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Abstract.13

Background: Cognitive dysfunctions after a brain stroke have a huge impact on patients’ disability and activities of daily
living. Prism adaptation (PA) is currently used in patients with right brain damage to improve lateralized spatial attentional
deficits. Recent findings suggest that PA could also be useful for rehabilitation of other cognitive functions.
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Objective: In the present study, we tested for the efficacy on cognitive rehabilitation of a novel device in which the procedure
of prism adaptation is digitized and followed by cognitive training of attention and executive functions using serious games.
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Methods: Thirty stroke patients were randomly assigned to two groups: an experimental group of 15 patients, which performed
the experimental rehabilitation training using the novel device in 10 consecutive daily sessions; a control group of 15 patients,
which performed the routine cognitive training in 10 consecutive daily sessions. Both groups were tested before and after
the rehabilitation program on neuropsychological tests (digit and spatial span forward and backward, attentional matrices,
Stroop task) and on functional scales (Barthel index and Beck Anxiety Index).
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Results: The main results showed that only patients who received the experimental rehabilitation training improved their
scores on tests of digit span forward, spatial span backward, attentional matrices and Stroop. Moreover, patients of the
experimental but not of the control group showed a significant correlation between improvement on some tasks (mainly
spatial span backward) and improvement on activities of daily living as well as with reduction of anxiety levels.
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Conclusions: These results suggest that combining digital PA with cognitive training using serious games may be added in
clinical settings for cognitive rehabilitation of stroke patients, with beneficial effects extending in promoting independency
in activities of daily living and reduction of psychiatric symptoms.
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1. Introduction32

Cognitive dysfunction after stroke is an unfavor-33

able factor for long-term functional independence.34
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In particular, attentional and executive dysfunctions 35

reverberate over other cognitive functions, as well as 36

on activities of daily living and psychological com- 37

ponents such as anxiety and depression (Mukherjee 38

et al., 2006; Kliem et al., 2022). The ongoing care 39

and support needs required by stroke patients affected 40

by these cognitive deficits dramatically increase the 41

physical, psychological, and economic burden on 42
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family caregivers and on society (Bordet et al., 2017).43

Therefore, innovation in rehabilitation procedures for44

cognitive deficits is a hot topic in stroke cognitive45

rehabilitation.46

Recent reviews addressed this issue by investi-47

gating whether stroke patients receiving cognitive48

rehabilitation show better outcomes and have a better49

functional recovery than those given no treatment or50

treatment as usual (Cramer et al., 2023). The main51

results of these studies show contradictory findings.52

Indeed, while there seems to be an immediate effect53

of rehabilitation on cognitive variables, there are not54

convincing data on the influence of rehabilitation on55

functional measures such as mood and quality of life56

(Skidmore et al., 2023).57

Prism adaptation (PA) is traditionally known as a58

method to improve spatial attention deficits in right59

hemispheric stroke patients (Li et al., 2021). Prisms60

deviating the visual field during the execution of61

pointing movements towards visual targets induce a62

pointing terminal error in the direction of prism devia-63

tion, because patients are not able to point at the visual64

target in its real position. PA refers to the progressive65

patient’s adaptation to this visual distortion, such that66

the initial terminal errors are progressive and com-67

pensated for as the pointing trials go on. After PA,68

removing optical prisms leads to a phenomenon of69

spatial attentional deviation towards the side of space70

contralateral to that of the induced deviation: patients71

submitted to rightward prism deviation will deviate72

towards the left space and vice-versa, a phenomenon73

called aftereffect (Magnani et al., 2014). A large liter-74

ature documents that this procedure alleviates deficits75

of spatial attention towards the left hemispace in right76

hemispheric stroke patients with spatial neglect (Ros-77

setti et al., 1998; Frassinetti et al., 2002). To date, no78

studies have investigated the effects of prism adapta-79

tion on cognitive deficits other than spatial attention80

in patients with stroke.81

In a recently developed device, the procedure of82

PA is digitized, and the patient is asked to point83

towards visual targets randomly presented in dif-84

ferent spatial positions of a tablet (Danesin et al.,85

2023). In this protocol, PA is followed by cogni-86

tive training of attentional and executive functions87

using an application of serious games challenging88

planning, set-shifting, and go-no-go abilities. The89

rationale behind the protocol is provided by stud-90

ies showing that PA increases the excitability of a91

fronto-parietal network ipsilateral to the side of spa-92

tial deviation (Magnani et al., 2014; Bracco et al.,93

2017, 2018; Turriziani et al., 2021). Increased exci-94

tation of the affected hemisphere is considered a 95

positive marker for rehabilitation improvement in 96

stroke patients (Cicinelli et al., 2003). Therefore, 97

we hypothesized that increasing cortical excitation 98

in the affected hemisphere using PA and coupling it 99

with a cognitive training could provide a new non- 100

invasive mean for accelerating cognitive recovery in 101

stroke patients. Among cognitive trainings, serious 102

games represent a novel approach able to enhance 103

patients’ involvement in their rehabilitation process 104

as well as patients’ motivation and compliance with 105

the treatment (Mubin, 2022). Indeed, compared to 106

traditional cognitive therapies, these games allow 107

for a more dynamic rehabilitation process while 108

the digitalization of the procedure (included in the 109

above-mentioned novel device) guarantees an easier 110

administration of PA also in acute hospitalized stroke 111

patients. The possibility of non-invasively modulat- 112

ing brain activity to enhance the beneficial effects of 113

cognitive trainings represents an open challenge in 114

the field of neurorehabilitation. 115

Here, we present data from a clinical pilot study 116

aimed to explore whether PA integrated with digital 117

cognitive training has a cognitive-enhancing effect 118

and to investigate its feasibility for rehabilitation 119

in right and left hemispheric acute stroke patients. 120

Furthermore, we wanted to investigate whether any 121

cognitive enhancing effects correlated with improve- 122

ment of functional measures such as anxiety, quality 123

of life and activities of daily living. 124

2. Materials and methods 125

The study was conducted in the neurorehabilitation 126

unit of Ospedale Giglio in Cefalù (Italy). The protocol 127

was approved by the Ethical Committee of Palermo 128

1 (n◦ 06/19) and it was conducted in compliance with 129

the Declaration of Helsinki. Exclusion criteria were: 130

age below 18 years, previous ischemic or hemor- 131

rhagic stroke, presence of comorbid neurological or 132

psychiatric disorders, severe vigilance deficits, severe 133

verbal comprehension deficits restricting the ability 134

to comprehend neuropsychological tests and instruc- 135

tions (as assessed preliminarily with AAT task), 136

impaired motor control of both hands. Patients were 137

enrolled in the study during their hospitalization for 138

rehabilitation and were randomly assigned to one of 139

two groups. A single-blind randomized controlled 140

design was adopted. 141

Patients of the control group received a routine 142

cognitive rehabilitation program, adjusted to their 143
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clinical status, with 10 consecutive sessions dis-144

tributed over a mean of two weeks: in patients with145

neglect the training comprehended visuospatial scan-146

ning training, reading, and copy of sentences with 10147

levels of difficulty, copy of drawings, picture descrip-148

tion; in left brain damaged patients the training149

comprehended speech rehabilitation (e.g. conversa-150

tional therapy, reading, and writing); all patients151

performed a training focused on processing speed,152

attention, executive functions, and problem solving153

ability, mainly based on goal management.154

Patients of the experimental group received an155

experimental training using a medical device that156

integrates PA and serious games. The protocol lasted157

10 sessions, about 40 minutes each, distributed over158

a mean of two weeks.159

Both control and experimental groups received160

daily physiotherapy and occupational therapy.161

All patients were assessed with a battery of162

neuropsychological tests at T0 (before standard or163

experimental training), and at T1 (after rehabilita-164

tion).165

In addition to neuropsychological tests, measures166

of anxiety (Beck Anxiety Inventory) and indepen-167

dency in activities of daily living (Barthel Index) were168

assessed at T0 and T1.169

2.1. Stroke patients170

Patients were consecutively enrolled according to171

their hospital admission. A total of 30 patients were172

included in the study, based on a priori power cal-173

culation to detect an effect of rehabilitation (with a174

statistical power (1 - b) of 0.80 and a significance175

level (a) of 0.05 (G*Power 3 software).176

Fifteen patients were included in the control and 15177

in the experimental group. There were no drop-outs178

in either the control or the experimental group.179

Patients’ demographics and clinical characteristics180

are reported In Table 1.181

No significant differences between groups were182

observed at baseline regarding age (t(28)=1.9,183

p > 0.05), lesion side (t(28)=1.2, p > 0.05), ischemic184

vs. hemorragic etiology (t(28)=1.47; p > 0.05), time185

from stroke occurrence (t(28)=0.04; p > 0.05).186

The two groups differed as to the education187

(t(28)=6.22, p < 0.05), patients in the control group188

being more educated than those in the experimental189

group.190

Structural information on brain lesions was191

obtained from MRI or computed tomography.192

Table 1

Demographic and some clinical characteristics of the two patients’
groups. Mean (and standard deviation) or frequencies are reported

in cells

Experimental Control
Group Group

Age (years) 65.1 (14.6) 56.9 (12.4)
M/F 7/8 9/6
Education (years) 5.9 (3.2) 13.7 (3.6)
Time since the event (days) 53.5 (29.6) 53.9 (29.7)
Time from T0 to T1 (days) 24.4 (5.2) 19.3 (5.9)
Ischemic stroke (N) 10 6
Haemorragic stroke (N) 5 9
Left hemisphere (N) 5 2
Right hemisphere (N) 10 13
Cortical/subcortical (N) 9/6 10/5
Neglect (N)* 4 8

*Contralesional spatial neglect evaluated with Albert’s line can-
cellation and line bisection tasks.

2.2. Experimental rehabilitation program 193

In each session, the training started with the 194

digitized PA session. Patients were guided by a neu- 195

ropsychologist to wear prismatic lenses with a power 196

of 10 dioptries. Based on previous neurophysio- 197

logical results documenting an increase of cortical 198

excitability in frontal areas of the hemisphere ipsi- 199

lateral to prismatic deviation (Magnani et al., 2014), 200

right-brain-damaged (RBD) patients wore rightward 201

prism lenses and left-brain-damaged (LBD) patients 202

wore leftward prism lenses. The adaptation proce- 203

dure was performed using an 11” tablet, horizontally 204

oriented, that was positioned at a distance of 53 cm 205

from the patients’ eyes, with a position aligned to 206

the patient’s sagittal midplane. Visual targets repre- 207

sented by black squares of 1◦ of visual angle were 208

randomly presented on a white background in one of 209

three spatial positions of the tablet’s screen: in the 210

centre of the screen or with a lateralization of 21◦ to 211

the right or the left space. After the presentation of 212

each target, patients were asked to point as fast and as 213

accurately as possible towards the target, trying not to 214

correct the movement during its trajectory, using the 215

ipsilesional hand. The visual targets persisted on the 216

screen until patients’ touch or after a fixed interval of 217

1 sec. 218

In the pointing procedure, 30 targets were ran- 219

domly presented. According to recent studies, this 220

number of presentations allows for the correction of 221

the initial pointing deviation due to prism lenses, lead- 222

ing to the phenomenon of error reduction that is the 223

basis of prism adaptation (Danesin et al., 2023). 224
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Following this adaptation phase, prismatic lenses225

were removed, and the patient started the cognitive226

training with a sequence of 7 serious games.227

2.3. Serious games228

Serious games in the adopted device have been229

planned to train sustained and divided attention,230

working memory, interference control, inhibition,231

and planning.232

All games were implemented using a dynamic dif-233

ficulty algorithm, i.e. adapting the speed of stimulus234

presentation and the game difficulty to the single235

patient’s performance. This ‘dynamic difficulty’ not236

only affects the difficulty of the gameplay but also237

the calculation of the score. In fact, each difficulty238

brings with it a ‘multiplier’ consistent with the level239

of difficulty. This results in higher scores for a correct240

answer at a higher difficulty and lower scores for a241

correct answer at a lower difficulty. A visual feedback242

(thumb up for correct and thumb down for incorrect243

responses) was presented following each trial of the244

game.245

In all games patients responded using their ipsile-246

sional hand. All games were executed with the247

supervision of a neuropsychologist.248

2.3.1. Game 1: Sustained attention and249

monitoring task250

Patients have to catch target stimuli while avoiding251

catching non-target ones (i.e. bombs).252

The scene is composed of simple geometric icons253

(regular circles and hexagons covering an area of254

about 160x160 pixels on 1920x1200 screens) and255

irregular figures (for example, bombs and hearts with256

colors and volumes that can be superimposed on the257

regular geometric shapes described,) that move from258

the top of the screen to the bottom with variable speed259

and directionality within the current difficulty level.260

The target interaction space (where touch and inter-261

action from the end user are required) is a rectangular262

space that covers the entire horizontal line of the263

bottom of the screen.264

Stimuli last on the screen from the time they origi-265

nate until they reach the end of the screen or they are266

intercepted by the user within the response bar.267

2.3.2.. Game 2: Visual search task268

Patients have to find a single target differing for sin-269

gle or multiple characteristics (shape, colour, texture)270

from a group of distractors.271

The target stimuli are composed of 5 geometric fig- 272

ures (triangle, square, circle, pentagon, and hexagon, 273

respectively) presented in 4 coloring variations, for 274

a total of 20 different combinations between shapes 275

and color. In addition, stimuli can be differentiated for 276

a texture presented above the stimulus, which varies 277

its appearance. There are 60 different combinations 278

of icons of stationary and moving stimuli. 279

As the difficulty increases, more perceptually sim- 280

ilar stimuli are presented. The final result is indicated 281

by a score corresponding to the number of correct 282

answers, weighted by the difficulty multiplier (the 283

score may vary depending on the level of difficulty). 284

2.3.3. Game 3: Planning and Switching 285

The patient is asked to prepare coffee shop orders, 286

after these orders are presented on the screen. As the 287

difficulty increases, more orders are presented at the 288

same time. More complex orders result in a higher 289

score. The final result is indicated by a score corre- 290

sponding to the total number of completed orders, 291

weighted by the difficulty multiplier (the score may 292

vary depending on the complexity of the orders or the 293

level of difficulty). 294

Stimuli remain on the screen until delivered to the 295

response area, generating new orders that are pre- 296

sented in a left-to-right alignment at the bottom of 297

the screen. 298

2.3.4. Game 4: Go-NoGo 299

The patient is asked to click on the screen, in the 300

target area, when the visual stimuli presented are 301

identical and to perform no action when the visual 302

stimuli are different. As the difficulty increases, more 303

perceptually similar stimuli are presented. The final 304

result is indicated by a score corresponding to the 305

number of correct answers, weighted by the diffi- 306

culty multiplier (the score may vary depending on 307

the difficulty level). 308

The stimuli last on the screen for 1000 ms or until 309

the subjects respond on the touch screen. The inter- 310

trial interval is 500 ms. 311

2.3.5. Game 5: Visual working memory 312

The gameplay consists of a stimulus presentation 313

part (irregular icons of real objects and tools) that 314

persists on the screen for varying amounts of time 315

depending on the current difficulty (from 1500 ms 316

for standard to 800 ms for the highest level), with a 317

500 ms intertrial interval. 318

The patient is asked to rearrange the icons in 319

reverse order of presentation. As the difficulty 320
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increases, longer series are presented. The final result321

is a score corresponding to the number of correct322

answers, weighted by the difficulty multiplier (the323

score may vary depending on the difficulty level).324

2.3.6. Game 6: Math speed and digit working325

memory326

The patient is asked to perform a mathematical327

calculation with basic operations, while keeping the328

result in mind and continuing to perform other cal-329

culations. As the difficulty increases, more complex330

mathematical operations will be presented. The final331

result is a score corresponding to the number of cor-332

rect answers, weighted by the difficulty multiplier333

(the score may vary depending on the level of dif-334

ficulty).335

2.3.7. Game 7: Semantic associations336

The patient is asked to associate icons represent-337

ing professional figures with icons representing their338

working tools. As the difficulty increases, more dis-339

tracting stimuli will be presented. The final result340

is a score corresponding to the number of correct341

answers, weighted by the difficulty multiplier (the342

score may vary depending on the level of difficulty).343

Target stimuli are icons representing objects of par-344

ticular trades or ethnic-cultural classifications (e.g.345

policeman, singers, Mexican) for a total of 31 cat-346

egories. Each category is represented by 4 iconic347

objects (e.g. a police cruiser for policeman) for a total348

of 124 target icons.349

The patient must respond by dragging the tar-350

get icon within a hollow circle corresponding to the351

semantic category indicated by a large icon. The352

stimulus remains on the screen until complete user353

interaction with the stimuli.354

2.4. Outcome measures355

Two types of outcome measures were analyzed to356

quantify the effect of training: performance on neu-357

ropsychological tests and scores on functional scales.358

A neuropsychological test battery assessed short-359

term and working memory using Digit span forward360

and backward and Corsi span forward and backward361

(Monaco et al., 2013), attention using Attentional362

matrices (Spinnler & Tognoni, 1987), and executive363

functions using Stroop test (Caffarra et al., 2002).364

Standard scores corrected for age and education were365

considered for the analyses.366

The Barthel Index (Mahoney, 1965) was used for367

functional analysis of activities of daily living; the368

Beck Anxiety Inventory (Beck & Steer, 1990) was 369

used as a measure of anxiety symptoms. 370

2.5. Data analysis 371

Statistical analyses were conducted using Statisti- 372

cal Package for the Jamovi. 373

According to the Shapiro-Wilk test, the neuropsy- 374

chological measures of digit span, spatial span, and 375

Stroop tests were not normally distributed, while the 376

scores of attentional matrices were not significantly 377

different from a normal distribution. Therefore, in 378

order to examine significant differences in scores 379

between T0 and T1, paired t tests for attentional matri- 380

ces and Wilcoxon signed-rank test for digit, spatial 381

spans and Stroop tests were computed, separately for 382

each group (experimental vs. control). 383

The effect sizes for pre-test –post-test control 384

group designs were estimated, based on the mean 385

pre–post change in the treatment group minus the 386

mean pre–post change in the control group, divided 387

by the pooled pretest standard deviation (Morris, 388

2018). 389

T1-T0 differences of the corrected test scores were 390

correlated with T1-T0 differences in BAI and Barthel 391

index scores using Pearson correlations, separately 392

for each group (experimental vs. control). 393

p-values<0.05 were considered statistically signif- 394

icant. 395

3. Results 396

Table 2 reports the mean scores and standard devi- 397

ations for each test and group, at T0 and T1. 398

Baseline (T0) performances at each test and func- 399

tional scales were similar in the experimental vs. 400

control group. 401

Patients of the experimental but not of the con- 402

trol group showed a significant improvement at T1 403

relative to T0 in the Attentional Matrices [experi- 404

mental group: t(14)=4.63, p < 0.01; control group: 405

t(14)=1.88, p > 0.05), in the Digit Span Forward 406

(experimental group: W = 4, p < 0.05; control group: 407

W = 15.5, p = 0.9), in the Spatial Span Backward 408

(experimental group: W = 4, p < 0.05; control group: 409

W = 5.50, p = 0.2), in the Stroop test considering Time 410

of execution (experimental group: W = 101, p < 0.05; 411

control group: W = 60.5, p = 1). 412

Both experimental and control group patients 413

showed a significant improvement at T1 relative 414

to T0 in the Spatial Span Forward (experimental 415
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Table 2

Means and standard deviations for Pre- (T0) and Post-rehabilitation (T1) sessions

Experimental Group Control Group
T0 T1 T0 T1

Digit span forward 3.9 (1.8) 4.6 (1.7) 4.5 (1.7) 4.5 (1.4)
Digit span backward 2.5 (1.4) 2.5 (1.2) 2.4 (0.9) 2.4 (1.2)
Spatial span forward 2.8 (1.5) 3.7 (1) 2.1 (1.7) 3.4 (1)
Spatial span backward 1.4 (1.9) 2.4 (1.9) 1.5 (1.7) 2.2 (1.9)
Attentional matrices 22.7 (15.1) 28.7 (15.1) 13.4 (14.7) 16 (13.9)
Stroop task (Time) 57.1 (49.9) 33.4 (18) 38.5 (24.1) 44.5 (29.9)
Stroop task (errors) 6.5 (7.8) 4.4 (5.2) 5.4 (6.3) 4.4 (5.1)
Barthel Index 29.3 (25.6) 39 (30.1) 32.1 (26.6) 50 (30.2)
BAI scale 13.4 (12) 6.7 (6.7) 15.4 (13.6) 7.6 (6)

Fig. 1. Correlation between T1-T0 difference (delta) of scores of Spatial Span forward (a), Spatial Span Backward (b) and Digit Span
Forward (c) and T1-T0 difference (delta) of scores of the Barthel Index in patients of the control and of the experimental group.

group: W = 0.00, p < 0.01; control group: W = 9.50,416

p < 0.05). There were no significant improvements417

in the Digit Span Backward (experimental group:418

W = 24.5, p = 0.8; control group: p = 1) and Stroop test419

considering errors (experimental group: W = 82.5,420

p = 0.2; control group: W = 56, p = 0.2).421

In the experimental group, the group effect size422

on the post–pre comparison was larger than 0.4 in423

the Digit span forward (d = 0.56) and in the Stroop424

interference for Time (d = 1.12). None of the tests425

showed a larger positive change in the control group.426

Scores on the functional scales revealed signif-427

icant improvements from the hospital admission428

to the discharge for both groups (Barthel index:429

experimental group t(14)=2.15, p < 0.05; control430

group t(14)=3.55, p < 0.01; BAI: experimental group: 431

W = 89.5, p < 0.01, control group; W = 91.5, p < 0.05). 432

Seven patients in the experimental group and seven 433

patients in the control group underwent an improve- 434

ment in the Barthel index above the minimal 435

detectable change expected in test–retest assessment 436

[Morris, 2008]. 437

When analyzing correlations between T1-T0 dif- 438

ference in neuropsychological test scores and T1–T0 439

difference in the Barthel Index score, there was a sig- 440

nificant correlation in the experimental but not in the 441

control group for Spatial Span Backward (experimen- 442

tal group: r = 0.45, p = 0.04; control group: r = -0.19, 443

p = 0.5) as well as a trend towards significance for 444

Digit Span Forward (experimental group: r = 0.4, 445
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Fig. 2. Correlation between T1-T0 difference (delta) of scores of
Spatial Span Backward and T1-T0 difference (delta) of scores
of the Beck Anxiety Index in patients of the control and of the
experimental group.

p = 0.08; control group: r = 0.01; p = 0.9) and Spatial446

Span Forward (experimental group:=0.4, p = 0.07;447

control group: r = -0.03, p = 0.9) (Figure 1 a-c). The448

difference in the correlation coefficients between449

experimental vs. control group was significant for the450

Spatial Span Backward test (p < 0.05).451

These results suggest that, specifically for the452

patients of the experimental group, the more they453

improved in the Spatial Span Forward, Spatial Span454

Backward and Digit Span Forward tasks, the more455

they improved in functional activities of daily living456

along the two weeks rehabilitation period.457

When analyzing correlations between T1-T0 dif-458

ference in neuropsychological test scores and T1-T0459

difference in the BAI scale scores, there was a sig-460

nificant correlation in the experimental but not in the461

control group for Spatial Span Backward (experimen-462

tal group: r=- 0.46, p = 0.04; control group: r = 0.40,463

p = 0.1). The difference in the two correlation coef-464

ficients between the experimental vs. control group465

was significant for this test (p < 0.05; Figure 2). This466

result suggests that the more the patients of the experi-467

mental group improved in the Spatial Span Backward468

task, the more they showed a reduction in the anxiety469

levels along the two weeks rehabilitation period.470

4. Discussion471

The main results of the present study can be sum-472

marized as follows: prism adaptation using prismatic473

lenses that deviate the visual field to the same side474

of the affected hemisphere, combined with a digi-475

tal cognitive training using serious games, improved476

verbal and spatial working memory, attention and a477

measure of inhibition (Stroop test) in subacute stroke 478

patients more than standard rehabilitation therapy. 479

Improvements in activities of daily living and in the 480

anxiety levels following rehabilitation were corre- 481

lated with improvements in some working memory 482

measures, particularly in spatial span backward tasks, 483

selectively in the experimental group. 484

Prism adaptation is known in the neurorehabili- 485

tation literature for its effects on spatial attention 486

in right brain-damaged patients with left neglect. 487

The present results suggest that prism adaptation 488

could also be used in combination with cognitive 489

training for the rehabilitation of other, non-directly 490

spatial, cognitive functions. An explanation of the 491

observed results could be that an improvement of 492

spatial attention induced by prism adaptation (at 493

least in right-brain-damaged patients) could rever- 494

berate on other cognitive functions, such as working 495

memory and other executive functions. Indeed, pre- 496

vious studies reported spatial attention effects on 497

other cognitive functions, such as language and 498

executive functions (Chatterje et al., 1995, 1999; Tur- 499

riziani et al., 2009). However, in the present study, 500

the use of a concurrent exposure prism adaptation 501

procedure, with vision of the arm performing the 502

pointing movements, prevented the development of 503

measurable spatial aftereffects in both right and left 504

brain-damaged patients. 505

We therefore think that the mechanism underly- 506

ing the rehabilitative effects is not strictly dependent 507

on the modulation of spatial attention. Related to 508

this, it is worth noting that in the present study, the 509

distribution of patients with neglect at Albert’s can- 510

cellation and line bisection tasks was unbalanced, 511

with a greater number of neglect patients in the con- 512

trol group. Despite this, the baseline performance 513

on each neuropsychological test and functional scale 514

was similar in the experimental vs. control group. 515

Moreover, the limited number of neglect patients in 516

the experimental group makes it unlikely that any 517

effect of prism adaptation on neglect could explain 518

the cognitive enhancing effects of the procedure on 519

the other neuropsychological tests. 520

Prism adaptation can increase cortical excitabil- 521

ity of the hemisphere ipsilesional to prism deviation, 522

with an effect comparable to that of anodal tran- 523

scranial direct current stimulation (Magnani et al., 524

2014; Bracco et al., 2017, 2018). This effect has 525

been observed following either rightward or leftward 526

prism adaptation and it leads to behavioral effects 527

that vary according to the hemisphere being “modu- 528

lated” by prism adaptation. Consistent with this view, 529
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leftward but not rightward prism adaptation selec-530

tively increases phonological fluency, i.e. a cognitive531

function presenting a selective association with left532

hemispheric frontal circuits (Turriziani et al., 2021).533

Another example is provided by the finding that left-534

ward but not rightward prism adaptation facilitates535

reward-based learning, a function more associated536

with the activation of left hemispheric basal ganglia537

circuits (Schintu et al., 2018).538

Recovery from stroke has been associated with539

increased cortical excitability (i.e. reduced inhibition)540

of the affected hemisphere (Cicinelli et al., 2003).541

Therefore, a selective increase of cortical excitability542

of the affected hemisphere in stroke patients, induced543

by rightward prism adaptation in right brain dam-544

aged patients and leftward prism adaptation in left545

brain-damaged ones could be a mechanism promot-546

ing cognitive recovery.547

This proposed mechanism of action would be548

similar as that of non-invasive brain stimulation in549

stroke patients. Previous studies extensively doc-550

umented that increasing excitation of the affected551

hemisphere or reducing excitation of the unaffected552

one induces cognitive recovery of modality specific553

functions associated to the affected hemisphere, such554

as language in left-brain-damaged patients or spatial555

neglect in right-brain-damaged ones (Miniussi et al.,556

2008; Xu et al., 2022). In this line, the logic behind the557

improvement of cognitive functions following prism558

adaptation integrated with digital cognitive training559

could be similar as that reported for brain stimulation560

integrated with cognitive training (Myoung-Hwan561

et al., 2022). The use of digital cognitive train-562

ing following PA would sustain, rather than directly563

determine, cognitive effects, exploiting the back-564

ground of modulation of cortical excitability induced565

by prisms. Following this logic, in each rehabilitation566

session, serious games were applied in a temporal567

window immediately following that of prism adapta-568

tion.569

In addition to producing effects on cortical570

excitability, it has been demonstrated that prism adap-571

tation modulates functionally interconnected brain572

regions of either the hemisphere ipsilateral or con-573

tralateral to visual field deviation (Schintu et al.,574

2020). At a network level, the effects of prism adap-575

tation are subserved by a parietal–temporal network,576

associated to sensorimotor aftereffects, and by a577

fronto-cerebellar network, responsible for cognitive578

aftereffects (Panico et al., 2022). The crucial role of579

the cerebellum in cognition, for both implicit and580

explicit processes (Giustiniani et al., 2019, 2021;581

Oliveri et al., 2007) and the usefulness of stimula- 582

tion of cerebellar circuits for cognitive rehabilitation 583

in stroke patients (Manto et al., 2022) are further argu- 584

ments supporting a role for PA, if confirmed by future 585

larger studies, as an additional neuromodulation pro- 586

cedure in stroke. 587

The mechanism of action based on priming corti- 588

cal excitability in order to make it more responsive to 589

cognitive training, could operate as a general mech- 590

anism in support, rather than as an alternative, of 591

whatever theoretical model of cognitive training. 592

A main result of the present study is the significant 593

correlation between improvement on some tasks and 594

improvement of activities of daily living, as tested 595

with the Barthel Index, in the experimental but not in 596

the control group. It is well known that the improve- 597

ment of executive functions in stroke patients is a 598

main target of cognitive rehabilitation. Amelioration 599

of working memory, planning, decision-making and 600

inhibition is likely to generalize to other cognitive and 601

behavioral abilities, making the recovery of function- 602

ing stable across time. 603

The translation to activities of daily living of 604

the benefits of the training with PA and serious 605

games would confirm the hypothesis that training of 606

functions subserved by frontal circuits supports a gen- 607

eralized improvement of other abilities in different 608

neurological diseases, regardless of the specific pat- 609

tern of brain damage and of cognitive/ impairment 610

(Karbach & Kray, 2009; Weicker et al., 2016; Burgio 611

et al., 2018; Nikravesh et al., 2021; Tarantino et al., 612

2022). 613

Another main result of the present study is the 614

correlation between improvement on some tasks and 615

reduction of anxiety levels in the experimental but 616

not in the control group. 617

Neuropsychiatric symptoms, especially anxiety 618

and depression, are major problems affecting stroke 619

survivors (Deb-Chatterji et al., 2022). Unfortunately, 620

these symptoms are often underdiagnosed in com- 621

munity settings. In particular, the presence of anxiety 622

in the acute phase of a stroke can predict long- 623

term outcomes of the disease in patients with more 624

severe impairments (Kim et al., 2023), although the 625

cognitive impairment six months following a stroke 626

seems to be more related to depression (Williams 627

OA et al., 2021). Therefore, the development of non- 628

pharmacological treatment strategies that address 629

anxiety is an emerging field with likely long-term 630

impact on neurorehabilitation (De Luca et al., 2018; 631

Zhou et al., 2022). Anxiety symptoms in stroke 632

patients are associated with attentional and execu- 633
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tive deficits (Kliem et al., 2022). Treatments able to634

address both attentional/executive deficits and neu-635

ropsychiatric symptoms are likely to operate on a636

common pathophysiological background, i.e. the lack637

of frontal control on subcortical limbic structures,638

through neuromodulation of excitability of a brain639

network involving frontal lobes. According to the640

neurophysiological and neuroimaging data already641

discussed, PA modulates large cerebellar-frontal net-642

works. The addition of serious games with executive643

components to PA could consolidate this neuromod-644

ulation effect and generalize it towards behavioral645

and psychological symptoms associated with defec-646

tive cortico-limbic control. Further dedicated studies647

with larger patients’ samples and longer follow up648

times will better address this issue.649

In conclusion, although the results of the present650

study are preliminary given the relatively low sample651

sizes, they suggest that digital PA and computerized652

cognitive trainings can offer a new tool for cognitive653

neurorehabilitation in stroke patients, extending its654

effects to functional and psychological abilities.655
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