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Background: Few studies examined the effects of combined motor and cognitive rehabilitation in patients with multiple sclerosis (MS). The present prospective, multicenter, observational study aimed to determine the efficacy of an integrated cognitive and neuromotor rehabilitation program versus a traditional neuromotor training on walking, balance, cognition and emotional functioning in MS patients.

Methods: Sixty three MS patients were selected and assigned either to the Integrated Treatment Group (ITG; n = 32), receiving neuropsychological treatment (performed by ERICA software and paper–pencil tasks) complemented by conventional neuromotor rehabilitation, or to the Motor Treatment Group (n = 31) receiving neuromotor rehabilitation only. The intervention included two 60-min sessions per week for 24 weeks. At baseline and at end of the training all patients underwent a wide-range neuropsychological, psychological/emotional, and motor assessment.

Results: At baseline the two groups did not differ for demographic, neuropsychological, psychological/emotional, and motor features significantly. After rehabilitation, only ITG group significantly (p-corrected for False Discovery Rate) improved on test tapping spatial memory, attention and cognitive flexibility, as well as on scales assessing depression and motor performance (balance and gait). A regression analysis showed that neuropsychological and motor improvement was not related to improvements in fatigue and depression.

Conclusion: The present study demonstrated positive effects in emotional, motor, and cognitive aspects in MS patients who received an integrated cognitive and neuromotor training. Overall, results are supportive of interventions combining motor and cognitive training for MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic, autoimmune, and neurodegenerative disorder characterized by inflammation and progressive demyelination of the central nervous system (Hemmer et al., 2006). Deficits in gait and balance, as well as cognitive dysfunctions and reduced cognitive processing speed are among the most common symptoms (Mercan et al., 2016). These deficits are often simultaneously present in patients with MS and this co-occurence could affect the rehabilitation outcomes (Felippe et al., 2018). In the present study we investigated whether a rehabilitation program tackling both cognitive and neuromotor impairments could improve walking, balance, cognition, and emotional functioning in MS.

Approximately 85% of patients with MS experience clinically significant walking disturbances, which may be present since early stages of the disease and in patients with mild disability (Motl and Learmonth, 2014). Balance dysfunction can be present even in the absence of clinical disability (Martin et al., 2006). Impaired walking is increasingly being recognized among factors affecting quality of life, since mobility was given the highest priority by 65% of patients with MS (Paltamaa et al., 2007). Gait deviations predict patient dependence, with slower speed, shorter stride length, and decreased distance walked, largely contributing to patients’ perception of their own ability to perform daily activities (Paltamaa et al., 2007). For these reasons, walking and balance should be regularly assessed (Halabchi et al., 2017).

Prevalence of cognitive deficits ranges 43 to 70% at both early and late stages of MS (Sumowski et al., 2018). Patients’ neuropsychological profile includes deficits in attention, working memory, processing speed, verbal and spatial memory, verbal fluency and executive functioning (Benedict et al., 2017) particularly in progressive MS, but also in Relapsing Remitting MS (Amato et al., 2006b). Cognitive impairment can be as detrimental as motor disturbances on quality of life, functional adaptation, and health perception in MS (Saccà et al., 2016; Kratz et al., 2017).

Motor and cognitive impairments have been often examined independently, but they can interact with each other, as shown by studies on simultaneous motor and cognitive performance (Leone et al., 2015; Learmonth et al., 2017) and by patients’ difficulties in performing daily activities simultaneously, e.g., conversing while walking outdoors. Indeed, walking requires high-order information processing (Sandroff et al., 2014). Patients with impaired attention, working memory, or reasoning abilities may be prone to errors in executing motor-based tasks, and be at high risk for accidents (Kalron, 2014). Benedict et al. (2011) showed that processing speed and executive functioning were significant predictors of lower and upper motor function in healthy individuals and MS patients, but these correlations were more robust in the MS group, where cognitive tests predicted motor function after controlling for disease duration and physical disability. Butchard-MacDonald et al. (2017) reported that relapsing-remitting MS causes difficulties in dual task conditions, with an impact on balance and risk of falls, and also identified a relationship between anxiety/depression and decreased efficiency in dual task. Thus, comprehending the relationships between cognition and functional motor outcomes has strong implications for development of risk assessment procedures and rehabilitation treatments in MS (Khan and Amatya, 2017).

Rehabilitation is recognized to be important in ameliorating motor and cognitive functions, reducing disease burden, and improving quality of life in patients with MS (Prosperini et al., 2015c; Goverover et al., 2017). Classically, motor training has been considered as an approach to improve walking function, and cognitive rehabilitation as an approach to improve cognitive function, separately (Prosperini et al., 2015c). However, combined rehabilitation interventions might simultaneously improve walking and cognition, perhaps due to cognitive motor coupling and/or cross-modality transfer effects (Prosperini et al., 2015a; Motl et al., 2016). Based on evidence from other neurological populations (Wajda et al., 2017) a combined neuromotor and cognitive rehabilitation training can serve as a potential approach to improve both walking and cognitive functioning in MS. There is some preliminary evidence for cross-modality transfer effects regarding exercise training in MS (Motl and McAuley, 2014; Sandroff et al., 2014, 2017). For instance, studies on aerobic exercise training and on physical activity interventions reported co-occurring improvements in cognitive and motor outcomes (Mofateh et al., 2017). In particular, the cognitive training combined with the aerobic exercises proved effective to improve cognitive performance (Jimenez-Morales et al., 2017). For example, Sangelaji et al. (2015) demonstrated that physical interventions could improve cognitive abilities (long-term storage and permanent long-term retrieval of information) in MS patients. Briken et al. (2014) showed beneficial effects of exercise on physical measures (aerobic fitness and walking ability), as well as on neuropsychiatric symptoms (cognitive impairment, depressive symptoms, and fatigue) in a sample of patients with progressive MS and moderate disability.

Overall, there is promising evidence for aerobic and resistance exercise improving walking performance, and preliminary evidence supporting aerobic exercise for improving cognitive performance in MS (Dalgas et al., 2008). However, cognitive therapies are not yet being used for potentially improving motor disability, although cognitive-motor interactions powerfully activate motor performance (Sosnoff et al., 2017), possibly reducing total time needed for treatment, and cost of care. For instance, Sosnoff et al. (2017) reported that a dual task training program, incorporating cognitive tasks in balance and walking training, improved gait speed and visuospatial memory in a sample of MS patients compared to a single task training program focused on balance and walking function only.

The current investigation examined the feasibility of an integrated cognitive and neuromotor rehabilitative (ICNR) program on walking, balance, cognition, and emotional functioning in a sample of MS patients. We specifically examined the effects of ICNR in terms of improvements of both cognitive and motor performance. We also used specific and validated tests for assessing depression and fatigue, which are very frequent symptoms of MS (Amato et al., 2001; Jones et al., 2018).

MATERIALS AND METHODS

Study Design and Setting

This was a prospective, multicenter, observational study.

We invited all consecutive MS patients attending their regular clinical follow-up visits in two Italian Centers (Second Division of Neurology, Department of Medical, Surgical, Neurologic, Metabolic and Aging Sciences, University of Campania Luigi Vanvitelli, Naples and Department of Neurosciences, Reproductive and Odontostomatological Sciences, University of Naples Federico II) to participate in the study. Recruitment and enrollment started from June 2017.

Inclusion criteria for the study were: (a) diagnosis of MS based on standard International criteria (Polman et al., 2011); (b) age 20–65 years; (c) impairment in at least one neuropsychological test (see below); (d) adequate vision and hearing.

Exclusion criteria were: (a) current or past neurological disorder other than MS; (b) major psychiatric illness; (c) history of learning disability, severe head trauma, alcohol or drug abuse; (d) illiteracy or non-native Italian-speaking individuals; (e) relapse and/or corticosteroid use within 4 weeks before study entry; (f) change of symptomatic treatments in the last 6 months.

On the basis of selection crieria, from an initial cohort of 90 MS patients we selected 63 individuals (Figure 1). Participants were excluded if they did not meet inclusion criteria or could not attend rehabilitation center on a regular basis for logistic reasons (e.g., public transportation or job-related issues); logistic considerations also conditioned assignment of patients to either treatment group.
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FIGURE 1. Flowchart illustrating patient selection and study design.



All participants provided their written informed consent; the study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and was approved by the local ethics committee. The study was approved on 11/05/2017 Number of protocol 310.

The Integrated Treatment Group (ITG) received cognitive and motor rehabilitation for 6 months. The control group performed the neuromotor rehabilitation protocol [Motor Treatment Group (MTG)] only. Rehabilitation was carried out at Foundation Villa Camaldoli, Rehabilitation Clinic Alma Mater S.p.A.

All patients underwent a motor, psychiatric and neuropsychological assessment at baseline and at the end of treatment (i.e., 6 months after the baseline evaluation). Post-treatment assessment was performed within the first week after completing the intervention at referral clinics.

The study was double-blinded: the patients were not aware about the rationale and the specific predictions of the study; similarly, the psychologist who carried out the neuropsychological baseline [T0] and post-treatment [T1] assessments, as well as the primary researcher and data entry assistants were blinded to the group membership of the patients.

Clinical and Neuropsychological Assessment

We collected demographic data (age, sex, level of education) and information about medical history, disease duration, level of disability on the Expanded Disability Status Scale (EDSS, Kurtzke, 1983) and current pharmacological treatment.

The patients underwent 17 neuropsychological tests tapping several cognitive domains (memory, attention, language, executive functions, and reasoning). Each cognitive domain was examined by means of more than one cognitive test. The neuropsychological evaluation included the Italian version of the Rao’s Brief Repeatable Battery (BRB, Amato et al., 2006a). Alternative forms were used in order to reduce test–retest effects and learning effects (Goretti et al., 2014). All scores were corrected by age and education, according to published norms, and performance was considered impaired if its corrected score fell below 1.5 SD.

We also administered further neuropsychological standardized measures assessing: short-term memory (Forward and Backward verbal span, Monaco et al., 2013; Spatial Span, Orsini et al., 1987), selective attention, cognitive flexibility and processing speed (Stroop test, Caffarra et al., 2002), global executive functioning [Frontal Assessment Battery (FAB), Appollonio et al., 2005], non-verbal abstract reasoning [Raven’s Coloured Matrices (RCPMs), Carlesimo et al., 1996], verbal fluency and cognitive flexibility [Phonological Verbal Fluency task (PVF), Carlesimo et al., 1996]. All scores were corrected for age and education, and converted to equivalent scores allowing comparison with the distribution of Italian normative values: an equivalent score of 0 is below the normal range, 1 within normal limits, and 2–4 is within the normal range.

Psychological Assessment

All patients also underwent a behavioral assessment for anxiety [State-Trait Anxiety Inventory (STAI-Y), including two scales for evaluating temporary condition of “state anxiety,” A-State, and long-standing condition of “trait anxiety,” A-Trait, Spielberger et al., 1983; Pedrabissi and Santinello, 1998], for depressive symptoms [Beck Depression Inventory-Revised (BDI-II), including the cognitive and the somatic subscales, Beck et al., 1961; Ghisi et al., 2006], and fatigue [Fatigue Severity Scale (FSS), Krupp et al., 1989].

Motor Function Assessment

For assessing motor/functional status we used the Tinetti Gait and Balance Instrument (to determine fall risk in neurological patients, Tinetti, 1986), and Barthel Index Modified (BIM, assessing independence in activities of daily living, Shah et al., 1989).

Treatments – Cognitive Rehabilitation

Cognitive Rehabilitation was performed by means of the ERICA Software (Inzaghi, 2013; an Italian computer-assisted tool including exercises in five areas: Attention, Spatial Cognition, Memory, Verbal and Non-verbal executive functions), and of paper and pencil tasks (different from those used in the neuropsychological assessment to prevent the effect of practice). Cognitive Rehabilitation included a training for executive functions, comprising dual task exercises, plus additional exercises tailored on single patient’s neuropsychological impairments. If a patient was impaired in more than one domain, trainings for impaired domains were balanced within sessions. Exercise complexity was adapted to severity of single patient’s impairment in the selected domain, to be challenging in each session (Mattioli et al., 2016). The basic “functionalistic” approach consisted in activating defective cognitive processes, as foreseen in neuropsychological rehabilitation for patients with focal lesions (Mazzucchi, 2012).

Treatments – Neuromotor Rehabilitation

Conventional Neuromotor treatment aimed at recovery of trunk control, attainment of upright position, load transfer from one buttock to the other, re-education of the step cycle and balance control in static and in dynamic conditions (Lipp and Tomassini, 2015). Problems with balance and coordination are common in MS so the treatment included exercises for increasing stability during gait, preventing falls, and enhancing posture control.

Both groups received an individualized progressive regimen of balance and gait exercises. The difficulty of the exercises was matched to the abilities of the individual participants. Furthermore, motor exercises also aimed at rehabiliting pelvic floor dysfunctions, which limit everyday activities and affect social relationships (Ferreira et al., 2016).

Integrated Treatment Group group received an integrated training consisting in two 60-min sessions per week for 24 consecutive weeks: cognitive training (30 min per session) was complemented with 30 min of a neuromotor rehabilitation protocol. The MTG group received two 60-min sessions per week for 24 consecutive weeks, but the training consisted in 60 min neuromotor rehabilitation.

Statistical Analysis

All analyses were performed with SPSS, version 20.

The normality assumption for the data was first examined by Kolmogorov–Smirnov test. Descriptive statistics are espressed as median and/or means ± standard deviation for all variables.

Due to the nature of the variables and the sample size, non-parametric tests were performed.

Intergroup differences on baseline characteristics were evaluated by Mann–Whitney’s U statistic test for quantitative variables. Chi-squared test was applied to qualitative data.

Intragroup differences (Repeated measures within group) were analyzed by Wilconxon signed ranks test (over two-time points) to search for improvements after training. Change values for the outcome measures were calculated by subtracting the baseline data (T0) from the post-intervention data T1 (Delta = T1–T0). To analyze intergroup improvement, the “change values (Delta)” were compared using Mann–Whitney’s U statistic test with group as a factor.

In line with Mattioli et al. (2010), a linear regression was conducted with the change (Delta) in number of pathological tests as the dependent variable and the following variables as predictors: group (treatment), age, EDSS and Delta scores for depression (BDI-II overall scale), fatigue (FSS) and motor functioning (Tinetti overall Scale), in order to control for changes in depression, fatigue and motor functioning affecting cognitive changes.

Another linear regression analysis was used to determine predictors of motor change (dependent variable: Delta for Tinetti Scale). Variables entered into the model included group (factor), age, EDSS, as well as Delta scores for BDI-II, fatigue (FSS) and number of pathological cognitive tests, in order to control for changes in depression, fatigue, and cognition functioning affecting motor changes.

Statistical significance was set as p < 0.05. For reducing risk of Type-I error in statistical analyses on Delta scores for neuropsychological, motor and psychological variables, we took into account p-values corrected for familywise error, according to the False Discovery Rate procedure (Benjamini and Hochberg, 1995).

RESULTS

Characteristics of the Study Sample

Baseline

The sample consisted of 63 patients with MS, most of whom affected by progressive MS; all patients were treated with disease-modifying drugs (DMDs). Thirty-two patients were included in the ITG and 31 in the MTG. The two groups did not differ for demographic and clinical characteristics (Table 1).

TABLE 1. Clinical and demographic variables in total sample and in the two MS subgroups.
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In the whole sample the mean number of impaired neuropschological tests (6.06 ± 4.02) demonstrated a generally moderate cognitive impairment, without significant differences between the two groups (ITG group = 5.88 ± 4.17 and MTG group = 6.27 ± 3.90; Mann–Whitney U-test = 446.55, p = 0.636).

The mean raw scores of neuropsychological tests at baseline did not differ significantly between groups, except for SRT of Rao’s Battery, which was marginally significantly lower in MTG group compared to ITG group (Supplementary Tables 1, 2). At the baseline the two groups did not differ for motor performance and psychological/emotional features (Supplementary Tables 3, 4).

Group Comparison at Follow-Up

After Rehabilitation, the mean number of impaired neuropsychological tests was significantly lower in ITG group (ITG group = 3.97 ± 3.65, MTG group = 7.40 ± 3.97; Mann–Whitney U-test = 241.00, p = 0.001).

After intervention (T1), the ITG group showed significant improvements on several neuropsychological tests compared to baseline performance (Tables 2, 3), whereas the MTG group significantly improved on two neuropsychological tests only (Rao Battery: Word List Generation, p = 0.030 and Selective Reminding Test-Delayed, p = 0.031; Table 2).

TABLE 2. Comparisons of raw scores of Italian Version Rao’s Brief Repeatable Battery at baseline (Pre-Test) and after rehabilitation (Post-Test) within each group.
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TABLE 3. Comparisons of raw scores the other neuropscyhological tests at baseline (Pre-Test) and after rehabilitation (Post-Test) within each group.
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After intervention (T1), the ITG group showed significant improvements on both equilibrium (p < 0.001) and gait scores (p = 0.027) of the Tinetti scale, whereas performance of MTG group remained stable (Table 4). ITG groups significantly improved also on the BIM (ITG group: p = 0.016; Table 4).

TABLE 4. Comparisons of raw score of motor performance tasks at baseline (Pre-Test) and after rehabilitation (Post-Test) within each group.
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As for psychological features, State Anxiety decreased in both groups (ITG group: p = 0.006; MTG group: p = 0.005; Table 5). Moreover, the ITG group significantly improved on Fatigue Scale (p = 0.019) and BDI-II scale (p = 0.011), on both somatic-affective symptoms (p = 0.007) and cognitive symptoms (p = 0.031; Table 5).

TABLE 5. Comparisons of raw scorese of psychological scales at baseline (Pre-Test) and after rehabilitation (Post-Test) within each group.
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The advantage of ITG group was confirmed also by analyzing Delta (T1–T0) for the number of pathological tests which was significantly lower in ITG Group (−1.906 ± 2.531) compared to MTG group (1.133 ± 3.014; Mann–Whitney U-test = 199,500, p = < 0.001).

ITG and MTG groups significantly differed on Delta scores on three neuropsychological tests included in the Rao Battery (Figure 2): Spatial Recall (SPART: Mann–Whitney U-test = 279.00, corrected-p-value = 0.027), and Spatial Recall and Delayed Test (SPART-D: Mann–Whitney U-test = 307.0, corrected-p-value = 0.027), assessing visuospatial learning and long term recall; PASAT Test 3″ (Mann–Whitney U-test = 305.00, corrected-p-value = 0.027), tapping divided attention and information processing speed. Moreover, ITG and MTG groups differed for the changes in the following three neuropsychological test scores (Figure 3): Spatial short-term memory span (Mann–Whitney U-test = 330.0, corrected-p-value = 0.036) and Backward verbal span (Mann–Whitney U-test = 304.5,corrected-p-value = 0.037), assessing divided attention and working memory; phonological fluency (Mann–Whitney U-test = 275.50, corrected-p-value = 0.016) assessing cognitive flexibility. We also observed significantly different Delta scores on Tinetti Overall Scale score (Mann–Whitney U-test = 141.50, corrected-p-value = 0.001), on equilibrium (Mann–Whitney U-test = 174.00, corrected-p-value = 0.001) and gait scores of Tinetti scale (Mann–Whitney U-test = 252.50, corrected-p-values = 0.001), and on independence in the activities of daily life (BIM; Mann–Whitney U-test = 178.50, p < 0.001; Figure 4). In reference to psychological scales (Figure 5), Delta for BDI-II scale was significantly different (Mann–Whitney U-test = 323.50, corrected-p-values = 0.039) in the two groups, particularly for somatic-affective symptoms (Mann–Whitney U-test = 271.500, corrected-p-values = 0.039).
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FIGURE 2. Comparisons of Delta (Post Test–Pre Test) scores for Italian Version Rao’s Brief Repeatable Battery (BRB) between the two groups (∗significantly different between groups; p-corrected for False Discovery Rate, Mann–Whitney U-test). Positive values indicate an improvement in performance; negative values indicate a worsening in performance. All bars mean standard error. SRT-LTS, Selective Reminding Test-Long Term Storage; SRT-CLTR, Selective Reminding Test-Consistent Long Term Retrieval; SRT-D, Selective Reminding Test-Delayed; SPART, Spatial Recall Test; SPART-D, Spatial Recall Test-Delayed; WLG, Word List Generation; SDMT, Symbol Digit Modalities Test; PASAT-3, Paced Auditory Serial Addition Test-3 seconds; PASAT-2, Paced Auditory Serial Addition Test-2 seconds.
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FIGURE 3. Comparisons of Delta (Post Test–Pre Test) scores for neuropsychological tests between the two groups (∗significantly different between groups; p-corrected for False Discovery Rate; Mann-Whitney U-test). Positive values indicate an improvement in performance; negative values indicate a worsening in performance. For the Stroop test time, positive values indicate a worsening in performance; negative values indicate an improvement in performance. All bars mean standard error. SS, Spatial Span; FVS, Forward Verbal Span; BVS, Backward Verbal Span; STT, Stroop Test Time; STE, Stroop Test Error; PF, Phonological fluency; FAB, Frontal Assessment Battery; RM, Raven’s Matrices.
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FIGURE 4. Comparisons of Delta (Post Test–Pre Test) scores for motor scales between the two groups (∗significantly different between groups; p-corrected for False Discovery Rate; Mann–Whitney U-test). Positive values indicate an improvement in performance; negative values indicate a worsening in performance. All bars mean standard error.
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FIGURE 5. Comparisons of Delta (Post Test–Pre Test) scores for psychological scale between the two groups (∗significantly different between groups; ∗p-corrected for False Discovery Rate; Mann–Whitney U-test). Positive values indicate increased scores; negative values indicate reduced scores. All bars mean standard error. FSS, Fatigue Severity Scale; BDI-II, Beck Depression Inventory-II; STAI-Y, State-Trait Anxiety Inventory.



The between-group differences related to training were confirmed by multiple linear regression analysis on the Delta for the number of pathological neuropsychological tests, taking into account the following confounding variables: group (Factor), EDSS, age, Delta for depression (BDI scale), Delta for fatigue (FSS scale) and Delta for motor functioning (Tinetti scale). Only type of treatment (β = −0.361, t = −2.520, p = 0.015) and age (β = −0.304, t = −2.389, p = 0.021) were significantly associated with the changes in the number of impaired tests.

The linear regression analysis performed to determine predictors of motor change (score of Tinetti Scale), taking into account group (Factor), EDSS, age, as well as Delta for BDI, FSS and number of pathological cognitive tests, showed that only type of treatment was significantly associated with the change in motor scale (β = 0.386; t = 2.541, p = 0.014).

DISCUSSION

The purpose of this prospective, multicenter, observational study was to examine the efficacy of the ICNR versus a traditional neuromotor training in a sample of MS patients. Our findings suggest that an “integrated rehabilitative approach” could improve both motor and cognitive skills, and reduce the somatic component of depressive symptoms. The present findings appear to be relevant because most patients were affected by progressive MS (54 of total sample: 28 of ITG Group and 26 of MTG Group). Indeed, several studies demonstrated effectiveness of cognitive rehabilitation in relapsing-remitting MS, whereas only a few data are available on cognitive rehabilitation in progressive MS (Briken et al., 2014; D’Amico et al., 2016).

The high number of patients affected by progressive MS in our sample might also account for the lack of substantial improvements in the group undergoing neuromotor therapy only. Indeed, the beneficial effect of traditional neuromotor rehabilitation in people with MS is well-established (Campbell et al., 2016), but it is less compelling when the level of disability increases (Hogan and Coote, 2009). Nonetheless, even in the group undergoing neuromotor therapy only we did not observe significant worsening of motor performance, and this could be considered as a relatively good outcome in patients with progressive MS. These findings are in line with previously published reviews showing that multi-disciplinary rehabilitation programs increased participation (as a result of a decrease in disability) and quality of life in people with MS (Khan et al., 2007).

We found that a multi-domain computer-assisted cognitive program supported by paper–pencil tasks significantly reduced the number of impaired neuropsychological tests and in general improved neuropsychological scores (Mattioli et al., 2015). Instead, we did not observe relevant cognitive improvements in the motor group (MTG).

Marked improvements in the ITG group were seen on tests tapping processing speed, attention, and cognitive flexibility (PASAT-3, Backward Verbal Span and Phonological Fluency). Improvements in attention were consistent with previous studies on sustained attention (Amato et al., 2014) and on attention and executive functions (Mattioli et al., 2012) after cognitive rehabilitation. Notwithstanding some conflicting data about the effect of cognitive rehabilitation on executive functioning in MS, the studies implementing computerized cognitive rehabilitation programs often reported significant improvements in attention, information processing speed, working memory and executive functioning domains (Rilo et al., 2016; Pérez-Martín et al., 2017). Differences across studies may be explained by different conceptualisation, training, and assessment methods. We used a combined cognitive training mainly based on an Italian computerized training method different from that used in previous trials, but we could confirm that this kind of exercises can improve executive functioning and particularly verbal fluency, that was included in the present rehabilitative program.

Patients in the ITG group showed significantly larger improvements in both short- and long-term spatial memory compared to the control group. Spatial working memory has been relatively neglected in MS research and some studies suggested that improvement in attentional and executive functions had a role in improving performance on spatial memory tests (Gmeindl and Courtney, 2012). However, it is also possible that cognitive stimulation by spatial task may improve dexterity and movement coordination, increase strength, and help developing adaptive body movements during ambulation, transfers, self-care, and other functional activities as reported in patients with stroke (Barrett and Muzaffar, 2014). It is not surprising that spatial stimulation affects motor systems; visual-motor, integrative brain activity stimulates reorganization, so we suggest that spatial retraining as part of motor therapy could improve efficacy of in-hospital MS rehabilitation (Barrett and Muzaffar, 2014). However, the present preliminary association between motor recovery and spatial memory in MS should be verified in further studies, in which inclusion of a control group performing cognitive training only would allow to explore directionality of cross-modal trasfer (motor versus cognitive and cognitive versus motor).

Our results confirmed the hypothesis (Prosperini et al., 2015b) according to which the use of complex task-specific training may promote re-learning capacity, possibly inducing functional or structural plasticity in brain networks controlling both motor and cognitive functions. The so-called ‘far transfer effect’ or ‘transfer of training’ refers to the occurrence of transferring improvements in a specific function to untrained functional domains. In the present study the ITG group received cognitive stimulation and motor rehabilitation and improved significantly in executive and attentional functions and in some motor functions (gait and balance) compared to the group that received neuromotor therapy only. Such findings would be consistent with the idea of a cognitive versus motor cross-modal transfer.

Deficits in attention and executive function processes have been independently associated not only with deteriorated walking performance, but also with postural instability and future falls in MS (Kalron, 2014) suggesting that motor skills, balance and cognition share common resources. Postural control and cognition compete for a common pool of attentional resources and when one task is made more challenging, or when neural networks become less efficient, available resources reach their limit (Leone et al., 2015). For this reason, cognitive rehabilitation and neuromotor training might have had positive effects on cognitive and motor outcomes compared with single modes of rehabilitation (Briken et al., 2014). In other terms, 1 h of combined cognitive and motor treatment seemed to be more effective than 1 h of motor treatment alone, thus suggesting that combined rehabilitative approaches not only determine more favorable cognitive and motor outcomes but might be considered as the best choice in terms of time and costs for health policy planning.

Nonetheless, many unanswered questions remain about combined interventions in MS, and about efficacy of exercise training and cognitive rehabilitation interventions on walking and cognition as a function of clinical characteristics, such as disability status, or domain of cognitive impairment (Motl et al., 2016).

The neurobehavioral sequelae of MS consistently include fatigue, clinical depression, and cognitive dysfunction (Diamond et al., 2008). In the present study we observed moderate levels of depression in both groups, but depressive symptomatology, and particularly somatic symptoms, improved only in the ITG group. This finding underlines the link between depression and cognitive performance in MS (Portaccio, 2016). At the behavioral level, depression seems to alter attentional capacity, working memory and executive functions. This interaction is not surprising, considering the overlap between emotional regulatory regions and the executive network, and the results of neuroimaging studies in depressed patients with MS reporting an involvement of frontal areas (Portaccio, 2016). However, a dysexecutive syndrome secondary to MS might precipitate depression, by altering emotional processing and favoring use of maladaptive cognitive strategies. Indeed, there is a complex interplay between cognition, depression and fatigue in MS, with each symptom impacting negatively on the others. Our results suggested that integrated cognitive and motor rehabilitation can exert a positive effect on depression in MS, as in patients with traumatic brain injury (Kumar et al., 2018). Indeed, regression analyses suggested that the improvements in cognitive performance were independent from changes in depression and fatigue. Only age was inversely correlated with improvements in the number of pathological tests, in agreement with studies showing that age reduces brain plasticity in MS patients (Zeydan and Kantarci, 2018).

Cognitive, emotional and motor processes depend on a series of integrated and highly interconnected brain circuits. The mechanisms through which cognitive and motor rehabilitation could improve cognition in MS are not well-understood, although it has been proposed that specific interventions might stimulate neural pathways through neuroplasticity (Penner et al., 2007). On the basis of the “mind/brain full correspondence principle” (Grossi et al., 2017) it is possible to act simultaneously on multiple dimensions through psychotherapy, cognitive training, pharmacology and neurostimulation techniques, in order to modulate activity of altered networks. Neurofunctional studies recently demonstrated that rapid-onset plasticity and functionally relevant chronic reorganization processes are preserved even in progressive form of MS and that these phenomena are functionally relevant to preserve motor and cognitive functions (Schoonheim et al., 2015).

In summary, this study provided the first evidence for beneficial effects of “integrated training” on walking ability, cognitive function and neuropsychiatric symptoms in patients with progressive MS and moderate-to-advanced disability. Given the limited pharmacological treatment options for progressive MS, further investigation of interventions in this clinical form is clearly warranted. Although intriguing, our findings have to be interpreted cautiously for several reasons: (1) the relatively small sample size limits generalizability of the results and reduces the observed power; (2) as logistic factors determined patients’ assignment, the lack of a randomized assignment to one treatment group might have introduced unwanted sampling biases. This second limitation was tempered by the fact that the two groups did not differ for their main demographic, clinical, cognitive, and psychological characteristics.

Further studies including larger and more representative samples of MS patients are needed to confirm the present promising results which suggest that combined rehabilitation approaches addressing both cognitive and motor systems are efficient, address areas of great need, and could improve intensive treatment in MS rehabilitation. Long-term follow-up studies are necessary to ascertain long-term stability of cognitive improvements and their generalization to everyday functional activities.

AUTHOR CONTRIBUTIONS

All authors listed have made substantial, direct, and intellectual contribution to the work, and approved its final version for publication. AMB conceived and designed the study, analyzed and interpreted the data, drafted and critically reviewed the manuscript, and performed as coordinator of neuropsychological aspects of the work. GL conceived and designed the study, supervised the study, recruited the patients, and critically reviewed the manuscript. ES analyzed and interpreted the data, recruited the patients, and critically reviewed the manuscript. LT conceived and designed the study, analyzed and interpreted the data, and critically reviewed the manuscript. DG conceived and designed the study, supervised the study, critically revised the manuscript, and performed as theoretical coordinator of rational basis. ME evaluated the patients and revised the manuscript. TC evaluated and selected the patients, and revised the manuscript. RL and FS interpreted the data, recruited the patients, and revised the manuscript. VBM conceived and designed the study, supervised the study, recruited the patients, and critically revised the manuscript. GC conceived and designed the study, critically reviewed the manuscript, and performed as coordinator of rehabilitation aspects of the work.

ACKNOWLEDGMENTS

We thank Villa Camaldoli Foundation for supporting the scientific production of this article, and all the patients involved in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00196/full#supplementary-material

REFERENCES

Amato, M. P., Goretti, B., Viterbo, R. G., Portaccio, E., Niccolai, C., Hakiki, B., et al. (2014). Computer-assisted rehabilitation of attention in patients with multiple sclerosis: results of a randomized, double-blind trial. Mult. Scler. 20, 91–98. doi: 10.1177/1352458513501571

Amato, M. P., Ponziani, G., Rossi, F., Liedl, C. L., Stefanile, C., and Rossi, L. (2001). Quality of life in multiple sclerosis: the impact of depression, fatigue and disability. Mult. Scler. 7, 340–344.

Amato, M. P., Portaccio, E., Goretti, B., Zipoli, V., Ricchiuti, L., De Caro, M. F., et al. (2006a). The rao’s brief repeatable battery and stroop test: normative values with age, education and gender corrections in an Italian population. Mult. Scler. 12, 787–793.

Amato, M. P., Zipoli, V., and Portaccio, E. (2006b). Multiple sclerosis-related cognitive changes: a review of cross-sectional and longitudinal studies. J. Neurol. Sci. 245, 41–46.

Appollonio, I., Leone, M., Isella, V., Piamarta, F., Consoli, T., Villa, M. L., et al. (2005). The frontal assessment battery (FAB): normative values in an Italian population sample. Neurol. Sci. 26, 108–116.

Barrett, A. M., and Muzaffar, T. (2014). Spatial cognitive rehabilitation and motor recovery after stroke. Curr. Opin. Neurol. 27, 653–658. doi: 10.1097/WCO.0000000000000148

Beck, A. T., Ward, C. H., Mendelson, M., Mock, J., and Erbaugh, J. (1961). An inventory for measuring depression. Arch. Gen. Psychiatry 4, 561–571.

Benedict, R. H., DeLuca, J., Enzinger, C., Geurts, J. J. G., Krupp, L. B., and Rao, S. M. (2017). Neuropsychology of multiple sclerosis: looking back and moving forward. J. Int. Neuropsychol. Soc. 23, 832–842. doi: 10.1017/S1355617717000959

Benedict, R. H., Holtzer, R., Motl, R. W., Foley, F. W., Kaur, S., Hojnacki, D., et al. (2011). Upper and lower extremity motor function and cognitive impairment in multiple sclerosis. J. Int. Neuropsychol. Soc. 17, 643–653.

Benjamini, Y., and Hochberg, T. (1995). Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289–300.

Briken, S., Gold, S. M., Patra, S., Vettorazzi, E., Harbs, D., Tallner, A., et al. (2014). Effects of exercise on fitness and cognition in progressive MS: a randomized, controlled pilot trial. Mult. Scler. 20, 82–90. doi: 10.1177/1352458513507358

Butchard-MacDonald, E., Paul, L., and Evans, J. J. (2017). Balancing the demands of two tasks: an investigation of cognitive-motor dual-tasking in relapsing remitting multiple sclerosis. J. Int. Neuropsychol. Soc. 22, 1–12. doi: 10.1017/S1355617717000947

Caffarra, P., Vezzadini, G., Dieci, F., Zonato, F., and Venneri, A. (2002). A short version of the Stroop test: normative data in an Italian population sample. Nuova Rivista Neurol. 12, 111–115.

Campbell, E., Coulter, E. H., Mattison, P. G., Miller, L., McFadyen, A., and Paul, L. (2016). Physiotherapy rehabilitation for people with progressive multiple sclerosis: a systematic review. Arch. Phys. Med. Rehabil. 97, 141–151. doi: 10.1016/j.apmr.2015.07.022

Carlesimo, G. A., Caltagirone, C., and Gainotti, G. (1996). The mental deterioration battery: normative data, diagnostic reliability and qualitative analyses of cognitive impairment. The Group for the Standardization of the Mental Deterioration Battery. Eur. Neurol. 36, 378–384.

Dalgas, U., Stenager, E., and Ingemann-Hansen, T. (2008). Multiple sclerosis and physical exercise: recommendations for the application of resistance-endurance- and combined training. Mult. Scler. 14, 35–53.

D’Amico, E., Leone, C., Hayrettin, T., and Patti, F. (2016). Can we define a rehabilitation strategy for cognitive impairment in progressive multiple sclerosis? A critical appraisal. Mult. Scler. 22, 581–589. doi: 10.1177/1352458516632066

Diamond, B. J., Johnston, S. K., Kaufman, M., and Graves, L. (2008). Relationships between information processing, depression, fatigue and cognition in multiple sclerosis. Arch. Clin. Neuropsychol. 23, 189–199.

Felippe, L. A., Salgado, P. R., Silvestre, D. S., Santos, S. M. S., and Christofoletti, G. (2018). A controlled clinical trial on the effects of exercise on cognition and mobility in adults with multiple sclerosis. Am. J. Phys. Med. Rehabil. doi: 10.1097/PHM.0000000000000987 [Epub ahead of print].

Ferreira, A. P., Pegorare, A. B., Salgado, P. R., Casafus, F. S., and Christofoletti, G. (2016). Impact of a pelvic. floor training program among women with multiple sclerosis: a controlled clinical trial. Am. J. Phys. Med. Rehabil. 95, 1–8. doi: 10.1097/PHM.0000000000000302

Ghisi, M., Flebus, G. B., Montano, A., Sanavio, E., and Sica, C. (2006). Beck Depression Inventory-II. Manuale italiano. Firenze: Organizzazioni Speciali.

Gmeindl, L., and Courtney, S. M. (2012). Deconstructing Spatial Working Memory and Attention Deficits in Multiple Sclerosis. Neuropsychology 26, 57–70. doi: 10.1037/a0026213

Goretti, B., Patti, F., Cilia, S., Mattioli, F., Stampatori, C., Scarpazza, C., et al. (2014). The Rao’s brief repeatable battery version B: normative values with age, education and gender corrections in an Italian population. Neurol. Sci. 35, 79–82. doi: 10.1007/s10072-013-1558-7

Goverover, Y., Chiaravalloti, N. D., O’Brien, A. R., and DeLuca, J. (2017). Evidenced-based cognitive rehabilitation for persons with multiple sclerosis: an updated review of the literature from 2007 to 2016. Arch. Phys. Med. Rehabil. 99, 390–407. doi: 10.1016/j.apmr.2017.07.021

Grossi, D., Longarzo, M., Quarantelli, M., Salvatore, E., Cavaliere, C., De Luca, P., et al. (2017). Altered functional connectivity of interoception in illness anxiety disorder. Cortex 86, 22–32. doi: 10.1016/j.cortex.2016.10.018

Halabchi, F., Alizadeh, Z., Sahraian, M. A., and Abolhasani, M. (2017). Exercise prescription for patients with multiple sclerosis; potential benefits and practical recommendations. BMC Neurol. 17:185. doi: 10.1186/s12883-017-0960-9

Hemmer, B., Nessler, S., Zhou, D., Kieseier, B., and Hartung, H.-P. (2006). Immunopathogenesis and immunotherapy of multiple sclerosis. Nat. Clin. Pract. Neurol. 4, 201–211.

Hogan, N., and Coote, S. (2009). Therapeutic interventions in the treatment of people with multiple sclerosis with mobility problems: a literature review. Phys. Ther. Rev. 14, 160–168. doi: 10.1179/174328809X435286

Inzaghi, M. G. (2013). ERICA Software. Firenze: Giunti O.S. Psychometrics. http://www.erica.giuntios.it/it/

Jimenez-Morales, R. M., Herrera-Jimenez, L. F., Macias-Delgado, Y., Perez-Medinilla, Y. T., Diaz-Diaz, S. M., and Forn, C. (2017). Cognitive training combined with aerobic exercises in multiple sclerosis patients: a pilot study. Rev. Neurol. 64, 489–495.

Jones, S. M. W., Salem, R., and Amtmann, D. (2018). Somatic symptoms of depression and anxiety in people with multiple sclerosis. Int. J. MS Care 20, 145–152. doi: 10.7224/1537-2073.2017-069

Kalron, A. (2014). The relationship between specific cognitive domains, fear of falling, and falls in people with multiple sclerosis. Biomed Res. Int. 2014:81760. doi: 10.1155/2014/281760

Khan, F., and Amatya, B. (2017). Rehabilitation in multiple sclerosis: a systematic review of systematic reviews. Arch. Phys. Med. Rehabil. 98, 353–367. doi: 10.1016/j.apmr.2016.04.016

Khan, F., Turner-Stokes, L., Ng, L., Kilpatrick, T., and Amatya, B. (2007). Multidisciplinary Rehabilitation for Adults with Multiple Sclerosis. Cochrane Database Syst. Rev. 2:CD006036.

Kratz, A. L., Braley, T. J., Foxen-Craft, E., Scott, E., Murphy, J. F., and Murphy, S. L. (2017). How Do Pain, Fatigue, Depressive, and Cognitive Symptoms Relate to Well-Being and Social and Physical Functioning in the Daily Lives of Individuals With Multiple Sclerosis? Arch. Phys. Med. Rehabil. 98, 2160–2166. doi: 10.1016/j.apmr.2017.07.004

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

Kumar, R. G., Gao, S., Juengst, S. B., Wagner, A. K., and Fabio, A. (2018). The effects of post-traumatic depression on cognition, pain, fatigue, and headache after moderate-to-severe traumatic brain injury: a thematic review. Brain Inj. 32, 383–394. doi: 10.1080/02699052.2018.1427888

Kurtzke, J. F. (1983). Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS). Neurology 33, 1444–1452.

Learmonth, Y. C., Ensari, I., and Motl, R. W. (2017). Cognitive motor interference in multiple sclerosis: insights from a systematic quantitative review. Arch. Phys. Med. Rehabil. 98, 1229–1240. doi: 10.1016/j.apmr.2016.07.018

Leone, C., Patti, F., and Feys, P. (2015). Measuring the cost of cognitive-motor dual tasking during walking in multiple sclerosis. Mult. Scler. 21, 123–131. doi: 10.1177/1352458514547408

Lipp, I., and Tomassini, V. (2015). Neuroplasticity and motor rehabilitation in multiple sclerosis. Front. Neurol. 6:59. doi: 10.3389/fneur.2015.00059

Martin, C. L., Phillips, B. A., Kilpatrick, T. J., Butzkueven, H., Tubridy, N., McDonald, E., et al. (2006). Gait and balance impairment in early multiple sclerosis in the absence of clinical disability. Mult. Scler. 12, 620–628.

Mattioli, F., Bellomi, F., Stampatori, C., Provinciali, L., Compagnucci, L., Uccelli, A., et al. (2016). Two Years Follow up of Domain Specific Cognitive Training in Relapsing Remitting Multiple Sclerosis: a Randomized Clinical Trial. Front. Behav. Neurosci. 10:28. doi: 10.3389/fnbeh.2016.9.00028

Mattioli, F., Stampatori, C., Bellomi, F., Danni, M., Compagnucci, L., Uccelli, A., et al. (2015). Comparing specific intensive cognitive training to aspecific psychological intervention in RRMS: the SMICT Study. Front. Neurol. 13:278. doi: 10.3389/fneur.2014.00278

Mattioli, F., Stampatori, C., Scarpazza, C., Parrinello, G., and Capra, R. (2012). Persistence of the effects of attention and executive functions intensive rehabilitation in relapsing remitting multiple sclerosis. Mult. Scler. Relat. Disord. 1, 168–173. doi: 10.1016/j.msard.2012.06.004

Mattioli, F., Stampatori, C., Zanotti, D., Parrinello, G., and Capra, R. (2010). Efficacy and specificity of intensive cognitive rehabilitation of attention and executive functions in multiple sclerosis. J. Neurol. Sci. 288, 101–105. doi: 10.1016/j.jns.2009.09.024

Mazzucchi, A. (2012). La Riabilitazione Neuropsicologica - Premesse Teoriche e Applicazioni Cliniche. Masson, LA: Elsevier-Masson.

Mercan, F., Kara, B., Tiftikcioglu, B. I., Mercan, E., and Sertpoyraz, F. M. (2016). Effects of motor-motor and motor-cognitive tasks on balance in patients with multiple sclerosis. Mult. Scler. Relat. Disord. 7, 85–91. doi: 10.1016/j.msard.2016.03.015

Mofateh, R., Salehi, R., Negahban, H., Mehravar, M., and Tajali, S. (2017). Effects of cognitive versus motor dual-task on spatiotemporal gait parameters in healthy controls and multiple sclerosis patients with and without fall history. Mult. Scler. Relat. Disord. 18, 8–14. doi: 10.1016/j.msard.2017.09.002

Monaco, M., Costa, A., Caltagirone, C., and Carlesimo, G. A. (2013). Forward and backward span for verbal and visuo-spatial data: standardization and normative data from an Italian adult population. Neurol. Sci. 34, 749–754. doi: 10.1007/s10072-012-1130-x

Motl, R. W., and Learmonth, Y. C. (2014). Neurological disability and its association with walking impairment in multiple sclerosis: brief review. Neurodegener. Dis. Manag. 4, 491–500. doi: 10.2217/nmt.14.32

Motl, R. W., and McAuley, E. (2014). Physical activity and health-related quality of life over time in adults with multiple sclerosis. Rehabil. Psychol. 59, 415–421. doi: 10.1037/a0037739

Motl, R. W., Sandroff, B. M., and DeLuca, J. (2016). Exercise Training and Cognitive Rehabilitation: a Symbiotic Approach for Rehabilitating Walking and Cognitive Functions in Multiple Sclerosis? Neurorehabil. Neural Repair. 30, 499–511. doi: 10.1177/1545968315606993

Orsini, A., Grossi, D., Capitani, E., Laiacona, M., Papagno, C., and Vallar, G. (1987). Verbal and spatial immediate memory span: normative data from 1355 adults and 1112 children. Ital. J. Neurol. Sci. 8, 539–548.

Paltamaa, J., Sarasoja, T., Leskinen, E., Wikström, J., and Mälkiä, E. (2007). Measures of physical functioning predict self-reported performance in self-care, mobility, and domestic life in ambulatory persons with multiple sclerosis. Arch. Phys. Med. Rehabil. 88, 1649–1657.

Pedrabissi, L., and Santinello, M. (1998). S.T.A.I. (State-Trait-Anxiety Inventory). Inventario per l’ansia di stato e di tratto. Forma Y’. Firenze: Organizzazioni Speciali.

Penner, I. K., Opwis, K., and Kappos, L. (2007). Relation between functional brain imaging, cognitive impairment and cognitive rehabilitation in patients with multiple sclerosis. J. Neurol. 254(Suppl. 2), II53–II57.

Pérez-Martín, M. Y., González-Platas, M., Eguía-Del Río, P., Croissier-Elías, C., and Jiménez Sosa, A. (2017). Efficacy of a short cognitive training program in patients with multiple sclerosis. Neuropsychiatr. Dis. Treat. 13, 245–252. doi: 10.2147/NDT.S124448

Polman, C. H., Reingold, S. C., Banwell, B., Clanet, M., Cohen, J. A., Filippi, M., et al. (2011). Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann. Neurol. 69, 292–302. doi: 10.1002/ana.22366

Portaccio, E. (2016). Differential diagnosis, discerning depression from cognition. Acta Neurol. Scand. 134(Suppl. 200), 14–18. doi: 10.1111/ane.12652

Prosperini, L., Castelli, P., Sellitto, G., De Luca, F., De Giglio, L., Guerreri, F., et al. (2015a). Investigating the phenomenon of “cognitive-motor interference” in multiple sclerosis by means of dual-task posturography. Gait Posture 41, 780–785. doi: 10.1016/j.gaitpost.2015.02.002

Prosperini, L., Petsas, N., Sbardella, E., Pozzilli, C., and Pantano, P. (2015b). Far transfer effect associated with video game balance training in multiple sclerosis: from balance to cognition? J. Neurol. 262, 774–776.

Prosperini, L., Piattella, M. C., Giannì, C., and Pantano, P. (2015c). Functional and structural brain plasticity enhanced by motor and cognitive rehabilitation in multiple sclerosis. Neural. Plast. 2015:481574. doi: 10.1155/2015/481574

Rilo, O., Peña, J., Ojeda, N., Rodríguez-Antigüedad, A., Mendibe-Bilbao, M., Gómez-Gastiasoro, A., et al. (2016). Integrative group-based cognitive rehabilitation efficacy in multiple sclerosis: a randomized clinical trial. Disabil. Rehabil. 7, 1–9. doi: 10.1080/09638288.2016.1250168

Saccà, F., Costabile, T., Carotenuto, A., Lanzillo, R., Moccia, M., Pane, C., et al. (2016). The EDSS integration with the Brief International Cognitive Assessment for Multiple Sclerosis and orientation tests. Mult. Scler. 23, 1289–1296. doi: 10.1177/1352458516677592

Sandroff, B. M., Dlugonski, D., Pilutti, L. A., Pula, J. H., Benedict, R. H., and Motl, R. W. (2014). Physical activity is associated with cognitive processing speed in persons with multiple sclerosis. Mult. Scler. Relat. Disord. 3, 123–128. doi: 10.1016/j.msard.2013.04.003

Sandroff, B. M., Motl, R. W., and Deluca, J. (2017). The Influence of Cognitive Impairment on the Fitness-Cognition Relationship in Multiple Sclerosis. Med. Sci. Sports Exerc. 49, 1184–1189. doi: 10.1249/MSS.0000000000001215

Sangelaji, B., Estebsari, F., Nabavi, S. M., Jamshidi, E., Morsali, D., and Dastoorpoor, M. (2015). The effect of exercise therapy on cognitive functions in multiple sclerosis patients: a pilot study. Med. J. Islam Republ. Iran 29:205.

Schoonheim, M. M., Meijer, K. A., and Geurts, J. J. (2015). Network collapse and cognitive impairment in multiple sclerosis. Front. Neurol. 14:82.

Shah, S., Vanclay, F., and Cooper, B. (1989). Improving the sensitivity of the Barthel Index for stroke rehabilitation. J. Clin. Epidemiol. 42, 703–709.

Sosnoff, J. J., Wajda, D. A., Sandroff, B. M., Roeing, K. L., Sung, J., and Motl, R. W. (2017). Dual task training in persons with Multiple Sclerosis: a feasability randomized controlled trial. Clin. Rehabil. 31, 1322–1331. doi: 10.1177/0269215517698028

Spielberger, C. D., Gorsuch, R. L., Lushene, P. R., Vagg, P. R., and Jacobs, A. G. (1983). Manual for the State-Trait Anxiety Inventory (Form Y). Palo Alto, CA: Consulting Psychologists Press.

Sumowski, J. F., Benedict, R., Enzinger, C., Filippi, M., Geurts, J. J., Hamalainen, P., et al. (2018). Cognition in multiple sclerosis: state of the field and priorities for the future. Neurology 90, 278–288. doi: 10.1212/WNL.0000000000004977

Tinetti, M. E. (1986). Performance-oriented assessment of mobility problems in elderly patients. J. Am. Geriat. Soc. 34, 119–126.

Wajda, D. A., Mirelman, A., Hausdorff, J. M., and Sosnoff, J. J. (2017). Intervention modalities for targeting cognitive-motor interference in individuals with neurodegenerative disease: a systematic review. Expert. Rev. Neurother. 17, 251–261. doi: 10.1080/14737175.2016.1227704

Zeydan, B., and Kantarci, O. H. (2018). Progressive forms of multiple sclerosis: distinct entity or age-dependent phenomena. Neurol. Clin. 36, 163–171. doi: 10.1016/j.ncl.2017.08.006

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Barbarulo, Lus, Signoriello, Trojano, Grossi, Esposito, Costabile, Lanzillo, Saccà, Brescia Morra and Conchiglia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-12-00196-g001.jpg
ASSESSED FOR ELIGIBILITY (N=90)

EXCLUDED N=27
Not Meeting Inclusion Criteria =17
Other Personal Reasons= 10

TOTAL SAMPLE (N=63)

54 Progessive Form- 9 Remitting Relapsing

ITG GROUP (N=32)

MTG GROUP (N=31)

28 Progessive Form- 4 Remitting Relapsing 26 Progessive Form- 5 Remitting Relapsing

BASELINE: motor, psychological and
neuropsychological assessment (N=32)

INTEGRATED TREATMENT: Cognitive
Training + Neuromotor Protocol (N=32)

FOLLOW-UP: motor, psychological and
neuropsychological assessment at six months
(N=32)

Included in Analysis N=32

I N R B

BASELINE: motor, psychological and
neuropsychological assessment (N=31)

OTOR TREATMENT: Only Neuromotor
Protocol (N=31)

FOLLOW-UP: motor, psychological and
europsychological assessment at six months
(N=31)

Included in Analysis N=31






OPS/images/fnbeh-12-00196-g003.jpg
Delta

14

12
10

&~ O o

N

SS

——

FVS

Neuropsychological Tests

X
mmlm -
o .!.'fr"
BVS STE

BITGGroup(N=32) OMTG Group (N= 31)

PF

FB

RM





OPS/images/fnbeh-12-00196-g002.jpg
Delta

12

10

SRT-LTS

Rao’s Battery

%

'&]imlﬂ;i“[ﬂm

SRT- CLTR SRT-D SPART SPART- D PASAT 3”

BITGGroup(N=32) OMTG Group (N=31)

PASAT 2”





OPS/images/cross.jpg
3,

i





OPS/images/fnbeh-12-00196-g005.jpg
Delta

-10

=12

Psychological Scales

% *k

1 I
*!WLJ!'

FSS BDI-HI: Total  BDI-I: Cognitive BDI-ll:Somatic  STAI-Y: State
score

STAI-Y: Trait

@ITG Group (N=32)
OMTG Group (N= 31)





OPS/images/fnbeh-12-00196-g004.jpg
Delta

Barthel Index Modified

Tinetti Balance Scale

Motor Scales

%k
3
[ -
Tinetti Gait Scale Tinetti Overall Scale

BITGGroup(N=32)
OMTG Group (N=31)





OPS/images/fnbeh-12-00196-t004.jpg
Variables

Barthel Index Modified (Pre)
Barthel Index Modified (Post)
Tinetti Balance Scale (Pre)
Tinetti Balance Scale (Post)
Tinetti Gait Scale (Pre)
Tinetti Gait Scale (Post)
Tinetti Overall Scale (Pre)
Tinetti Overall Scale (Post)

Mean + SD

70.81 + 16.96
74.16 & 16.67
7.183 +3.60
8.77 £3.81
5.74 +3.44
6.58 £ 3.30
12.71+£7.03
15.29 + 6.49

ITG group (N = 32)
Median

79.00
80.00
7.00
9.00

p-Value*

0.016

<0.001

0.027

<0.001

Mean + SD

72.16 £ 26.14
71.68 £ 26.06
7.60 + 3.60
7.56 + 3.57
6.12£35
5.96 +3.44
13.72 £ 6.86
13.52 + 6.69

MTG group (N = 31)
Median

73.00
73.00

14.00

p-Value®

0.020

0.763

0.157

0.334

Values are mean + SD and Median. *p < 0.05 for intra-group difference. Intragroup differences were analyzed by Wilconxon sign ranks test to determine the improvement
after training. Statistically significant p-values are in bold.





OPS/images/cover.jpg


OPS/images/fnbeh-12-00196-t003.jpg
ITG group (N = 32) MTG group (N = 31)

Variables
Mean + SD Median p-Value* Mean + SD Median p-Value®

Spatial span (pre) 410 +£0.59 4.00 0.003 4.36 +0.951 4.00 0.439

Spatial span (post) 455 +0.624 4.00 424£0.723 4.00

Forward verbal span (pre) 497 +0.79 5.00 0.032 507 +1.08 5.00 0.384

Forward verbal span (post) 53540755 5.00 48840927 5.00

Backward verbal span (pre) 3.74+£0.96 3.00 0.027 3.86+1.23 350 0.380

Backward verbal span (post) 4134 0.991 4.00 368+ 1.14 3.00

Stroop test: time (pre) 24.41 + 1361 20.50 0.607 27.57 +22.00 21.50 0.163

Stroop test: time (post) 22.75+14.19 19.50 34.56 + 28.17 28.50

Stroop test: error (pre) 0.758 + 2.20 0.000 0.438 1.66 + 4.85 0.000 0.488

Stroop test: error (post) 035 1.19 0.000 096+ 1.48 0.000

Phonological fluency (pre) 27.32 +12.10 28.00 <0.001 26.96 + 12.54 25.50 0.134

Phonological fluency (post) 35.87 4 12.89 37.00 28.92 4 9.36 25.00

FAB (pre) 14.97 +3.09 16.00 0.009 13.68 +£3.47 14.00 0.921

FAB (post) 15.90 + 2.56 17.00 14.60 + 2.30 15.00

Raven's matrices (pre) 27.71 4512 29.00 0.110 25.93 4 6.69 25.50 0.383

Raven's matrices (post) 2923+ 394 30.00 26.72+583 27.00

FAB, Frontal Assessment Battery. Values are mean + SD and Median. *p < 0.05 for intra-group diifference. Intragroup differences were analyzed by Wilconxon sign ranks
test to determine the improvement after training. Statistically significant p-values are in bold.





OPS/images/fnbeh-12-00196-t002.jpg
Variables

SRT-LTS (pre)
SRT-LTS (post)
SRT-CLTR (pre)
SRT-CLTR (post)
SRTD (pre)
SRT-D (post)
SPART (pre)
SPART (post)
SPART-D (pre)
SPART-D (post)
WLG (pre)

WLG (post)
SDMT (pre)
SDMT (post)
PASAT 3" (pre)
PASAT 8" (post)
PASAT 2" (pre)
PASAT 2" (post)

Mean + SD

23.69 £ 13.93
31.58 & 14.50
16.81 + 11.96
23.00 £+ 12.59
5.41+£227
7.81 +£4.57
15.19 + 4.66
19.72 £ 65.84
5.06 + 2.50
7.48 % 4.66
18.19 + 5.60
22,65+ 7.33
31.69 £+ 10.65
35.08 + 11.22
27.06 + 12.64
33.29 £ 12.80
18.60 + 10.53
21.74 4 11.83

ITG group (N = 32)

Median

22.00
32.00
16.00
22.00

5.00

8.00
15.00
21.00

5.00

7.00
17.00
23.00
32.00
35.00
26.00
34.00
20.00
23.00

p-Value*

0.009

0.018

0.024

Mean + SD

18.33 £ 11.61
22.00 + 12.22
10.90 + 10.19
12.92 £12.31
420 £2.51
540 £2.17
16.77 £ 4.73
17.28 £5.05
5.37 £2.09
5.36 £2.23
16.63 + 5.68
18.44 £5.28
30.27 = 11.62
31.00 + 10.44
24.43 +14.72
26.36 + 13.46
19.60 + 11.98
20.36 +10.43

MTG group (N = 31)

Median

17.50
22.00

8.50
10.00

4.00

5.00
15.00
18.00

6.00

6.00
16.00
18.00
28.00
31.00
27.50
27.00
22.00
21.00

p-Value*

0.124

0.837

0.031

0.638

1.000

0.030

0.939

0.979

SRT-LTS, Selective Reminding Test-Long Term Storage; SRT- CLTR, Selective Reminding Test-Consistent Long Term Retrieval; SRT-D, Selective Reminding Test-Delayed;
SPART, Spatial Recall Test; SPART-D, Spatial Recall Test-Delayed; WLG, Word List Generation; SDMT, Symbol Digit Modalities Test; PASAT-3, Paced Auditory Serial
Addition Test-3 seconds; PASAT-2, Paced Auditory Serial Addition Test-2 seconds. Values are mean + SD and Median. *p < 0.05 for intra-group difference. Intragroup
differences were analyzed by Wilconxon sign rank test to determine the improvement after training. Statistically significant p-values are in bold.
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Variables Total sample (N = 63)

Age (years)® 48.27 +10.08 (49)
Gender (F/M, nj® 38/25
Education (years)® 12.24 £ 4.11 (13)
Disease duration (months)® 209.39 + 117.09 (174)
EDSS? 5.8+ 1.47 (6)
Relapsing remitting (n) 9
Progressive form () 54

Range
23-65
5-18
24.0-504.0
15-7.5

ITG group (N = 32)

50.22 + 8.69 (51.50)
2012
13.22 +3.44 (13)
212,57 + 105.25 225)
576+ 1.17 (6)
4
28

MTG group (N = 31)

46.20 + 11.31 (58.50)
18/13
1117 £ 4.60 (9)

205.99 + 130.28 (167)

5.16 £ 1.71 (5.75)
5
26

v

402.500

363.500
442.000
416.500

p-Value®

0.198

0.058
0.592
0.268

EDSS, Expanded Disability Status Scale. ®Values are mean = SD; the numbers in brackets represent the median values; Values are frequency® (Patient's group were
not significantly different for gender; Pearson x2 test = 0.129; p = 0.459); *p-value, intergroup diference = Mann-Whitney U-test.
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Variables ITG group (N = 32) MTG group (N = 31)

Mean + SD Median p-Value* Mean + SD Median p-Value*
FSS (pre) 4.96 +1.70 5.22 0.019 6.66 + 10.78 4.50 0.762
FSS (post) 4.44 £1.39 4.66 4.45 £ 1.53 41
BDI-I: total score (pre) 19.17 + 12.48 18.00 0.011 18.40 £ 11.91 16.00 0.549
BDI-II: total score (post) 16.84 + 12.17 16.00 18.80 + 12.35 16.00
BDI-II: cognitive (pre) 6.97 £5.77 6.00 0.031 6.68 £ 6.00 6.00 0.867
BDI-II: cognitive (post) 590 +56.71 5.00 6.36 + 5.81 5.00
BDI-II: somatic (pre) 1221 +£7.31 11.00 0.007 11.72 £ 6.49 11.00 0.343
BDI-II: somatic (post) 9.94 £7.26 9.00 1240 £7.17 11.00
STAI-Y: state (pre) 48.24 + 12.56 48.00 0.006 47.20 + 12.88 45.00 0.005
STAI-Y: state (post) 42.55 + 11.68 41.00 40.24 +£12.70 39.00
STAL-Y: trait (pre) 47.93 +12.37 50.00 0.508 49.16 + 14.02 48.00 0.493
STAI-Y: trait (post) 46.94 = 11.76 48.00 47.16 = 12.64 48.00

FSS, Fatique Severity Scale; BDI-I, Beck Depression Inventory-li; STAIY, State-Trait Anxiety Inventory. Values are: mean + SD and Median. *p < 0.05 for intra-group
difference. Intragroup differences were analyzed by Wilconxon sign ranks test to determine the improvement after training. Statistically significant p-values are in bold.
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