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Long-lasting improvements in episodic memory among subjects with mild cognitive impairment who received transcranial direct current stimulation combined with cognitive treatment and telerehabilitation: a multicentre, randomized, active-controlled study









 


	
	
ORIGINAL RESEARCH
published: 18 June 2024
doi: 10.3389/fnagi.2024.1414593








[image: image2]

Long-lasting improvements in episodic memory among subjects with mild cognitive impairment who received transcranial direct current stimulation combined with cognitive treatment and telerehabilitation: a multicentre, randomized, active-controlled study

Rosa Manenti1, Francesca Baglio2, Ilaria Pagnoni1*, Elena Gobbi1, Elena Campana1, Cristina Alaimo1, Federica Rossetto2, Sonia Di Tella2,3, Chiara Pagliari2, Andrea Geviti4, Natale Salvatore Bonfiglio4, Rocco Salvatore Calabrò5, Vincenzo Cimino5, Giuliano Binetti6, Angelo Quartarone5, Placido Bramanti5,7, Stefano F. Cappa8,9, Paolo Maria Rossini10 and Maria Cotelli1


1Neuropsychology Unit, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy

2IRCCS Fondazione Don Carlo Gnocchi – ONLUS, Milan, Italy

3Department of Psychology, Università Cattolica del Sacro Cuore, Milan, Italy

4Service of Statistics, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy

5IRCCS Centro Neurolesi “Bonino Pulejo”, Messina, Italy

6MAC Memory Clinic and Molecular Markers Laboratory, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy

7Università Degli Studi eCAMPUS, Novedrate, Italy

8Istituto Universitario Studi Superiori IUSS, Pavia, Italy

9IRCCS Fondazione Mondino, Pavia, Italy

10Department Neuroscience and Neurorehabilitation, IRCCS San Raffaele Roma, Rome, Italy

Edited by
 Antonio Ivano Triggiani, National Institute of Neurological Disorders and Stroke (NIH), United States

Reviewed by
 John Dimitrios Papatriantafyllou, Third Age Day-Care Center, IASIS, Greece
 Marina Bluma, Karolinska Institutet, Sweden

*Correspondence
 Ilaria Pagnoni, ipagnoni@fatebenefratelli.eu 

Received 09 April 2024
 Accepted 31 May 2024
 Published 18 June 2024

Citation
 Manenti R, Baglio F, Pagnoni I, Gobbi E, Campana E, Alaimo C, Rossetto F, Di Tella S, Pagliari C, Geviti A, Bonfiglio NS, Calabrò RS, Cimino V, Binetti G, Quartarone A, Bramanti P, Cappa SF, Rossini PM and Cotelli M (2024) Long-lasting improvements in episodic memory among subjects with mild cognitive impairment who received transcranial direct current stimulation combined with cognitive treatment and telerehabilitation: a multicentre, randomized, active-controlled study. Front. Aging Neurosci. 16:1414593. doi: 10.3389/fnagi.2024.1414593
 

Background: In recent years, an increasing number of studies have examined the potential efficacy of cognitive training procedures in individuals with normal ageing and mild cognitive impairment (MCI).

Objective: The aims of this study were to (i) evaluate the efficacy of the cognitive Virtual Reality Rehabilitation System (VRRS) combined with anodal transcranial direct current stimulation (tDCS) applied to the left dorsolateral prefrontal cortex compared to placebo tDCS stimulation combined with VRRS and (ii) to determine how to prolong the beneficial effects of the treatment. A total of 109 subjects with MCI were assigned to 1 of 5 study groups in a randomized controlled trial design: (a) face-to-face (FTF) VRRS during anodal tDCS followed by cognitive telerehabilitation (TR) (clinic-atDCS-VRRS+Tele@H-VRRS); (b) FTF VRRS during placebo tDCS followed by TR (clinic-ptDCS-VRRS+Tele@H-VRRS); (c) FTF VRRS followed by cognitive TR (clinic-VRRS+Tele@H-VRRS); (d) FTF VRRS followed by at-home unstructured cognitive stimulation (clinic-VRRS+@H-UCS); and (e) FTF cognitive treatment as usual (clinic-TAU).

Results: An improvement in episodic memory was observed after the end of clinic-atDCS-VRRS (p < 0.001). We found no enhancement in episodic memory after clinic-ptDCS-VRRS or after clinic-TAU.

Moreover, the combined treatment led to prolonged beneficial effects (clinic-atDCS-VRRS+Tele@H-VRRS vs. clinic-ptDCS-VRRS+Tele@H-VRRS: p = 0.047; clinic-atDCS-VRRS+Tele@H-VRRS vs. clinic-VRRS+Tele@H-VRRS: p = 0.06).

Discussion: The present study provides preliminary evidence supporting the use of individualized VRRS combined with anodal tDCS and cognitive telerehabilitation for cognitive rehabilitation.

Clinical trial registration: https://clinicaltrials.gov/study/NCT03486704?term=NCT03486704&rank=1, NCT03486704.
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1 Introduction

The Global Burden of Diseases study indicated that chronic neurological disorders (CNDs) are among the leading causes of disease burden worldwide, and the rehabilitation of CNDs appears to be a key factor for managing health problems, preventing disability, and reducing the social/economic impact of these diseases (GBD 2017 DALYs and HALE Collaborators, 2018; GBD 2019 Diseases and Injuries Collaborators, 2020; GBD 2021 Nervous System Disorders Collaborators, 2024).

Research suggests that early rehabilitation interventions for CNDs result in improved clinical outcomes; nevertheless, to date, rehabilitation is a very specialized and not always provided by the National Health Service, and it is typically performed in the advanced stage of the disease (Cieza et al., 2021).

Due to the growing need for early rehabilitation services for CNDs among the ageing population, a radical transformation of the health care system and the identification of new ways to strengthen care are necessary.

Cognitive deficits are a common consequence of neurodegenerative and other neurological disorders. The rehabilitation of neuropsychological deficits represents an expanding area of neurological rehabilitation (Taub et al., 2002; Stuss et al., 2008; Parsons, 2016; Maggio et al., 2023). Cognitive difficulties have gained increased amounts of attention in recent years. These disorders can cause significant personal, social, and functional burdens as well as difficulties with activities of daily living. Furthermore, non-pharmacological interventions to prevent and treat cognitive deficits in patients with neurodegenerative disease have been widely studied in recent years. Among non-pharmacological interventions, cognitive training is a potential approach for improving cognitive function and delaying cognitive decline (Woods and Britton, 1977; Cappa et al., 2003, 2005; Clare and Woods, 2004; Cotelli et al., 2006; Clare et al., 2010; Kortte and Rogalski, 2013; Bahar-Fuchs et al., 2013a,b, 2019; Gates and Sachdev, 2014; Hong et al., 2015; Clare, 2017; Rai et al., 2018; Kudlicka et al., 2023).

A critical aspect of cognitive rehabilitation programs is that the most promising interventions involve intensive in-person sessions that are unlikely to be cost-effective or feasible for large-scale implementation (Corbett et al., 2015; Matamala-Gomez et al., 2020; Realdon et al., 2023).

There is a need to provide alternative services dedicated to people at risk of developing neurocognitive disorders, services that can be responsive to the increased demand and at the same time reduce health care costs (Bharucha et al., 2009; Astell et al., 2019; Moyle, 2019). Equitable access to services, improved quality of care, continuous intervention, and promotion of self-management are some of the benefits that can result from the provision of digital medicine and telerehabilitation services (Cherney and van Vuuren, 2012; Cotelli et al., 2019; Maggio et al., 2024).

The delivery of rehabilitation via a variety of technologies appears to be an attractive approach for overcoming the limitations of high-intensity face-to-face (FTF) rehabilitation interventions (Brennan et al., 2011; Realdon et al., 2016; Pitt et al., 2019; Isernia et al., 2020; Rossetto et al., 2023; Pagliari et al., 2024). Moreover, telerehabilitation has been shown to have comparable outcomes to traditional in-person service delivery (Brennan et al., 2002; Rosen, 2004; Poon et al., 2005; Mashima and Doarn, 2008; Kairy et al., 2009; Cherney and van Vuuren, 2012; Jelcic et al., 2014; Vermeij et al., 2016; Antonietti et al., 2017; Burton and O'Connell, 2018; Cotelli et al., 2019; Isernia et al., 2019; Alaimo et al., 2021).

Mild cognitive impairment (MCI) is a condition associated with memory loss and with risk of cognitive decline (Petersen et al., 1999; Petersen, 2004; Petersen et al., 2014; Livingston et al., 2017; Frisoni et al., 2023). In a previous randomized controlled trial (RCT) performed by our group (Manenti et al., 2020a), we reported that cognitive function rehabilitation intervention involving the FTF Virtual Reality Rehabilitation System (VRRS) led to improved memory, language, and visuo-constructive skills compared with FTF treatment as usual. In addition, in the same participants, a cognitive telerehabilitation intervention was associated with greater maintenance of the improvements achieved than home-based unstructured stimulation.

Neurorehabilitation is a rapidly renewing field, and the change is being fuelled by the introduction of cutting-edge technologies, such as digital health technologies and noninvasive brain stimulation techniques, which enable personalized treatment approaches.

In this regard, in recent years, the use of neuromodulation techniques, such as transcranial direct current stimulation (tDCS), has emerged because of their ability to modify cortical plasticity by increasing excitability in cortical neurons within a specific network, improving cognitive abilities (Brunoni et al., 2012; Dayan et al., 2013; Antal et al., 2017; Lefaucheur et al., 2017; Menardi et al., 2022) in neurodegenerative disease (Cotelli et al., 2012, 2020; Manenti et al., 2020b; Saxena and Pal, 2021). Studies have suggested that the use of noninvasive techniques coupled with cognitive intervention is more effective than cognitive training or noninvasive brain stimulation applied alone (Hsu et al., 2015; Brem et al., 2020; Cotelli et al., 2020; Nissim et al., 2020; Pergher et al., 2022).

Consistent with this hypothesis, this study aimed to (i) evaluate the efficacy of Face-to-Face cognitive VRRS combined with anodal tDCS applied to the left dorsolateral prefrontal cortex (DLPFC) on episodic memory compared to placebo tDCS stimulation combined with Face-to-Face cognitive VRRS and FTF cognitive treatment as usual and (ii) determine how to prolong the beneficial effects of the treatment using a telerehabilitation approach. To achieve these objectives, we recruited a sample of subjects with MCI who underwent FTF VRRS combined with anodal or placebo tDCS followed by cognitive telerehabilitation, and we analysed the collected data along with those acquired in our previous study (Manenti et al., 2020a).



2 Materials and methods

Participants were recruited at the IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli of Brescia, the IRCCS Fondazione Don Carlo Gnocchi Onlus of Milan, and the IRCCS Centro Neurolesi Bonino-Pulejo of Messina from April 2018 to November 2022 (see Figure 1).
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FIGURE 1
 Flow chart showing study subject enrolment and sample processing.



2.1 Study design

In this randomized, multicentre, active-controlled study, both the investigators and the outcome assessors were blinded to the treatment assigned to the participants. The study was approved by the local ethics committees (Ethics Statement numbers 48/2017 and 41/2020), conducted in accordance with the Declaration of Helsinki, and reported according to CONSORT guidelines (Boutron et al., 2008, 2017), and the trial was registered on clinicaltrials.gov (NCT number: NCT03486704). The CONSORT checklist is provided in the Supplementary materials.

All participants were fully aware of the aims of the study; written informed consent was obtained. A total of 109 subjects with MCI were randomly assigned to one of five experimental conditions: (a) Face-to-Face VRRS during anodal tDCS followed by cognitive telerehabilitation-TR (clinic-atDCS-VRRS+Tele@H-VRRS); (b) Face-to-Face VRRS during placebo tDCS followed by cognitive telerehabilitation (clinic-ptDCS-VRRS+Tele@H-VRRS); (c) Face-to-Face VRRS followed by telerehabilitation (clinic-VRRS+Tele@H-VRRS); (d) Face-to-Face VRRS followed by at-home unstructured cognitive stimulation (clinic-VRRS+@H-UCS); and (e) Face-to-Face cognitive treatment as usual (clinic-TAU).

Stratified randomization was performed by AG and NSB based on age and scores on the Mini Mental State Examination (MMSE; Folstein et al., 1975). Details of the allocated group were given to the researcher who wrote the treatment on cards contained in sequentially numbered, opaque, and sealed envelopes.

The original study protocol (Ethic Statement number 48/2017; Manenti et al., 2020a) was amended (Ethics Statement number 41/2020) by adding two experimental groups (clinic-atDCS-VRRS+Tele@H-VRRS; clinic-ptDCS-VRRS+Tele@H-VRRS) to evaluate the efficacy of cognitive VRRS combined with anodal tDCS applied to the left DLPFC compared to that of placebo tDCS stimulation combined with VRRS on episodic memory (Marion and Althouse, 2023). See Figure 2 Panel A.
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FIGURE 2
 Experimental procedure for the face-to-face cognitive virtual reality rehabilitation system combined with anodal tDCS followed by cognitive telerehabilitation (clinic-atDCS-VRRS+Tele@H-VRRS) and for face-to-face cognitive virtual reality rehabilitation system combined with placebo tDCS followed by cognitive telerehabilitation (clinic-ptDCS-VRRS+Tele@H-VRRS). (A) Face-to-face (FTF) cognitive virtual reality rehabilitation system (VRRS) combined with tDCS followed by cognitive telerehabilitation. (B) Timeline for the experimental protocol of the FTF cognitive virtual reality rehabilitation system (VRRS) combined with anodal or placebo tDCS followed by cognitive telerehabilitation. (C) Current flow model of tDCS montage (anode over F3 and cathode over the right supraorbital area), using two 7×5 cm sponge pads represented in axial, sagittal and coronal views from the Male 1 model in the Soterix HD Targets software (Soterix Medical). Arrows represent the direction of current flow.


The study protocol was carried out with no changes from the above amendments.



2.2 Participants

A total of 109 older adults who met the Petersen criteria for MCI (Petersen, 2011) and who were followed up annually for at least 2 years before enrolment were recruited. The inclusion criteria were as follows: (a) subjective complaints by the subject, a reliable informant or an expert clinician; (b) defective performance in at least one cognitive domain; (c) MMSE score greater than or equal to 24/30 (Folstein et al., 1975); (d) global Clinical Dementia Rating (CDR) score less than or equal to 1 (Morris, 1997); (e) preservation of functional autonomy; (f) absence of criteria for a diagnosis of dementia according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5; American Psychiatric Association, 2014); and (g) absence of depressive and anxiety symptoms. The exclusion criteria were as follows: other neurological or psychiatric disorders, visual or auditory perception disorders, history of traumatic brain injury, brain tumor or stroke, and alcohol abuse. No other cognitive training was administered during the duration of the present study (from baseline to the last follow-up assessment). Any contraindication for tDCS, such as a history of seizures, major head trauma, past brain surgery, brain metal implant, or a pacemaker, excluded the participant from the allocation to groups involving tDCS application.

The sample size calculation was based on a prior study assessing the effect of VRRS on MMSE scores in patients with Alzheimer’s disease (AD; Jelcic et al., 2014). Considering a significance level (α) of 0.05, a power (1-β) = 80 (two-tailed independent t test), and a dropout rate of 35%, the estimated sample size was twenty participants for each group.



2.3 Assessment procedures

Detailed records of previous medical events/visits and current medication, the Clinical Dementia Rating (CDR) scale (Morris, 1997), the Edinburgh Handedness Inventory (EHI; Oldfield, 1971), and the Cognitive Reserve Index questionnaire (CRIq; Nucci et al., 2012) were completed exclusively at the baseline assessment. Moreover, a comprehensive clinical, functional, and neuropsychological evaluation (approximately 90 min) was carried out for all groups at baseline (T0), at the end of FTF treatment (T1, 1 month from baseline), and at four (T2) and 7 months (T3) from baseline by expert neuropsychologists blinded to the treatment allocation of the participants.

Clinical and functional assessments included the Everyday Memory Questionnaire (EMQ; Sunderland et al., 1986; Calabria et al., 2011) for the evaluation of subjective memory complaints, basic (BADL) and instrumental activity of daily living (IADL) scales (Katz, 1983; Lawton and Brody, 1988) to assess the degree of autonomy in activities of daily living, the Geriatric Depression Scale (GDS; Yesavage et al., 1982) for depressive symptoms, the Neuropsychiatric Inventory (NPI; Cummings et al., 1994; Binetti et al., 1998) for neuropsychiatric symptoms and the Quality of Life in Alzheimer’s Disease (QOL-AD) scale (Bianchetti et al., 2017) for a measure of quality of life.

The standardized neuropsychological battery comprised the Mini Mental State Examination (MMSE; Folstein et al., 1975) for the assessment of global cognition as well as the following cognitive tests, which covered a broad range of cognitive abilities: the Rey Auditory Verbal Learning Test (RAVLT) for immediate and delayed recall (Carlesimo et al., 1996); the Free and Cued Selective Reminding Test (FCSRT; Frasson et al., 2011) and the Rey–Osterrieth complex figure (ROCF) test-recall (Caffarra et al., 2002) for episodic memory; Raven’s Colored Progressive Matrices for nonverbal reasoning (Basso et al., 1987); verbal fluency (phonemic and semantic; Novelli et al., 1986) and action and object naming subtests from the Battery for Aphasic Deficit Analysis (BADA; Miceli et al., 1994) for language production; the ROCF test-copy (Caffarra et al., 2002) for visuo-constructive abilities; and the Trail Making Test (TMT) part A and part B (Giovagnoli et al., 1996) for attention and executive functions (Lezak et al., 2012; see Tables 1, 2 for details).



TABLE 1 Sample characteristics.
[image: Table1]



TABLE 2 Descriptive statistics for clinical, functional, and neuropsychological evaluation.
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The participants who received FTF VRRS treatment (clinic-atDCS-VRRS+Tele@H-VRRS, clinic-ptDCS-VRRS+Tele@H-VRRS, clinic-VRRS+Tele@H-VRRS and clinic-VRRS+@H-UCS) underwent an assessment of system usability via the System Usability Scale (SUS; Brooke, 1996; Bangor et al., 2008, 2009; Peres et al., 2013) at T1. Moreover, we recorded the SUS scores at T2 in the subjects who underwent home-based treatment (clinic-atDCS-VRRS+Tele@H-VRRS, clinic-ptDCS-VRRS+Tele@H-VRRS, clinic-VRRS+Tele@H-VRRS and clinic-VRRS+@H-UCS).



2.4 Treatment

Participants received an FTF treatment that could be followed by a home-based treatment, according to their group allocation. The different types of FTF and home-based treatments outlined in this study protocol are described in the following paragraphs.


2.4.1 Face-to-face treatment

All the participants enrolled in the study received 12 sessions of FTF cognitive training. According to the experimental group allocation, participants could undergo one of four treatments during FTF treatment: (a) FTF VRRS (clinic-VRRS) or (b) FTF cognitive treatment as usual (clinic-TAU); (c) FTF VRRS during anodal tDCS (clinic-atDCS-VRRS); (d) FTF VRRS during placebo tDCS (clinic-ptDCS-VRRS).


2.4.1.1 Clinic-VRRS

Twelve 60-min sessions (over 4 weeks) of individualized cognitive rehabilitation using VRRS1 were administered to participants assigned to the clinic-VRRS.

The FTF cognitive VRRS included 12 exercises designed to enhance memory, visuospatial abilities, attention and executive functions. In each treatment session, the participant worked with six exercises, 10 min each, so that each exercise was completed six times over the 12 clinic-VRRS sessions. In all the sessions, except for the first and last sessions, strategies aimed at improving the subject’s performance were suggested by the researcher. Each training session ended with feedback on performance, and a detailed report was available. Clinic-VRRS treatment was tailored to the participant’s baseline characteristics: the starting level was adjusted using an adaptive staircase procedure. Progress was continuously monitored by the researcher, and each exercise adaptively progressed in difficulty.



2.4.1.2 Clinic-TAU

Participants assigned to the clinic-TAU group received 12 60-min sessions of group cognitive stimulation in the clinic. During these group sessions, metacognitive training aimed at learning cognitive strategies and using external aids, reminiscence therapy, reality orientation therapy, and paper and pencil exercises was proposed by mental health professionals.



2.4.1.3 Clinic-atDCS-VRRS or clinic-ptDCS-VRRS

To evaluate the efficacy of the cognitive VRRS combined with anodal tDCS applied to the left DLPFC, all of the individuals allocated to the clinic-atDCS-VRRS+Tele@H-VRRS or clinic-ptDCS-VRRS+Tele@H-VRRS group received tDCS stimulation over the left DLPFC (Anodal or Placebo, based on the assigned group) during the FTF VRRS cognitive training, starting at the beginning of the training (Figure 2 Panel A and B).

A tDCS stimulator (BrainStim, EMS, Bologna, Italy) delivered a constant low-intensity (2 mA) current for 25 min (with a ramping period of 10 s at the beginning and at the end of the tDCS session) through two saline-soaked sponge electrodes (7 cm x 5 cm, current density: 0.06 mA/cm2) (Bikson et al., 2016; Antal et al., 2017). An electroconductive gel was applied under the electrodes to reduce impedance, as in previous studies (Manenti et al., 2013; Sandrini et al., 2014, 2016). Participants and researchers were blinded to the tDCS condition applied: the anodal (active) or placebo stimulation mode was selected by entering a code.

The targeted region was the left DLPFC: the anode electrode was placed over F3, according to the 10–20 EEG international system, and the cathode electrode was located over the right supraorbital area. Figure 2 Panel C shows a graphical representation of the computerized modeling of tDCS-induced current flow.2 In the Placebo tDCS condition, the current was turned off 10 s after the beginning and was turned on for 10 s at the end of the stimulation period so that the participants could not distinguish between anodal and placebo stimulation (Manenti et al., 2013). Sensations induced by tDCS were assessed immediately after the stimulation session (Fertonani et al., 2015).




2.4.2 Home-based treatment

According to the experimental group allocation, participants could undergo one of two treatments during home-based treatment: (a) cognitive telerehabilitation-TR (Tele@H-VRRS); (b) at-home unstructured cognitive stimulation (@H-UCS); or no home-based treatment.


2.4.2.1 Tele@H-VRRS

After the end of FTF treatment, the participants assigned to Tele@H-VRRS received thirty-six 60-min sessions (3 sessions/week over 3 months) of home-based cognitive VRRS treatment (see text footnote 1, respectively). Twelve exercises different from those used in FTF VRRS training and designed to enhance memory, visuospatial abilities, attention and executive functions were selected. Each treatment session comprised six exercises (10 min each), and each exercise was completed 18 times over the thirty-six home-based VRRS sessions. Task difficulty adaptively progressed, and performance was continuously monitored by the researcher.

The VRRS has telerehabilitation functionalities, thus enabling the use of the same functionalities applied in the FTF treatment and the adjustment of exercise characteristics. Before beginning the home-based treatment, the researcher scheduled all 36 sessions of the individualized cognitive training exercise on the subject’s tablet. Moreover, a dedicated role-playing session was conducted with both the participant and his/her caregiver in order to familiarize with the technology. Specifically, the researcher shown they how to use the technological device and they were introduced to all the cognitive exercises included in the home-based treatment.

During home-based treatment, the researcher provided continuous assistance for technical difficulties, and the task difficulty of the individualized cognitive training exercises was remotely adapted once a week via a telerehabilitation platform by the clinician. Each participant received a home-based kit including a tablet that allowed access to a daily individualized training program, a detailed VRRS tablet manual, an exercise instructions booklet, and a diary.



2.4.2.2 @H-UCS

Subjects assigned to @H-UCS were requested to work on detailed activities (paper and pencil exercises, creative manual activities, reading newspapers and magazines, watching documentaries, crosswords, and sudoku) 60 min a day, 3 times a week over 12 weeks (36 sessions in total). Participants received an instruction booklet and a diary.





2.5 Statistical methods

Summary statistics are expressed as the means and standard deviations. Comparisons of sociodemographic features, the scales completed exclusively at the baseline assessment and the system usability scale (SUS) scores between groups were evaluated by parametric (t tests) or corresponding nonparametric (Kruskal-Wallis) tests. The perceptions of sensation scores were compared between the anodal and placebo tDCS groups using the Mann–Whitney test.

The analyses were carried out using a modified intention-to-treat (mITT) approach. Specifically, given the lack of a unanimous consensus on this definition, as illustrated by Abraha and Montedori (2010), the inclusion criteria were based on the presence of at least a baseline assessment (four subjects had only a baseline assessment). According to the Cochrane guidelines for randomized trials,3 when dealing with a relatively low percentage of missing values [between 5% (small) and 20% (large); in our case, the percentage of missing values was 8% for all variables, except for TMT], it is reasonable to include participants with some missing values. Ultimately, the decision was made to retain the actual scores without replacement, as the type of analysis applied to the outcomes (generalized linear modeling, which allows the inclusion of all available observations without listwise deletion) and the reduced percentage of missing values in different conditions significantly reduce the risk of bias due to missingness in result interpretation.

Consistent with our first aim, we evaluated the efficacy of FTF cognitive VRRS combined with anodal tDCS compared to that of placebo tDCS stimulation combined with VRRS and of FTF cognitive treatment as usual for episodic memory (RAVLT and FCSRT scores).

For this purpose, we considered three groups of subjects—those who received clinic-atDCS-VRRS+Tele@H-VRRS, clinic-ptDCS-VRRS+Tele@H-VRRS or clinic-TAU—and compared their scores at all the time points (T0, T1, T2, T3). Based on the inherent distribution profiles of the variables (Gaussian, negative binomial, gamma, or Tweedie), we employed generalized linear mixed models (GLMMs) to examine the variations in scores between the three groups and across four distinct time points (T0, T1, T2, T3). Each model incorporated a distinct test score as the dependent variable, while independent variables included time, group, and the interaction term time*group. We treated time, group, and their interaction as fixed effects, while we considered the subjects as random effects. We implemented a repeated measure setting with an AR1 (first order autoregressive) covariance matrix. The AR1 structure explicitly models the correlation between repeated measures on the same subject, assuming that measurements taken closer in time are more highly correlated than those taken further apart. This structure helps in capturing the within-subject variability. Additionally, robust standard errors were requested for the fixed effects covariance estimates when necessary. This approach provides more reliable standard errors and test statistics when data assumptions like homoscedasticity or normality are violated. Post hoc assessments underwent correction using the sequential Bonferroni method. This method, differently from the classical Bonferroni method, is based on the ranking of p-values. Sequential Bonferroni-adjusted p-values were calculated. If this adjusted p-value was less than 0.05, it meant the result was still statistically significant even after the correction. When multiple comparisons were involved, we reported the sequential Bonferroni-adjusted p-value together with the non-adjusted one. Statistical analyses were performed using SPSS version 29.0, and R software (R Core Team, 2013) was used for the creation of graphical representations.

Consistent with our second aim, we assessed the possibility of prolonging the beneficial effects obtained after FTF treatment using a telerehabilitation approach. For this purpose, we considered all the experimental groups (clinic-atDCS-VRRS+Tele@H-VRRS, clinic-ptDCS-VRRS+Tele@H-VRRS, clinic-TAU, clinic-VRRS+Tele@H-VRRS, and clinic-VRRS+@H-UCS), and we compared the changes between T0 and T3 (i.e., the last follow-up visit). To achieve our objective, for the outcomes that improved significantly from T0 to T1, we calculated the difference (referred to as deltaT) between the scores recorded at time T3 and those at baseline (T0). DeltaT served as the dependent variable for our analysis. The distribution of deltaT closely resembled a beta distribution, characterized by its symmetrical shape and evidence of overdispersion. Consequently, we opted for beta regression, adjusting the distribution’s mean to zero to facilitate this process and considering group (with five different levels, one for each condition) as a predictor of the deltaT outcome. To enhance the interpretability of the regression coefficients, we applied an exponential transformation to them. The transformed coefficients should be understood as odds ratios, offering insights into the relationship between our independent variables and the observed changes in scores.




3 Results

A total of 247 subjects were evaluated for inclusion in this study. Ultimately, 138 subjects were excluded (80 subjects did not meet the inclusion criteria, 41 subjects declined to participate mostly due to the COVID-19 pandemic, and 17 for other reasons), whereas 109 subjects were deemed eligible for participation.

These 109 subjects were randomized into five experimental groups: 23 participants were allocated to the clinic-atDCS-VRRS+Tele@H-VRRS group; 21 participants were allocated to the clinic-ptDCS-VRRS+Tele@H-VRRS group; 20 participants were allocated to the clinic-VRRS+Tele@H-VRRS group; 23 subjects were allocated to the clinic-VRRS+@H-UCS group; and 22 participants were allocated to the clinic-TAU group (see Figure 1).


3.1 Participants

We enrolled 109 subjects with MCI, 72 (66%) with amnestic MCI and 37 (34%) subjects with nonamnestic MCI (Petersen, 2011). In particular, the current sample included (i) 36 subjects with amnestic single-domain MCI (aMCI-s), (ii) 36 subjects with amnestic multiple-domain MCI (aMCI-m), (iii) 26 subjects with nonamnestic single-domain MCI (naMCI-s), and (iv) 11 subjects with nonamnestic multiple-domain MCI (naMCI-m).

The five groups did not differ in terms of age (p = 0.268), education (p = 0.687), MMSE score (p = 0.961), EHI score (p = 0.311), CRI-Total Score (p = 0.422), CRI-Education score (p = 0.969), CRI-Working Activity score (p = 0.959), CRI-Leisure Time score (p = 0.068), or CDR scale score (p = 0.639), but there was a significant difference in sex (p = 0.013). See Table 1.



3.2 Face-to-face cognitive virtual reality rehabilitation system combined with anodal tDCS efficacy

Descriptive statistics for the clinical, functional, and neuropsychological evaluation scores at each time point are shown in Table 2.

The results of the GLMMs are presented in Table 3. The only outcome that manifested significant differences between the three groups (clinic-atDCS-VRRS+Tele@H-VRRS, clinic-ptDCS-VRRS+Tele@H-VRRS, and clinic-TAU) from T0 to T1 and over the four time points (T0, T1, T2, and T3) was the immediate free recall (IFR) score of the FCSRT (interaction group*time: p = 0.002). In particular, the analyses revealed improvement from T0 to T1 (p = 1.03*10–5; p adj. = 0.00037) and maintenance at T3 (T0 to T3, p = 1.06*10–5; p adj. = 0.00037) only in the clinic-atDCS-VRRS+Tele@H-VRRS group (Figure 3A). Significant Group*Time interactions were also found for RAVLT-Immediate Recall (p = 0.002) and BADA-Objects Naming (p = 0.016), but none of the three groups improved or deteriorated significantly from T0 to T1. In particular, the analyses showed a decrease in RAVLT-Immediate Recall scores from T0 to T3 (p = 0.0005; p adj. = 0.017) only in the clinic-ptDCS-VRRS+Tele@H-VRRS group, while none of the groups showed a significant improvement or decrease over the four timepoints regarding BADA-Objects Naming.



TABLE 3 Generalized linear mixed models results for clinical, functional, and neuropsychological evaluation.
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FIGURE 3
 (A) Effects of face-to-face (FTF) cognitive virtual reality rehabilitation system (VRRS) combined with anodal tDCS followed by cognitive telerehabilitation (clinic-atDCS-VRRS+Tele@H-VRRS) vs. FTF cognitive VRRS combined with placebo tDCS followed by cognitive telerehabilitation (clinic-ptDCS-VRRS+Tele@H-VRRS) vs. FTF cognitive treatment as usual (clinic-TAU) on the immediate free recall (IFR) score of the Free and Cued Selective Reminding Test (FCSRT). Asterisks indicate significant comparisons for clinic-atDCS-VRRS+Tele@H-VRRS from T0 to T1 (p < 0.001) and from T0 to T3 (p < 0.001). (B) Long-term beneficial effects of face-to-face VRRS during anodal tDCS followed by cognitive telerehabilitation (clinic-atDCS-VRRS+Tele@H-VRRS). Box-plot of the delta deviations (differences between the scores recorded at time T3 and those at baseline T0) for the different conditions are reported. Asterisks indicate conditions that differed significantly from those of the clinic-atDCS-VRRS+Tele@H-VRRS group.




3.3 Long-term beneficial effects of face-to-face cognitive VRRS during anodal tDCS followed by cognitive telerehabilitation

Consistent with our second aim, we assessed the possibility of prolonging the beneficial effects obtained after FTF treatment with a beta regression analysis.

Regarding the neuropsychological assessment, as reported earlier, the outcome that behaved in a significantly different way in the three groups over time was the IFR of the FCSRT.

The analyses showed that the gains in episodic memory (FCSRT, IFR score) were maintained up to the 7-month (T3) follow-up only in the clinic-atDCS-VRRS+Tele@H-VRRS group. Specifically, the comparison between the effects of clinic-based ptDCS-VRRS combined with Tele@H-VRRS and clinic-based atDCS-VRRS combined with Tele@H-VRRS revealed an estimated effect of −0.5887 for clinic-ptDCS-VRRS+Tele@H-VRRS compared to clinic-atDCS-VRRS+Tele@H-VRRS (p = 0.047; odds ratio = 0.56) when clinic-atDCS-VRRS+Tele@H-VRRS was used as the reference group. Moreover, clinic-VRRS+Tele@H-VRRS had an estimated effect of −0.53 compared to that of clinic-atDCS-VRRS+Tele@H-VRRS (p = 0.06; odds ratio = 0.59), using clinic-atDCS-VRRS+Tele@H-VRRS as the reference group (Figure 3B). Additionally, the model showed a pseudo R-squared value of 0.088, explaining approximately 8.8% of the variability in the outcome variable.



3.4 System usability scale

Interestingly, the SUS, administered at T1 to the four groups who received clinic-VRRS, showed good usability performance of the clinic-VRRS system (72.2, SD 11.6), and the SUS scores obtained at T2 in the three groups that underwent home-based treatment (Tele@H-VRRS and @H-UCS) from T1 and T2 highlighted good usability performance (74.4, SD 9.4) of the VRRS telerehabilitation system (Bangor et al., 2008).



3.5 tDCS-perceptual sensations questionnaire

tDCS perceptual sensation questionnaire scores reported during anodal tDCS were compared with those reported during placebo tDCS (clinic-atDCS-VRRS+Tele@H-VRRS vs. clinic-ptDCS-VRRS+Tele@H-VRRS group), showing comparable tDCS-induced sensations in the two stimulation conditions (clinic-atDCS-VRRS+Tele@H-VRRS: 1.39 SD 0.90, clinic-ptDCS-VRRS+Tele@H-VRRS: 1.69 SD 0.98, U = 172.5, p = 0.230). Overall, only a few subjects reported low-intensity perceptual sensations related to the application of tDCS (burning, itching, and tingling).




4 Discussion

Episodic memory refers to the memory of past life events (Tulving, 1983) and displays the greatest degree of age-related decline (Rönnlund et al., 2005; Salthouse, 2011; Vestergren and Nilsson, 2011), a process that is accelerated in pathological conditions such as MCI and AD.

Non-pharmacological interventions to prevent and treat cognitive deficits and the associated difficulties with activities of daily living in neurodegenerative disease patients have gained attention in recent years. Among these interventions, cognitive training offers a potential approach for dementia prevention and for the improvement of cognitive functions (Cappa et al., 2003; Cotelli et al., 2006; Bahar-Fuchs et al., 2013a, 2013b; Yao et al., 2020; Hu et al., 2022). A critical aspect of cognitive training programs is that the most promising interventions involve intensive in-person sessions that are unlikely to be cost-effective or feasible for large-scale implementation (Botsis et al., 2008; Brennan et al., 2009; Corbetta et al., 2015). Within the framework of non-pharmacological interventions, the use of technology to assist people at risk of developing cognitive disorders or mild dementia at home has gradually gained importance (Realdon et al., 2016; Rossetto et al., 2023). Moreover, in recent years, tDCS has been considered a promising, noninvasive neuromodulation technique for individuals suffering from MCI (Palimariciuc et al., 2023). Since some evidence suggests that it might be worth exploring new cognitive rehabilitation approaches, we applied cognitive rehabilitation training combined with tDCS and telerehabilitation herein (Isernia et al., 2019; Nousia et al., 2021; Menengi̇ç et al., 2022; Torpil et al., 2023).

In particular, we evaluated the efficacy of cognitive virtual reality rehabilitation system (VRRS) combined with anodal transcranial direct current stimulation (tDCS) applied to the left dorsolateral prefrontal cortex (DLPFC) compared to that of placebo tDCS combined with VRRS, and we assessed the possibility of prolonging the beneficial effects. Referring to long-term memory, we targeted the left DLPFC, in line with previous studies that used noninvasive brain stimulation techniques to prove the involvement of this area in memory abilities (Fletcher and Henson, 2001; Rossi et al., 2001, 2004, 2006; Sandrini et al., 2003, 2013, 2014, 2016, 2019, 2020; Manenti et al., 2010, 2011, 2012, 2013, 2016, 2017, 2020b; Sandrini and Cohen, 2014; Brambilla et al., 2015; Krebs et al., 2020; Vaqué-Alcázar et al., 2021). Some researchers have used multiple sessions of tDCS to induce long-lasting effects in subjects with MCI (Yun et al., 2016; Fileccia et al., 2019; Gomes et al., 2019; Sandrini et al., 2020; Gu et al., 2022), but long-term effects of the intervention have been recorded in few studies (Murugaraja et al., 2017; Das et al., 2019; Gomes et al., 2019; Lu et al., 2019; Gu et al., 2022). At the neuronal level, in subjects with MCI, tDCS has been shown to increase regional cerebral metabolism in multiple brain regions, including the insula, hippocampus, and parahippocampus (Yun et al., 2016; Fregni et al., 2021).

Here, we found that an innovative in-person cognitive neurorehabilitation approach (FTF VRRS during anodal tDCS - clinic-atDCS-VRRS) was able to enhance episodic memory in MCI patients. The rationale for the application of tDCS in MCI and AD patients is based on modulating cortical excitability with a combined approach, which involves the induction of neuroplasticity through the activation of impaired cognitive functions in conjunction with tDCS. Therefore, the combined application of specific cognitive training and tDCS is essential for inducing synaptic plasticity mechanisms (Zimerman et al., 2013; Hsu et al., 2015; Prehn and Flöel, 2015; Yun et al., 2016; Gu et al., 2022).

In addition, we observed that MCI subjects who had received face-to-face cognitive rehabilitation combined with neuromodulation followed by asynchronous tablet telerehabilitation treatment (clinic-atDCS-VRRS+Tele@H-VRRS) maintained improvements in memory at the 7-month follow-up. Telerehabilitation technologies allow services to be provided remotely in patients’ homes, allowing access to health care to individuals living in rural settings or with mobility difficulties (Rogante et al., 2010; Brennan et al., 2011; Peretti et al., 2017; De Cola et al., 2020; Lawson et al., 2020; Maresca et al., 2020; Cruse et al., 2022). In addition, the telerehabilitation modality offers the advantage of providing rehabilitation within the natural environment of the patient’s home, making the treatment more realistic and possibly more generalizable to the person’s daily life (McCue et al., 2010).

In line with our previous results, this study confirms the feasibility of telerehabilitation in subjects with MCI, which is likely related to participants engagement in a telerehabilitation design involving asynchronous researcher–patient interactions (Matamala-Gomez et al., 2020). Overall, high rates of participant agreement, recruitment, and treatment adherence supported the feasibility of both in-person cognitive neurorehabilitation treatment (clinic-atDCS-VRRS) and telerehabilitation with home-based cognitive VRRS interventions (Tele@H-VRRS). Moreover, the analyses of system usability demonstrated the good usability of the VRRS applied in clinic (clinic-VRRS) and at home (Tele@H-VRRS). The present results are in line with recent findings and meta-analyses published on the efficacy and feasibility of a cognitive telerehabilitation program in individuals with MCI (Poon et al., 2005; Vermeij et al., 2016; Burton and O’Connell, 2018; Mosca et al., 2020; Nousia et al., 2021; Cacciante et al., 2022; Bernini et al., 2023; Chan et al., 2024).

In particular, MCI patients who received VRRS cognitive treatment in the clinic associated with anodal tDCS followed by VRRS tablet telerehabilitation showed greater maintenance of treatment gains in Immediate Free Recall (IFR) on the Free and Cued Selective Reminding Test (FCSRT), and these enhancements were maintained over a 7-month follow-up. The FCSRT (Buschke, 1984; Grober et al., 1997) is the memory test recommended by the International Working Group on AD (Dubois et al., 2007) for the detection of significant and progressive episodic memory impairment (Lemos et al., 2015). The FCSRT assesses verbal episodic memory with controlled learning and semantic cueing. This test has been shown to be useful in predicting the presence of dementia (Grober et al., 2000), in distinguishing AD from other dementias (Pillon et al., 1994; Pasquier et al., 2001) and in predicting the progression from MCI to AD (Sarazin et al., 2007; Frasson et al., 2011; Clerici et al., 2017). Interestingly, FCSRT scores have been shown to correlate with structural measures of hippocampal atrophy (Sarazin et al., 2010). Specifically, the treatment proposed in this paper involving the combination of anodal tDCS and cognitive training followed by TR improved the IFR of the FCRST in MCI patients, and this increase remained stable at the 7-month follow-up. While the present findings emphasize the importance of telerehabilitation for treating cognitive deficits to slow the progression of the disease, standardization of methodological aspects of the studies is required to obtain more homogenous data and to determine the optimal type and dose of cognitive telerehabilitation (Maggio et al., 2024).

We acknowledge that our study has some limitations. First, a larger sample size might allow us to account for individual differences that could influence the efficacy of the treatment; consequently, the findings should be confirmed in larger samples. Furthermore, in future trials, we will consider a cost-effectiveness analysis of the telerehabilitation approach (Dávalos et al., 2009) and the possibility of planning longer follow-up visits to follow the progress of the improvement obtained after treatment over a longer period of time. Moreover, the lack of control conditions applying tDCS over different cortical areas might represent further limitations of the present study. Furthermore, the placement of the reference electrode in a cephalic region (either anode or cathode) with an equally sized anodal electrode can induce reference-specific effects (anodal/ cathodal) in parallel to the cathodal/anodal effects of the active electrode. Finally, further studies could test for possible learning effects due to the repetition of the tests at several time points, even if the specificity of the results on episodic memory and the selective recording of improvements in the FTF VRRS during anodal tDCS (clinic-atDCS-VRRS) effect, recorded in only one group of subjects, suggest that the cognitive improvements observed in our study cannot be solely accounted for by task practice effects.

Nonetheless, the findings in this study are encouraging, providing preliminary evidence in support of individualized VRRS treatment coupled with tDCS and telerehabilitation for cognitive rehabilitation. Our results should pave the way for future studies aimed at identifying optimal treatment protocols for individuals with MCI. The combination of innovative technologies such as telerehabilitation and transcranial direct current stimulation may be particularly relevant for obtaining the best possible enhancement in subjects with limited access to therapy due to geographical distance, transport difficulties or a lack of local services.

In conclusion, although further research is needed, there is promising evidence for the implementation of transcranial current stimulation and telerehabilitation components in cognitive rehabilitation programs dedicated to individuals with MCI (Cotelli et al., 2019; Cacciante et al., 2022). Further studies are needed on the organizational aspects of TR service delivery, reimbursement for remotely delivered services, and ways to provide training for the involved health care personnel. A further development is the delivery of neurorehabilitation programs using noninvasive brain stimulation technology at home (Charvet et al., 2015, 2020; Pilloni et al., 2022).
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