [PubMed]

	



Marchesi, O.; Vizzino, C.; Meani, A.; Conti, L.; Riccitelli, G.C.; Preziosa, P.; Filippi, M.; Rocca, M.A. Fatigue in multiple sclerosis patients with different clinical phenotypes: A clinical and magnetic resonance imaging study. Eur. J. Neurol. 2020, 27, 2549–2560. [Google Scholar] [CrossRef] [PubMed]

	



Marrie, R.A.; Fisher, E.; Miller, D.M.; Lee, J.C.; Rudick, R.A. Association of fatigue and brain atrophy in multiple sclerosis. J. Neurol. Sci. 2005, 228, 161–166. [Google Scholar] [CrossRef]

	



Tedeschi, G.; Dinacci, D.; Lavorgna, L.; Prinster, A.; Savettieri, G.; Quattrone, A.; Livrea, P.; Messina, C.; Reggio, A.; Servillo, G.; et al. Correlation between fatigue and brain atrophy and lesion load in multiple sclerosis patients independent of disability. J. Neurol. Sci. 2007, 263, 15–19. [Google Scholar] [CrossRef]

	



Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS). Neurology 1983, 33, 1444–1452. [Google Scholar] [CrossRef]

	



Amato, M.P.; Portaccio, E.; Goretti, B.; Zipoli, V.; Ricchiuti, L.; De Caro, M.F.; Patti, F.; Vecchio, R.; Sorbi, S.; Trojano, M. The Rao’s Brief Repeatable Battery and Stroop Test: Normative values with age, education and gender corrections in an Italian population. Mult. Scler. 2006, 12, 787–793. [Google Scholar] [CrossRef]

	



Caffarra, P.; Vezzadini, G.; Dieci, F.; Zonato, F.; Venneri, A. A short version of the Stroop test: Normative data in an Italian population sample. Nuova. Riv. Neurol. 2002, 12, 111–115. [Google Scholar]

	



Pitteri, M.; Magliozzi, R.; Nicholas, R.; Ziccardi, S.; Pisani, A.I.; Pezzini, F.; Marastoni, D.; Calabrese, M. Cerebrospinal fluid inflammatory profile of cognitive impairment in newly diagnosed multiple sclerosis patients. Mult. Scler. 2022, 28, 768–777. [Google Scholar] [CrossRef] [PubMed]

	



Krupp, L.B.; LaRocca, N.G.; Muir-Nash, J.; Steinberg, A.D. The fatigue severity scale. Application to patients with multiple sclerosis and systemic lupus erythematosus. Arch. Neurol. 1989, 46, 1121–1123. [Google Scholar] [CrossRef] [PubMed]

	



Cavedo, E.; Tran, P.; Thoprakarn, U.; Martini, J.B.; Movschin, A.; Delmaire, C.; Gariel, F.; Heidelberg, D.; Pyatigorskaya, N.; Ströer, S.; et al. Validation of an automatic tool for the rapid measurement of brain atrophy and white matter hyperintensity: QyScore®. Eur. Radiol. 2022, 32, 2949–2961. [Google Scholar] [CrossRef] [PubMed]

	



Chung, K.K.; Altmann, D.; Barkhof, F.; Miszkiel, K.; Brex, P.A.; O’Riordan, J.; Ebner, M.; Prados, F.; Cardoso, M.J.; Vercauteren, T.; et al. A 30-Year Clinical and Magnetic Resonance Imaging Observational Study of Multiple Sclerosis and Clinically Isolated Syndromes. Ann. Neurol. 2020, 87, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



De Stefano, N.; Stromillo, M.L.; Giorgio, A.; Bartolozzi, M.L.; Battaglini, M.; Baldini, M.; Portaccio, E.; Amato, M.P.; Sormani, M.P. Establishing pathological cut-offs of brain atrophy rates in multiple sclerosis. J. Neurol. Neurosurg. Psychiatry. 2016, 87, 93–99. [Google Scholar] [CrossRef]

	



Filippi, M.; Preziosa, P.; Copetti, M.; Riccitelli, G.; Horsfield, M.A.; Martinelli, V.; Comi, G.; Rocca, M.A. Gray matter damage predicts the accumulation of disability 13 years later in MS. Neurology 2013, 81, 1759–1767. [Google Scholar] [CrossRef]

	



Calabrese, M.; Agosta, F.; Rinaldi, F.; Mattisi, I.; Grossi, P.; Favaretto, A.; Atzori, M.; Bernardi, V.; Barachino, L.; Rinaldi, L.; et al. Cortical lesions and atrophy associated with cognitive impairment in relapsing-remitting multiple sclerosis. Arch. Neurol. 2009, 66, 1144–1150. [Google Scholar] [CrossRef]

	



Calabrese, M.; Poretto, V.; Favaretto, A.; Alessio, S.; Bernardi, V.; Romualdi, C.; Rinaldi, F.; Perini, P.; Gallo, P. Cortical lesion load associates with progression of disability in multiple sclerosis. Brain 2012, 135, 2952–2961. [Google Scholar] [CrossRef]

	



Brissart, H.; Sauvée, M.; Latarche, C.; Dillier, C.; Debouverie, M. Integration of cognitive impairment in the expanded disability status scale of 215 patients with multiple sclerosis. Eur. Neurol. 2010, 64, 345–350. [Google Scholar] [CrossRef]

	



Morrow, S.A.; Conway, D.; Fuchs, T.; Wojcik, C.; Unverdi, M.; Yasin, F.; Pol, J.; Eckert, S.; Hojnacki, D.H.; Dwyer, M.; et al. Quantifying cognition and fatigue to enhance the sensitivity of the EDSS during relapses. Mult. Scler. 2021, 27, 1077–1087. [Google Scholar] [CrossRef]

	



Manjaly, Z.M.; Harrison, N.A.; Critchley, H.D.; Do, C.T.; Stefanics, G.; Wenderoth, N.; Lutterotti, A.; Müller, A.; Stephan, K.E. Pathophysiological and cognitive mechanisms of fatigue in multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 2019, 90, 642–651. [Google Scholar] [CrossRef] [PubMed]

	



Marchesi, O.; Vizzino, C.; Filippi, M.; Rocca, M.A. Current perspectives on the diagnosis and management of fatigue in multiple sclerosis. Expert. Rev. Neurother. 2022, 22, 681–693. [Google Scholar] [CrossRef] [PubMed]

	



Pitteri, M.; Ziccardi, S.; Dapor, C.; Guandalini, M.; Calabrese, M. Lost in Classification: Lower Cognitive Functioning in Apparently Cognitive Normal Newly Diagnosed RRMS Patients. Brain Sci. 2019, 9, 321. [Google Scholar] [CrossRef] [PubMed]

	



Joy, J.E.; Johnston, R.B. Multiple Sclerosis: Current Status and Strategies for the Future, 1st ed; National Academies Press: Washington, DC, USA, 2001. [Google Scholar]

	



Monk, C.; Fernández, C.R. Neuroscience Advances and the Developmental Origins of Health and Disease Research. JAMA Netw. Open. 2022, 5, e229251. [Google Scholar] [CrossRef]








[image: Bioengineering 10 00041 g001 550] 





Figure 1. The significant association between physical disability (EDSS) and percentages of intracranial volumes (%ICV), both at a global level (whole brain, gray matter) and in specific regions (temporal lobe, parietal lobe, cerebellum, and insula). 
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Figure 2. A significant association between fatigue (FSS) and percentages of intracranial volumes (%ICV) in the temporal lobe and the insula. 
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Figure 3. The significant differences among cognitive groups of patients (cognitively normal CN vs. cognitively impaired CI) regarding percentages of intracranial volumes (%ICV) of both the whole brain and the insula. *: p < 0.05. 
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Figure 4. The significant differences among cognitive groups of patients (cognitively normal CN vs. mild cognitively impaired mCI vs. severe cognitively impaired sCI) regarding the percentages of intracranial volumes (%ICV) both at a global level (whole brain, grey matter) and in specific regions (cerebellum, limbic lobe). *: p < 0.05; **: p < 0.01. 
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Table 1. Concordance between the number of patients clustered considering percentiles of whole brain volume and global cognitive functioning. CN: cognitively normal, mCI: mild cognitively impaired, sCI: severe cognitively impaired.
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