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A R T I C L E I N F O A B S T R A C T

Background: Cognitive impairment is highly prevalent after stroke, and effective long-term rehabilitation strate-

gies remain limited. Mindlenses Professional is a medical device that combines prism adaptation, delivered

through wearable prismatic glasses, with tablet-based digital cognitive training using serious games.

Objective: To evaluate the efficacy of Mindlenses Professional, compared with standard paper-and-pencil cognitive

rehabilitation, on multiple cognitive outcomes in participants with stroke over a 6-month follow-up.

Methods: In this randomized controlled clinical trial, 60 participants with stroke underwent 10 rehabilitation ses-

sions over 2 weeks. Neuropsychological assessments were performed at baseline (T0), immediately after treat-

ment (T1), and at 3- and 6-month follow-ups (T2−T3). Composite scores were computed for visual perception,

hemineglect, language, memory, and executive functions. Longitudinal changes were analyzed using linear and

generalized linear mixed-effects models, with group, lesion side, and time as fixed factors.

Results: Compared with standard rehabilitation (control group), the use of Mindlenses Professional induced

greater and sustained improvements in hemineglect and language. The experimental group showed significant

advantages for hemineglect at 3 months and for language at all posttreatment time points. In the memory domain,

significant gains emerged from 3 months onward and further increased at 6 months. Executive functions

improved in both groups, with a differential temporal pattern influenced by lesion side and a marked long-term

advantage in participants with right-hemisphere stroke treated with Mindlenses. Visuoperceptual performance

remained stable in the experimental group, whereas it declined over time in the control group.

Conclusion: These findings support the integration of prism adaptation and digital cognitive training as a safe, fea-

sible, and promising approach for long-term poststroke cognitive rehabilitation.

Clinical trial registration: NCT07322614; retrospectively registered on January 7, 2026.
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Introduction

Stroke is one of the leading causes of acquired disability in adults,

with consequences that extend beyond motor deficits to frequently

include cognitive impairments such as attention, memory, executive

functions, and visuospatial abilities [1]. For poststroke rehabilitation to

be effective, it must involve an integrated approach that includes

cognitive rehabilitation [2], aimed at promoting functional recovery by

stimulating cortical reorganization processes.

In recent years, interest has grown in non-invasive neuromodulation

techniques [3] to activate brain plasticity through controlled alteration

of sensory input. Specifically, the manipulation of visuo-motor channels

has been shown to generate a conflict between perception and action,

activating error correction circuits that involve the cerebellum and
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parietal cortex [4−6]. This mechanism supports the functional adapta-

tion of neural networks, thereby facilitating the recovery of impaired

functions.

Prism adaptation (PA) is a technique based on the controlled devia-

tion of the visual field using prismatic lenses. It was initially employed

in the treatment of unilateral spatial neglect in participants with right-

hemisphere lesions. Subsequently, its effectiveness was demonstrated

even in the absence of neglect. In particular, Frassinetti, Magnani and

Oliveri [7] showed that PA can alter the subjective perception of event

duration (ie, time estimation), suggesting the involvement of neural sys-

tems responsible for sensory integration and recalibration. Moreover,

Magnani, Caltagirone and Oliveri [8,9] reported that prism-induced

deviation increases cortical excitability in the hemisphere ipsilateral to

the deviation, an effect considered indicative of plastic mechanisms

being activated.

In this context, PA has recently been investigated for its potential as a

tool for generalized neuromodulation. Bracco et al. [3] demonstrated

that combining PA with transcranial direct current stimulation (tDCS)

can enhance motor cortex excitability, suggesting that visuo-motor mod-

ulation may affect broad brain networks beyond the spatial domain.

Additional evidence from neuroimaging studies showed that prism

effects involve a functional network including the cerebellum, parietal

cortex, and frontal lobes [10,11], further underscoring the relevance of

PA in modulating complex neurocognitive circuits.

Based on this evidence, Mindlenses—a medical device that combines

PA with a digital platform for cognitive rehabilitation—was developed.

The device consists of wearable prismatic glasses and a tablet-based soft-

ware delivering digitalized exercises (serious games) specifically

designed to stimulate cognitive domains. After a short visuo-motor adap-

tation phase, the participants engage in tasks targeting memory, atten-

tion, executive functions, and visuospatial abilities. This approach is

grounded in the hypothesis that prism-induced visual deviation facili-

tates the activation of specific neural circuits, making them more respon-

sive to targeted cognitive training.

The first clinical evidence on the efficacy of Mindlenses emerged

from a pilot study by Oliveri et al. [12], in which a brief treatment cycle

led to selective improvements in verbal and spatial working memory,

attention, and inhibitory control. A subsequent randomized clinical trial

confirmed the device’s effectiveness in enhancing visuoconstructive

abilities in participants with stroke [13]. Preliminary data from the

research protocol described in the present study were recently published

[14]. The study reported significant improvements in episodic memory.

These findings suggest that combining PA with digital cognitive training

may be an effective strategy for rehabilitating memory function. This is

an area in which previous interventions had shown only limited or indi-

rect benefits, as highlighted by das Nair et al. [15].

This study is the first postmarket clinical trial involving a large sam-

ple of participants with stroke. We systematically assessed the efficacy

of Mindlenses in cognitive rehabilitation compared to conventional

paper-and-pencil approaches. The study employed a prospective, ran-

domized, controlled design with a multidimensional assessment of cog-

nitive domains conducted before and after treatment. The inclusion of

3- and 6-month follow-up addressed the uncertainty highlighted by

Clarke et al. [16] regarding the duration of PA effects, which have been

described in the literature as either transient or more sustained. In addi-

tion to changes in cognitive performance, we monitored usability and

clinical feasibility of the intervention, with the aim of providing a com-

prehensive evaluation of the risk-benefit profile and clinical sustainabil-

ity of Mindlenses.

Materials and methods

Design

This study is a randomized controlled clinical trial (RCT) conducted

at the IRCCS Fondazione Santa Lucia in Rome, aimed at evaluating the

efficacy of the medical device Mindlenses Professional in the treatment of

deficits in various cognitive functions in participants with stroke. Block

randomization was performed after enrollment to ensure balanced allo-

cation of participants across the 2 treatment groups.

Regulatory and ethical aspects

The study was approved by the Ethics Committee of the Fondazione

Santa Lucia (protocol CE/Prog.891) and conducted in accordance with

the Declaration of Helsinki and the principles of Good Clinical Practice

(GCP).

Participants

Population and sampling

Sixty participants diagnosed with stroke were enrolled and randomly

assigned to 2 equivalent groups:

� Experimental group: treatment withMindlenses Professional.

� Control group: standard treatment involving paper-and-pencil

exercises.

The expected duration of individual participation was approximately

2 weeks for the intervention phase, followed by follow-up assessments

at 3 and 6 months. Participant enrollment occurred over 12 months,

with a total estimated study duration of 24 months. The appropriateness

of our sample size was established by a power calculation based on the

smallest effect size reported by a previous study using a similar interven-

tion (d = 0.56) [12]. With this effect size, considering 80% power and a

type I error rate of 0.05, we calculated that 22 participants per group

would be needed.

Inclusion criteria

Participants were eligible if they met the following criteria:

1. First ischemic or hemorrhagic stroke, with a minimum interval of

30 days from the acute event;

2. Presence of cognitive impairment, defined as at least 1 impaired

score on a standardized neuropsychological test in any cognitive

domain, at baseline;

3. Ability to understand and sign the informed consent and willing-

ness to participate in follow-up assessments;

4. Age ≥18 years.

Exclusion criteria

Participants were excluded if they met any of the following

conditions:

1. Severe bilateral upper limb impairment (motor, sensory, or ortho-

pedic) preventing the participant from using the tablet;

2. Severe visual deficits affecting stimulus perception;

3. Concurrent diagnosis of neurological or psychiatric disorders;

4. Substance abuse;

5. Diagnosis of dementia;

6. Severe Wernicke’s aphasia;

7. Age >80 years.

Enrollment

Participant enrollment was carried out by 2 expert neuropsycholo-

gists to minimize bias between the evaluation and intervention phases.

One expert (AS) was responsible for the neuropsychological assessment

and the other (GC) for treatment administration. Enrollment was formal-

ized only after verifying compliance with the inclusion and exclusion cri-

teria and obtaining signed informed consent. Participants were free to

withdraw from the study at any time without the obligation to provide a

2

A. Stanzione et al. Annals of Physical and Rehabilitation Medicine 69 (2026) 102168



reason. A participant was considered withdrawn in cases of death, vol-

untary discontinuation, or inability to be contacted during the scheduled

follow-up visits. The principal demographic and clinical characteristics

of the enrolled participants at baseline and at each follow-up time point

are summarized in Table 1. Detailed information on lesion location for

the same cohort has been previously reported in our preliminary study

[14]. However, the original study protocol did not include the system-

atic collection of structural neuroimaging data, which prevented a more

detailed and accurate characterization of lesion location. Therefore, in

the present study, lesion classification was limited to lesion side (left vs

right hemisphere), which was included as a factor in the statistical anal-

yses. The overall study design and participant flow are depicted in Fig. 1.

Procedures

Clinical assessments

Assessments were conducted at 4 time points: pre-treatment, post-

treatment (after 10 sessions), and at 3- and 6-month follow-ups. The

assessment battery used is presented in Table 2. In addition, baseline

clinical severity was characterized using the Barthel Index, assessing

functional independence, and the Ashworth Scale, evaluating spasticity

severity. Moreover, depression symptoms at baseline were assessed

using the Hamilton Depression Rating Scale. All assessments requiring

manual responses were performed using the less affected upper limb.

Intervention

Mindlenses Professional is a medical device comprising 2 main compo-

nents: a pair of wearable glasses equipped with prismatic lenses and a reha-

bilitation software application installed on a commercial tablet. The software

features a series of gamified digital exercises (serious games) designed to

stimulate cognitive domains, including sustained and divided attention,

inhibitory control, visuospatial search, semantic associations, numerical rea-

soning, and working memory. The exercises incorporate an adaptive diffi-

culty algorithm that automatically adjusts the presentation speed and

complexity of the stimuli based on the participant’s performance [12,31].

Participants in the experimental group underwent a rehabilitation

protocol consisting of 10 consecutive sessions, each lasting approxi-

mately 40 min, over 2 weeks. Each session began with a digitized pris-

matic adaptation phase, followed by supervised cognitive training using

the serious games on the tablet, under the guidance of a neuropsycholo-

gist. Throughout the intervention, participants performed all tablet-

based tasks using the less affected upper limb.

During the prismatic adaptation phase, participants wore prismatic

glasses with a 20-diopter angular deviation. The direction of the prism

deviation was determined by the location of the lesion: rightward-devi-

ating lenses for right-hemisphere lesions and leftward-deviating lenses

for left-hemisphere lesions, in line with previously established protocols

[12]. The procedure was conducted using an 11-inch tablet placed hori-

zontally, approximately 53 cm from the participant’s eyes and aligned

with the midsagittal plane.

Visual targets consisted of black squares subtending 1° of visual

angle, presented against a white background at 3 spatial positions

(center, 21° to the right, or 21° to the left). After each target

appeared, the participant was instructed to touch it quickly and

accurately with the ipsilesional hand, without making any trajectory

corrections. The target remained visible until it was touched or for a

maximum duration of 1 s.

Table 1

Demographic and clinical characteristics of the participants at baseline and

number of participants completing each follow-up assessment.

Variable Mindlenses Professional

(n= 30)

Standard cognitive

rehabilitation (n= 30)

Age, years, mean (SD) 62.0 (14.7) 63.9 (11.4)

Education, years, mean (SD) 13.5 (4.4) 10.6 (3.9)

Female, n 14 17

Male, n 16 13

Ischemic stroke, n 21 20

Hemorrhagic stroke, n 9 10

Right-hemisphere lesion, n 16 19

Left-hemisphere lesion, n 14 11

Time since stroke onset at

T0, days mean (SD)

52.0 (23.7) 49.4 (21.0)

Hamilton Depression Rating

Scale mean (SD)

8.8 (4.8) 11.2 (5.3)

Barthel Index mean (SD) 45.2 (25.5) 40.8 (29.7)

Ashworth Scale mean (SD) 1.4 (2.2) 2.3 (2.7)

Completed T1, n 23 26

Completed T2, n 20 18

Completed T3, n 13 11

Abbreviations: SD, standard deviation; T0, baseline assessment; T1, post-treat-

ment assessment; T2, 3-month follow-up; T3, 6-month follow-up.

Fig. 1. Study flow diagram. Flow diagram illustrating participant enrollment,

randomization, allocation to the experimental (EXP) and control (CTR) groups,

and retention at each assessment time point. RBD, right brain damaged; LBD,

left brain damaged.
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As described by Oliveri et al. [14], the procedure included 3 distinct

phases:

� Pre-adaptation: 30 pointing movements without prismatic lenses

to establish behavioral baseline;

� Adaptation: exposure to 20-diopter prismatic lenses, with 30

pointing tasks aimed at promoting sensorimotor recalibration;

� Post-adaptation: removal of the lenses, followed by 30 post-adap-

tation pointing and the cognitive training phase consisting of 8 seri-

ous game sessions.

Participants in the control group received conventional paper-and-pencil

cognitive rehabilitation exercises administered individually by a neuro-

psychologist. The treatment was matched to the experimental intervention

in terms of number and duration of sessions (10 sessions over 2 weeks;

approximately 40 min per session). The intervention consisted of structured

exercises designed to stimulate cognitive domains comparable to those tar-

geted by the digital training, including sustained and divided attention,

inhibitory control, visuospatial processing, semantic associations, numerical

reasoning, and working memory. Exercises were delivered using traditional

paper-and-pencil formats, according to standard clinical practice.

In addition to these study-specific interventions, participants

received standard multidisciplinary rehabilitation as part of routine clin-

ical care, including physical therapy and, when indicated, speech and

cognitive rehabilitation.

Usability of the device was qualitatively monitored throughout the

intervention using structured case reports completed by the 2 examiners

after each session. These reports prospectively recorded the occurrence

of any adverse events, technical success (ie, completeness and correct

recording of participant and treatment data), and any device malfunc-

tion during the sessions.

Statistical analysis

Statistical analyses were run with R (v 3.6.1). Normal distribution of end-

point variables was assessed by means of Shapiro-Wilk’s test. The level of

statistical significance was set at α =0.05. Homogeneity between the means

in the baseline characteristics between the 2 groups was assessed with an

independent t-test, Mann-Whitney test, or χ2 depending on the type of vari-

able (categorical or continuous) and its distribution.

The longitudinal assessment of the endpoints across groups was per-

formed using general or generalized linear mixed models (GLMM),

depending on data distribution. Repeated measures were modeled with

a participant-level random intercept to account for individual differen-

ces at baseline and for changes across follow-up points. The dependent

variables for the models were 5 composite scores, each one for the cogni-

tive domain assessed (visual perception; hemineglect; language; mem-

ory, and executive functions), computed as the unweighted summation

of the age- and education-adjusted scores of the tests assessing the rela-

tive domain (Table 3). This aggregation approach follows the general

strategy adopted in prior studies deriving domain-specific or global cog-

nitive indices [32,33]. This approach is further supported by psychomet-

ric evidence indicating that unit-weighted composites of conceptually

related, at least moderately intercorrelated measures generally perform

comparably to composites derived from more complex, empirically

weighted procedures [34,35]. The independent fixed factors were

“group” (experimental; control), “stroke side” (left, right), and “time”

(T0; T1; T2; T3), as well as their 2-way and 3-way interactions. Thus, we

conducted a total of 5 GLMMs, separately for each clinical test, with the

general equation:

Cognitive score∼1 � group � side � time � group × side � side × time�

group × time � group × side × time � 1jpatient
� �

Significant effects of GLMM analyses were further evaluated with

simple contrasts and simple effect moderator analysis. Simple contrast

analysis was used to explore the differences emerging from the omnibus

effects. Simple effect moderator analysis was conducted to investigate

the presence of a time effect (ie, a significant change in the cognitive

score among the follow-ups), moderated by the group (ie, experimental

vs control).

Results

Baseline characteristics

Table 1 reports the demographic characteristics of the 2 groups and

their clinical scores at the first visit. We did not observe any significant

difference between the 2 groups in terms of age (mean

difference = 2.8 years, SE = 3.5; U = 375; P = 0.626), sex (mean

difference = 8.6%; χ2 = 0.427; P = 0.514), and stroke side (mean

difference = 11.9%; χ2 = 0.845; P = 0.358). A significantly higher

level of education for the experimental group compared to the control

was instead observed (mean difference = 2.9 years, SE = 1.1; U = 260;

P = 0.015). Time since stroke onset at T0 did not differ significantly

between groups (mean difference = 2.6 days, SE = 5.9; P = 0.664). In

addition, no significant differences were observed between groups in

baseline measures of functional independence and motor impairment,

as assessed by the Barthel Index (U = 289.5, P = 0.378) and the Ash-

worth Scale (U = 136.5, P = 0.278), indicating comparable levels of

overall clinical severity. Scores on the Hamilton Depression Rating Scale

ranged from 1 to 22, corresponding to levels from no depression to mod-

erate severity according to standard clinical cut-offs. No significant dif-

ferences were observed between the 2 groups at baseline in depression

symptoms, as reported in Table 1. Overall, the majority of participants

presented mild-to-moderate depression symptoms, and no participant

showed scores indicative of severe depression.

As for performance on the tests of the neuropsychological battery, we

did not observe any group difference in the initial composite scores for

visual perception (mean difference = 22.8, SE = 17.2; U = 349;

P = 0.367); hemineglect (mean difference = 0.8, SE = 3.7; U = 397;

P = 0.892); language (mean difference = 1.8, SE = 8.6; U = 389.5;

Table 2

Neuropsychological, psychological, functional, and motor assessment tools adminis-

tered at baseline, post-treatment, and follow-up evaluations.

Category Test/Tool Cognitive domain

Neuropsychological Oxford Cognitive Screen [17] Multidomain cognition

CPM [18] Abstract reasoning and fluid

intelligence

Digit and Corsi Span (For-

ward/Backward) [19]

Short-term memory and

working memory

Rey 15 Words [18] Verbal episodic memory

Rey-Osterrieth complex figure

[18]

Visual episodic memory

Attentional Matrices [20] Selective and sustained

attention

Stroop Test [21] Inhibition and cognitive

flexibility

Line bisection [22] Neglect

Bells Test [23] Neglect

BADA (naming) [24] Language

Verbal Fluency (phonemic/

semantic) [25]

Executive functions and

language

Drawing Copy [18] Visuo-constructive functions

VOSP [26] Visuo-spatial perception

Buccofacial Apraxia [20] Praxis abilities

Psychological Hamilton Depression Scale [27] Mood

Beck Anxiety Inventory [28] Anxiety

Functional Barthel Index [29] Functional autonomy

Motor Ashworth Scale [30] Spasticity

Note: The corresponding cognitive or clinical domain is reported for each assessment

tool.

Abbreviations: BADA, Batteria per l’Analisi dei Deficit Afasici; CPM, Colored

Progressive Matrices; VOSP, Visual Object and Space Perception Battery.
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P = 0.798); memory (mean difference = 0.2, SE = 7.4; t(55) = 0.03;

P = 0.976); executive functions (mean difference = 5.3, SE = 7.5;

t(55) = 0.697; P = 0.489). Overall, participants presented heteroge-

neous cognitive profiles at baseline, reflecting the multidomain nature

of the intervention, which was not specifically targeted to a single deficit

such as spatial neglect.

No adverse events, technical issues, or device malfunctions were

reported throughout the study period.

Longitudinal effects

All the dependent variables’ residuals followed a normal distribution

except for visual perception residuals (W = 0.914; P < 0.001). Based on

the Akaike criteria, for this variable we fitted a GLMM with a Poisson

distribution and log-link function. All the other GLMMs were conducted

with a Gaussian distribution and identity link function. Detailed infor-

mation on the distribution of the domain-specific composite scores

across time points (visual perception, hemineglect, language, memory,

and executive functions) is provided in the Supplementary Material

(Tables S1−S5).

GLMM on hemineglect score (Fig. 2A) showed a significant location

(F(1,53.1) = 12.23; P < 0.001) and time main effect (F(3,102.6) = 4.61;

P = 0.005) as well as a group × time interaction (F(3,102.5) = 3.51;

P = 0.018). Participants in the experimental group showed a significant

change in their performance over time (P < 0.001). Specifically, we

observed an increase in participants’ performance at T1 (β = 6.995,

SE = 2.0; P < 0.001), T2 (β = 9.612, SE = 2.1; P < 0.001), and T3

(β = 7.510, SE = 2.5; P = 0.003). Participants in the control group did

not show any significant change over time (P = 0.729). When compar-

ing the 2 groups, participants of the experimental group showed a higher

score at T2 (β = 9.810, SE = 3.1; P = 0.002), whereas the differences

observed at T1 (β = 5.045, SE = 2.8; P = 0.076) and T3 (β = 6.802,

SE = 3.7; P= 0.069) did not reach statistical significance.

GLMM on language score (Fig. 2B) showed a significant location

(F(1,50.4) = 10.0; P = 0.003) and time main effect (F(3,98.8) = 10.5;

P < 0.001), as well as a group × time interaction (F(3,98.8) = 2.98;

P = 0.035). Participants in the experimental group showed a significant

change in their performance over time (P < 0.001). Specifically, we

observed an increase in participants’ performance at T1 (β = 15.376,

SE = 3.4; P < 0.001), T2 (β = 19.219, SE = 3.6; P < 0.001), and T3

(β = 16.823, SE = 4.3; P < 0.001). Participants in the control group did

not show any significant change over time (P = 0.189). When compar-

ing the 2 groups, participants of the experimental group showed higher

scores at T1 (β = 9.761, SE = 4.7; P < 0.001), T2 (β = 14.919,

SE = 5.2; P < 0.001), and T3 (β = 7.969, SE = 6.2; P < 0.001) com-

pared to the control group.

GLMM on memory score (Fig. 2C) showed a significant result in

terms of location (F(1,51.739) = 7.64; P = 0.008) and time main effect

(F(3,99.133) =11.94; P < 0.001) as well as a group × time interaction

(F(3,99.078) =2.82; P = 0.043). Participants in the experimental group

showed a significant change in their performance over time (P < 0.001).

In particular, we observed an increase in their performance at T2

(β = 10.881, SE = 3.1; P < 0.001) and T3 (β = 22.726, SE = 3.6;

P < 0.001), whereas the change observed at T1 did not reach statistical

significance (β = 5.485, SE = 3.0; P = 0.068). Participants in the con-

trol group did not show any significant change over time (P = 0.076).

When comparing the 2 groups, participants of the experimental group

showed higher scores at T2 (β = 9.727, SE = 4.7; P = 0.042) and T3

(β = 14.173, SE = 5.5; P = 0.011) compared to the control group. The

difference observed at T1 did not reach statistical significance

(β = 7.835, SE = 4.2; P= 0.062).

GLMM on executive functions score (Fig. 2D) showed a significant

location (F(1,51.496) = 4.59; P = 0.037) and time main effect

(F(3,102.718) = 12.05; P < 0.001), as well as a group × time × side inter-

action (F(3,102.678) = 4.41; P = 0.006). Both participants in the experi-

mental (P < 0.001) and control group (P = 0.008) showed a significant

change in their performance over time. Particularly, for participants

with right-hemisphere stroke, we observed an increase of the perfor-

mance of both the experimental and control group at T1 (experimental

group: β = 17.320, SE = 5.5; P = 0.002; control group: β = 13.239,

SE = 5.0; P = 0.009) and T2 (experimental group: β = 25.780,

SE = 5.8; P < 0.001; control group: β = 11.498, SE = 5.7; P = 0.046).

At T3, the 2 groups followed a different evolution; there was a further

increase of performance for the experimental group (β = 26.581,

SE = 6.5; P < 0.001) whereas the control group showed a dramatic

decrease back to the initial baseline level (β = −8.292, SE = 7.0;

P=0.238). For participants with left-hemisphere stroke, the experimen-

tal group showed a significant increase in their performance at T1

(β = 14.598, SE = 6.7; P = 0.032), whereas this was not true for the

control group (β = 12.508, SE = 6.9; P = 0.071). At T2 both groups

showed a significant increase (experimental group: β = 14.352,

SE = 7.0; P= 0.044; control group: β = 16.711, SE = 8.0; P = 0.039).

At T3, only the control group showed a further increase (β = 31.618,

SE = 9.3; P < 0.001), whereas this was not true for the experimental

group (β = 12.799, SE = 8.4; P = 0.130). When comparing the 2

groups, participants with a right stroke in the experimental group

showed a higher score at T3 compared to the control group

(β = 53.691, SE = 15.7; P < 0.001).

Table 3

Neuropsychological tests grouped by cognitive domain.

Visual perception (VIS) Hemineglect (HNG) Language (LAN) Memory (MEM) Executive functions (EXF)

Rey Figure Copy Oxford Cognitive Screen − Visual

Field

Oxford Cognitive Screen − Picture

Naming

Oxford Cognitive Screen − Free

Recall

Oxford Cognitive Screen −

Calculation

Drawing Copy (without land-

marks)

Oxford Cognitive Screen − Object

Asymmetry

Oxford Cognitive Screen −

Reading

Oxford Cognitive Screen −

Recognition

Colored Progressive Matrices

(CPM)

Drawing Copy (with landmarks) Oxford Cognitive Screen − Spatial

Asymmetry

Oxford Cognitive Screen −

Semantic Association

Oxford Cognitive Screen −

Episodic Memory

Stroop Test (Errors)

VOSP Screening Line Bisection Test Oxford Cognitive Screen −

Writing

Rey 15 Words − Immediate Recall Phonemic Fluency

VOSP − Incomplete Letters Bells Test Naming Nouns Rey 15 Words − Delayed Recall Digit Span (Backward)

VOSP − Silhouettes Naming Verbs Rey Figure − Immediate Recall Corsi Span (Backward)

VOSP − Object Decision Semantic Fluency Rey Figure − Delayed Recall Attentional Matrices

VOSP − Progressive Silhouettes Digit Span (Forward) Oxford Cognitive Screen −

Executive Function (OXF-FE)

VOSP − Counting Dots

VOSP − Position Discrimination

VOSP − Number Location

VOSP − Cube Analysis

Corsi Span (Forward)

Abbreviations: OXF-FE, Oxford Cognitive Screen−Executive Function; VOSP, Visual Object and Space Perception Battery.
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GLMM on visual perception score (Fig. 2F) showed a significant time

main effect (χ2(3) = 20.43; P < 0.001) and group × time interaction

(χ2(3) = 11.14; P = 0.011). Participants in the control group showed a

significant change in their performance over time (P < 0.001). Specifi-

cally, we observed a decrease in performance at T2 (exp(B) = 0.92,

P = 0.002) and at T3 (exp(B) = 0.94, P = 0.024) but not at T1 (exp

(B) = 1.04, P = 0.108). Participants in the experimental group did not

change over time (P = 0.300). When comparing the 2 groups, partici-

pants of the experimental group showed a higher score at T2, compared

to the control group (exp(B) = 1.11; P = 0.004). Differences between

the 2 groups were not significant at T1 (exp(B) = 1.00, P = 0.990) and

T3 (exp(B) = 1.06, P= 0.122).

Discussion

Our study demonstrates that integrating PA with digital cognitive

training through Mindlenses Professional produces significant and

enduring improvements across multiple poststroke cognitive deficits.

These effects were observed not only immediately after treatment but

also at medium- and long-term follow-ups, suggesting that the benefits

tend to consolidate and even amplify over time. These findings are con-

sistent with the established literature on PA [36−38], yet they extend its

scope by showing persistent effects beyond spatial neglect, encompass-

ing visuoperceptual abilities, language, memory, and executive func-

tions.

Specifically, in the hemineglect domain, participants in the experi-

mental group showed a significant improvement immediately after

treatment (T1), with further increases at both 3-month (T2) and

6-month (T3) follow-ups. The control group showed no significant

changes over time. Between-group comparisons revealed significantly

higher scores in the experimental group at T2, while differences at T1

and T3 did not reach significance.

For language, participants treated with Mindlenses Professional dem-

onstrated progressive and significant gains across all time points (T1, T2,

and T3), whereas no significant changes were detected in the control

group. Between-group differences were significant at all assessments,

indicating a consistent advantage for the experimental group.

In the memory domain, the experimental group exhibited a signifi-

cant improvement starting from T2 and becoming more marked at T3,

while no significant change was observed at T1. The control group

showed no significant differences over time. Between-group contrasts

revealed higher scores for the experimental group at both T2 and T3.

Regarding executive functions, both groups showed early posttreat-

ment improvements; however, a significant 3-way interaction

(group × time × hemisphere) indicated a different progression across

subgroups. In the experimental group, participants with right-hemi-

sphere stroke maintained and further improved their performance over

time, while the control group returned to baseline levels at T3. Finally,

in the visuoperceptual domain, participants in the experimental group

maintained stable performance across all time points, whereas the con-

trol group showed a significant decline at T2 and T3. A significant

between-group difference was detected at T2 in favor of the experimen-

tal group.

It should be noted that, as commonly observed in longitudinal post-

stroke studies, the number of participants progressively decreased over

time. At T2, the sample included 38 participants (8 with left and 12 with

right-hemisphere lesions in the experimental group; 6 with left and 12

with right-hemisphere lesions in the control group), while at T3 it was

reduced to 24 participants (5 with left and 8 with right lesions in the

experimental group; 4 with left and 7 with right lesions in the control

Fig. 2. Longitudinal performance comparison between groups. Comparison of cognitive performance over time between the experimental group (EXP, orange lines)

and the control group (CTR, blue lines). Orange asterisks indicate within-group differences in the EXP group, blue asterisks indicate within-group differences in the

CTR group, and black asterisks indicate between-group differences. (A) Hemineglect; (B) Language; (C) Memory; (D) Executive Functions; (F) Visual Perception. Abbre-

viations: EXP, experimental group; CTR, control group; HNG, hemineglect; LAN, language; MEM, memory; EXF_R_HE, executive functions (right hemisphere);

EXF_L_HE, executive functions (left hemisphere); VIS, visual perception.
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group). This reduction was primarily attributable to the clinical setting

of recruitment, which took place within an inpatient rehabilitation unit.

Consequently, participants discharge and transition to home care made

it difficult to reach several participants for follow-up assessments, rather

than reflecting study-related adverse events or protocol noncompliance.

However, it is important to underline that we used a linear mixed-effects

model with a random intercept for each participant, so that all available

observations were used, providing unbiased estimates under the missing

at random assumption.

The interpretation of the observed improvements across domains

points to distinct underlying mechanisms. The stability of visuopercep-

tual abilities observed in the experimental group, together with the

recovery of neglect, aligns with previous evidence of PA. This evidence

suggests that PA promotes spatial recalibration and attentional reorien-

tation toward contralesional space. These mechanisms may contribute

to the maintenance of effective compensatory mechanisms [36,39].

In the absence of direct evidence of neural plasticity changes in the

present study, any interpretation regarding the neural mechanisms

underlying the observed improvements should be considered hypotheti-

cal. Nevertheless, the pattern of recovery across domains allows for

some plausible inferences. Language improvement, which was less antic-

ipated based on previous studies, may plausibly reflect increased excit-

ability within frontal and parietal regions ipsilateral to the prism

deviation. The potential involvement of the inferior frontal gyrus, ante-

rior and middle temporal areas, and the temporo-parietal junction—con-

nected through the arcuate fasciculus—could indicate the engagement

of the dorsal language network, possibly supporting the observed gains

in naming performance. Moreover, emerging evidence suggests that

poststroke language recovery is not restricted to the classical perisylvian

network but also recruits domain-general control systems, such as the

multiple-demand network (MDN), which contribute to attentional and

executive regulation and may facilitate adaptive reorganization of lin-

guistic functions [40,41]. Within this interpretative framework, integrat-

ing PA with digital cognitive training may foster the concurrent

activation of both language-specific and domain-general networks,

thereby promoting a more efficient recovery process.

Regarding executive functions, the improvements observed in the

experimental group may reflect enhanced efficiency or reactivation of

bilateral fronto-parietal circuits (including the dorsolateral and ventrolat-

eral prefrontal cortices, posterior parietal regions, and basal ganglia),

which are known to support inhibition, set-shifting, and cognitive flexibil-

ity [42,43]. Although speculative, PA might have modulated the excitabil-

ity of these circuits, while the subsequent engagement in digital cognitive

exercises could have consolidated their functional reorganization over

time. The more marked effects observed in participants with right-hemi-

sphere lesions may reflect specific characteristics of the neural reorganiza-

tion processes following right-sided damage, particularly in domains

related to executive control and attentional regulation. However, given

the exploratory nature of this finding and the absence of direct neurophys-

iological measures, this interpretation should be considered tentative and

warrants further investigation. Conversely, the decline observed at T3 in

participants with right-hemisphere stroke in the control group may reflect

a lack of consolidation of the initial improvements, possibly due to the

absence of sustained and adaptive cognitive stimulation, leading to a

return toward baseline performance over time.

An interesting aspect of our findings is the absence of lateralization

effects on cognitive recovery. Improvements in both attentional and lin-

guistic domains in participants treated with Mindlenses were compara-

ble between survivors of right- and left-hemisphere stroke, as indicated

by the non-significant time × group × side interaction. This finding may

appear counterintuitive, given that some of the trained functions—par-

ticularly spatial attention and language—are typically considered highly

lateralized. However, several factors may account for this pattern.

First, recent studies on PA suggest that its effects are not restricted to

strictly lateralized spatial networks but involve bilateral fronto-parietal

and cerebello-parietal circuits supporting domain-general control and

sensorimotor recalibration [10,11]. In this view, PA acts at an upstream

level, modulating mechanisms of sensorimotor alignment and atten-

tional control that are shared across hemispheres. If the induced plastic-

ity affects these supramodal networks, participants with right- or left-

hemisphere stroke could benefit from PA-based stimulation, regardless

of the direction of the optical deviation.

Second, the Mindlenses protocol combines prism exposure with a

structured and adaptive cognitive training phase. Once the prism-

induced plasticity window is opened, the subsequent training likely

drives network reorganization toward task-relevant functions. This pro-

cess may rely on domain-general control systems, such as the MDN, as

previously discussed in relation to language recovery [41]. These sys-

tems are known to support recovery from both aphasia and spatial defi-

cit and are more bilaterally distributed than classical language or right-

lateralized attention networks. The observed improvement might there-

fore reflect the engagement of bilateral compensatory mechanisms

rather than the selective reactivation of hemisphere-specific systems.

Third, statistical power limitations should also be considered. Higher-

order interactions such as time × group × side require larger sample

sizes, and attrition over follow-up may have further reduced the ability

to detect smaller hemisphere-dependent effects despite robust main and

two-way interactions.

Finally, the fact that a side-related modulation emerged for executive

functions but not for attention or language suggests that not all cognitive

domains are equally sensitive to the combination of “lesion side × prism

deviation.” Executive control depends on bilateral fronto-parietal net-

works, which may undergo different patterns of interhemispheric reba-

lancing compared to more specialized systems. The absence of

lateralization effects for language and attention thus supports the view

that, in our setting, the primary driver of improvement is the

PA+ cognitive training sequence itself, rather than the direction of opti-

cal deviation.

In summary, our data indicate that within a multimodal rehabilitation

framework, the classical hemispheric specialization of cognitive functions

becomes less constraining. Prism-induced plasticity, when immediately

coupled with adaptive cognitive engagement, appears to facilitate compa-

rable recovery in participants with both right- and left-hemisphere stroke.

Future studies integrating finer lesion mapping and neurophysiological

measures will be crucial to determine whether more subtle side-specific

effects exist beyond the resolution of the present design.

Concerning episodic memory, our findings confirm those of Oliveri

et al. [14], showing improvement emerging primarily at medium- to

long-term follow-ups (T2 and T3). Importantly, this pattern differs from

that observed in other cognitive domains, where early improvements

were already evident within the experimental group at T1, while

between-group differences became more consistent at follow-up,

highlighting domain-specific temporal trajectories of recovery. This tem-

poral pattern may reflect sustained modulation of parieto-frontal-hippo-

campal connectivity, driven by PA-induced increases in cortical

excitability and supported by executive processes engaged through digi-

tal cognitive training. Moreover, according to the HERA model [44], the

right hemisphere plays a dominant role in long-term memory retrieval;

therefore, the higher prevalence of right-hemisphere lesions in our sam-

ple at T2 and T3 might have amplified this effect. Further evidence for

this mechanism could be obtained from future studies that combine PA

and cognitive training with functional neuroimaging to assess the direct

modulation of parieto-frontal and cortico-hippocampal networks.

The robust cognitive improvements observed across multiple

domains (particularly in memory, language, and executive functions),

together with the preservation of visuoperceptual abilities and the

recovery of neglect, extend beyond the traditionally reported benefits of

PA and support the potential of integrating PA with digital cognitive

training as a novel neurorehabilitation strategy. These effects, which

persisted and, in some cases, strengthened over time, contrast with pre-

vious evidence reporting only modest gains following conventional post-

stroke cognitive rehabilitation [15].
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Recent developments in digital and virtual reality-based interven-

tions have demonstrated encouraging results in enhancing rehabilitation

efficacy, adherence, and motivation [45−47]. Within this framework,

Mindlenses, which combines PA with serious game−based cognitive train-

ing, represents a clinically valuable and accessible alternative. Although

it lacks the immersive component of virtual reality, it is safe, well toler-

ated, and easily applicable to most participants after stroke, extending

its usability beyond the treatment of spatial neglect.

Furthermore, the persistence and progressive consolidation of cogni-

tive improvements over time suggest that the combined use of PA and

serious games may promote long-lasting neuroplastic reorganization

within large-scale fronto-parietal, parieto-hippocampal, and cerebellar-

frontal networks. Future studies should aim to confirm this hypothesis

through multimodal neuroimaging and neurophysiological techniques,

such as functional MRI, EEG connectivity, and TMS measures of cortical

excitability. Expanding the sample size and including stratification by

lesion site and chronicity will be crucial for clarifying the neural mecha-

nisms underlying these effects and for integrating PA-based digital inter-

ventions into standardized poststroke rehabilitation protocols.

Limitation

We acknowledge several limitations. First, as participants were

recruited in the subacute phase after stroke, spontaneous recovery may

have contributed to the observed improvements and cannot be fully dis-

entangled from treatment effects, despite the presence of a control group.

Second, although baseline performance appeared comparable

between groups across cognitive domains, participants presented hetero-

geneous levels of cognitive impairment, which were not explicitly strati-

fied or controlled for in the analyses and may have influenced

individual recovery trajectories.

Third, the study did not systematically control for additional rehabil-

itation interventions received as part of routine clinical care (eg, speech

therapy, physical therapy, or cognitive rehabilitation), which may have

contributed to the observed outcomes.

Fourth, our composite scores were obtained by summing age- and edu-

cation-adjusted scores of individual neuropsychological tests within each

cognitive domain, an unweighted aggregation strategy consistent with

the general approach adopted in previous studies [32,33] and supported

by psychometric work on unit-weighted composites [34,35]. However,

the composite scores used here were constructed ad hoc for the purposes

of the present analysis and have not been independently validated. Conse-

quently, these composites should be interpreted as pragmatic, exploratory

summary measures, developed to reduce the number of statistical com-

parisons in the context of a large neuropsychological battery, rather than

as validated clinical or research instruments. Future studies should for-

mally establish the psychometric properties of these domain-specific indi-

ces before they are adopted for clinical or diagnostic purposes. This could

include internal consistency analyses, confirmatory factor analysis, and

comparison against established, validated cognitive composites.

Finally, the relatively small sample size and attrition at follow-up,

together with the use of composite scores, may limit the generalizability

of the findings and reduce the ability to detect more fine-grained

domain-specific effects. In addition, no direct neurophysiological meas-

ures were collected, and therefore the proposed neural mechanisms

remain speculative.

Conclusion

Overall, our findings support Mindlenses Professional as a promising

multimodal strategy for poststroke cognitive rehabilitation. By combin-

ing PA with digital cognitive training, the intervention produced sus-

tained improvements across multiple cognitive domains, extending

beyond spatial neglect. Larger studies with neuroimaging and neuro-

physiological measures are needed to confirm the mechanisms and

define its role in standardized poststroke rehabilitation.
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