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Abstract 

Background

Over the last decades, neuromotor rehabilitation programs have integrated multidis-

ciplinary approaches with the implementation of emerging technology (e.g., robotics 

and virtual reality – VR), to effectively target recovery complexity. While this strategy 

supported patient’s physical improvement, little evidence has been reported regard-

ing the widespread effects on non-motor rehabilitation outcomes.

Methods

A prospective, two-arm, non-randomized study design was adopted to provide pilot 

feasibility evidence on the multi-domain impact of personalized technology-enhanced 

neuromotor rehabilitation from convenience sub-samples of patients with stroke, 

Parkinson’s Disease (PD), and osteoarthritis (OA). Technological intervention con-

sisted of the integrated use of robot-assisted and/or VR-based exercises, individual-

ized based on patient’s diagnosis and rehabilitation goals. Study outcomes included 

patient’s functional status (autonomy in ADLs, risk of falls), cognition (attention and 

executive functions, memory, verbal fluency), physical and mental health-related 

quality of life (HRQoL), and psychological status (anxiety and depression symptoms, 

and well-being) and were compared to patients participating in standard training only. 

Rehabilitation experience and technology psychosocial impact were also evaluated. 

Intra- and intergroup comparisons along with general linear models were statistically 
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tested within each sub-sample considered independently over three timepoints 

(baseline, post-intervention, 6-month follow-up).

Results

At post-intervention, significant multi-domain intra-group improvements were 

observed within each sub-sample. Between-group differences were found on ADLs 

autonomy (stroke and PD; p < .05), executive functions (stroke; p < .01), anxiety 

and depression (OA and PD, respectively; p < .05), and well-being (stroke and OA; 

p < .05). Interaction effects (time x group) were significant only on well-being variables 

in stroke (p = .01) and OA (p = .02), evidencing wider short-term effects of technology-

enhanced programs compared to standard training. At 6-month, significant time 

effects indicating sustained improvements over the three timepoints were estimated 

on HRQoL within each sub-sample (p < .05) and, additionally, on anxiety and depres-

sion in stroke (p = .02) and OA (p < .001). Interaction effects emerged only on physical 

HRQoL in OA (p = .02), along with significant between-group differences on HRQoL 

and anxiety and depression in OA (p < .05) and PD (p = .01), respectively.

Conclusion

Further full-scale trials are warranted to confirm the longitudinal trends observed in 

this pilot study and to further investigate the potential multi-domain benefits of multi-

disciplinary and technology-integrated recovery approaches across different clinical 

populations.

Trial registration

ClinicalTrials.gov ID: NCT05399043.

1.  Background

With the progressive shift of paradigm in the definition of disability, the role of multi-
ple and mutual-related biopsychosocial factors in addressing individuals’ health and 
functioning has become increasingly central [1,2]. Contextually, neuromotor rehabil-
itation programs have shown a growing interest in the adoption of multidisciplinary 
approaches along with the integration of technology-enabled strategies to effectively 
target recovery complexity [3,4]. Over the last decades, in particular, emerging 
technologies like robotics and virtual reality (VR) have been implemented. Thanks 
to their multipurpose and multimodal application, these technologies have proposed 
crucial solutions not only to scale up standard interventions but also to potentially 
respond to a wider spectrum of impairments that result from various acute and 
chronic conditions, including stroke [5,6], Parkinson’s Disease (PD) [7,8], and osteo-
arthritis (OA) [9,10].

Stroke is one of the leading causes of disability worldwide, with the highest 
incidences among the neurological diseases and widespread symptoms that often 
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persist beyond the post-acute phase and require comprehensive and long-term rehabilitation [11]. Post-stroke physical 
impairments include motor deficits like paralysis, muscles weakness, and impaired coordination that can profoundly limit 
patients’ mobility (e.g., walking, balance) and autonomy in various activities of daily living (ADLs) [12]. Cognitive dysfunc-
tions are also common consequences predicting poor clinical outcomes [13]. Specifically, stroke can severely affect mem-
ory, attention, language, and executive functions, often leading to broader detrimental effects on self-care and disease 
management. Moreover, it was evidenced that stroke can also exacerbate depression and anxiety symptoms, ultimately 
affecting psychological well-being and increasing patients’ limitations to various activities and restrictions to community 
participation [14].

PD represents another common and complex neurological condition. Physical symptoms typically include movement 
disorders like tremor at rest, bradykinesia, rigidity, postural instability, and gait dysfunctions [15]. Besides, non-motor 
impairments can also occur and mainly regard cognition and mental health domains. Cognitive disorders often relate to 
attentional and executive functions, speech, visuospatial abilities, and memory difficulties, which, in many cases, can 
significantly predict dementia over time [16]. As for mental health, signs and symptoms often fall into the broad categories 
of affect (i.e., depression and anxiety), motivation (i.e., impulse control disorders and apathy), and perception and thinking 
(i.e., psychosis) [17]. Taken together, both motor and non-motor symptoms can cause severe disability, affecting patients’ 
daily life especially as the disease progresses [18].

In conclusion, OA is one of the most frequent musculoskeletal degenerative disorders that, similarly to stroke and PD, 
induces progressive disability [19]. In particular, it may lead to acute or chronic pain, loss of joint functions, and inflamma-
tions, which can make conservative treatments ineffective and cause severe limitations to either basic or complex daily 
activities. Such condition can exert a broader impact beyond musculoskeletal manifestations, too. As suggested by prior 
works, persistent pain and physical impairments, for example, can lead to considerable emotional distress, which can 
translate into increased depression and anxiety symptoms and compound cognitive difficulties [20,21]. Total knee arthro-
plasty (TKA) and total hip arthroplasty (THA) are considered common surgical procedures performed to alleviate physical 
symptoms and restore joints functionality. However, despite these procedures have proven to be effective, post-operative 
rehabilitation process often plays a critical role in ensuring optimal functional recovery [22,23].

Overall, when targeting rehabilitation outcomes in these three pathologies, the adoption of multidimensional and inno-
vative approaches is therefore essential. Recently, advances in motion analysis and wearable sensor-based technologies 
have further supported technological rehabilitation by enabling objective movement assessment and personalized training 
planning and implementation [24]. In parallel, emerging biomechanics-informed rehabilitation models have increasingly 
contributed to optimizing individualized recovery pathways by supporting risk monitoring and functional outcome opti-
mization. However, although the efficacy of technology-enhanced interventions to improve motor impairments has been 
supported widely [5–10], understanding the short- and long-term broader impact on patients’ non-motor characteristics 
still represents an open challenge [25]. Beyond motor recovery, emerging evidence suggests that technological devices 
may support multi-domain rehabilitation through several mechanisms, including the delivery of high-intensity and task-
specific training, the provision of augmented multisensory feedback, and the facilitation of motor-cognitive integration. 
In post-stroke rehabilitation, robotic and VR-based interventions have been associated with improved motor learning 
and engagement, as well as potential secondary benefits on attention, executive functions, and mood [5–6]. In PD, 
technology-enhanced training has been shown to promote gait automatization, balance control, and dual-task perfor-
mance, while also positively influencing motivation and perceived well-being [7–8]. Similarly, OA and post-arthroplasty 
rehabilitation, VR-based interventions may enhance proprioception, balance, functional mobility, while reducing risk 
and fear of falls and psychological distress [9–10]. Collectively, these advantages support the potential of rehabilitation 
technologies to restore functional limitations, mitigate secondary complications, and promote recovery across physical, 
cognitive, and psychological domains. Clearer evidence in this direction not only would extend current knowledge on tech-
nology effectiveness to patient’s global functioning, but it would also support the added value of providing comprehensive 
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and technology-enhanced recovery programs. To this end, the integration of personalized approaches represents another 
essential strategy to optimally target patient’s profile. This includes the necessity of concurrently considering patient’s 
medical diagnosis, disability severity, and related rehabilitation objectives, with the final aim of developing and implement-
ing individualized recovery pathways.

Following this line, the present study aimed to provide pilot multi-domain feasibility evidence on the impact of multi-
disciplinary, individualized, technology-enhanced neuromotor rehabilitation programs. Feasibility was intended as the 
preliminary assessment of the applicability and potential added value of technology-integrated rehabilitation within real-
world clinical settings, as well as its sensitivity in capturing changes across multiple outcome domains. For this purpose, 
a preliminary longitudinal investigation was conducted in convenience samples of patients drawn from three distinct and 
representative clinical populations typically undergoing neuromotor rehabilitation, namely stroke (neurological sub-acute), 
PD (chronic neurodegenerative), and OA (musculoskeletal). The latter was included as a representative musculoskeletal 
condition commonly undergoing structured neuromotor rehabilitation, particularly in the post-surgical phase. In detail, 
intervention impact was estimated on patient’s functional status, cognitive functioning, psychological profile, and broader 
health-related quality of life (HRQoL). Perceived rehabilitation experience and technology psychosocial impact were 
also evaluated at post-intervention phase. Further, longitudinal trajectories (6 months) on the psychological status and 
HRQoL were finally explored. In line with the pilot and exploratory nature of the study, it was hypothesized that, compared 
to patients undergoing standard multidisciplinary rehabilitation alone, those participating also in technology-integrated 
programs would show better short-term multi-domain trends and a more positive rehabilitation experience. It was further 
exploratorily expected that improvement in psychological well-being and HRQoL would be at least partially maintained at 
follow-up.

2.  Materials and methods

The present study is part of a broader project called PHTinRehab Study (Perception of High Technology in Rehabilitation: 
a real-life Study on usability, effectiveness, and health-related quality of life) approved by the Ethics Committee of the 
Clinical Scientific Institutes Maugeri IRCCS (February 2021, protocol n. 2517CE). The full description of the study protocol 
was registered in a public clinical trial registry (ClinicalTrials.gov ID: NCT05399043) and published elsewhere [26].

2.1.  Design, participants, procedures

A pilot prospective, two-arm, open-label, non-randomized study design was adopted.
In a real-world rehabilitation setting, consecutive enrolments were conducted (from September 1st 2021 to July 31th 

2022) with patients meeting the following eligibility criteria: 18 years of age or older; diagnosis of stroke, PD or TKA/THA 
due to OA, requiring rehabilitation intervention; no severe clinical condition (i.e., chronic heart failure at class IV according 
to the New York Heart Association classification – NYHA-IV, ischemic heart disease at class IV according to Canadian 
Cardiovascular Society classification – CCS-IV, neoplastic diseases or acute respiratory disease); no cognitive impairment 
(screened with the Montreal Cognitive Assessment – MoCA > 15.5 [27]); no language disorders (e.g., aphasia); no severe 
mental health condition or psychiatric disorders (assessed according to the Diagnostic and Statistical Manual of Mental 
Disorders – DSM-V-TR) that can potentially compromise participation in the study and reliability of collected data, and no 
prior exposure structured exposure to the rehabilitation technologies implemented in this study. All the patients involved 
were given the informed written consent and asked to sign it to join the study. Their participation was voluntary and did 
not affect the healthcare process. The entire study was conducted in accordance with the Declaration of Helsinki and all 
relevant guidelines and regulations covering respect for the rights and dignity of participants.

At hospital admission (or after clinical stabilization), patients were screened for eligibility and asked to participate. 
Enrolment was carried out by a multidisciplinary panel consisting of physical and rehabilitation medicine specialists, neu-
rologists, psychologists, and researchers. Included patients underwent a comprehensive baseline evaluation of the study 
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outcomes, which was replicated at post-intervention phase (after 4 weeks). Here, perceived rehabilitation experience and 
technology psychosocial impact were further evaluated. Finally, follow-up telephone evaluations at 6 months after the 
intervention were conducted, specifically on patient-reported autonomy in ADLs, psychological status, and HRQoL.

2.2.  Intervention

Patients were assigned to the two study arms, depending on their rehabilitation program and objectives (Fig 1). These 
were defined following the routine multidisciplinary clinical practice of the Institution where the study was carried out [28]. 
In particular, each patient’s recovery pathway was designed individually based on the integration between the Interna-
tional Classification of Diseases (ICD) and the International Classification of Functioning, Disability, and Health (ICF) 

Fig 1.  Flow diagram of the study.

https://doi.org/10.1371/journal.pone.0344472.g001

https://doi.org/10.1371/journal.pone.0344472.g001
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models [29]. Therefore, based on their rehabilitation needs, patients could have participated in further activities besides 
physical therapy, namely occupational therapy, speech therapy, cognitive stimulation, and/or psychological support. 
Accordingly, rehabilitation procedures followed a biopsychosocial approach and were adapted according to one’s specific 
diagnosis, disability severity, and recovery objectives, ultimately delivering personalized rehabilitation projects and pro-
grams. Although participants did not undergo randomization, the approximate balance in sample sizes across study arms 
and study groups resulted from Institution’s routine effort to optimize resource allocation and ensure equitable access to 
care, reflecting real-world clinical practice.

All participants underwent standard treatment which consisted of two daily 1-hour sessions of physical therapy over 
4 weeks. These included rehabilitation activities like range of motion exercises (passive, active assisted, and active), 
balance, strength and proprioceptive training, progressive resistive exercises, and aerobic conditioning. Only the patients 
assigned to the second study group arm underwent technology-based training. For these, part of the duration (which 
depended on rehabilitation objectives) of the whole intervention consisted of the use of exoskeletal (Lokomat®, Armeo-
Spring® – Hocoma AG, Switzerland) and/or VR technology (ProKin, D-Wall, Walker View – TecnoBody SRL, Italy), result-
ing in the same amount of therapy for all participants. Also, intervention intensity and workload were routinely monitored 
through functional performance observations, device-generated training parameters (e.g., assistance levels, task diffi-
culty, and progression criteria) to ensure comparable therapeutic exposure across groups. Technology-enhanced reha-
bilitation procedures, including eligibility criteria for assignment and implementation, followed appropriate rehabilitation 
technology-specific guidelines and recommendations [30–34].

2.3.  Data collection

Following preliminary collection of socio-demographic and clinical data (i.e., age, gender, marital status, living condition, 
education, Body Mass Index – BMI, comorbidities, and risk factors), all participants were evaluated through a multidimen-
sional battery of standardized scales and questionnaires, whose full description, including their psychometric properties, is 
provided in the original study protocol published elsewhere [26].

Functional status evaluation included an assessment of the autonomy in the ADLs through the Modified Barthel Index 
(MBI) [35] and the Functional Independence Measure (FIM) [36]. Risk of falls was also evaluated through the Morse Fall 
Scale [37]. At 6-month follow-up, the Basic Activities of Daily Living (BADL) [38] and the Instrumental Activities of Daily 
Living (IADL) [39] were also administered.

Cognitive functioning was assessed through a comprehensive battery of neuropsychological tests. These included the 
Montreal Cognitive Assessment (MoCA) [40], which assessed global cognition (permission to use for research purposes 
was requested and training certification to administer the test was obtained). Attention, executive functions, and linguistic 
skills were further evaluated through the oral version of the Symbol Digit Modalities Test (SDMT) [41], the Trail Making 
Test (TMT-A and TMT-B) [42], the shortened version of the Stroop Colour Word test [43], the Frontal Assessment Battery 
[44], and the phonemic verbal fluency test [45]. All tests were adjusted for participants’ age and education to generate 
standardized scores comparable to normative data available for each test.

HRQoL evaluation was carried out through the Short-Form Health Survey-12 (SF-12) [46], which allowed to obtain 
composite scores for physical (PCS) and mental (MCS) health status, and the visual analogue scale of the Euro-QoL 
(EQ-VAS) [47] for overall health (permission to use the scale was requested and obtained). Anxiety and depression 
symptoms were also evaluated with the General Anxiety Disorder-7 (GAD-7) [48] and the Patient Health Questionnaire-9 
(PHQ-9) [49], respectively. Moreover, the Satisfaction-Profile (SAT-P) [50] was administered as a measure of well-being 
to specifically evaluate patient’s perceived satisfaction in the last month with mood, resistance to physical fatigue, and 
mental efficiency. At post-intervention, rehabilitation experience was evaluated with the Client-Centred Rehabilitation 
Questionnaire (CCRQ) [51], while the psychosocial impact of the technology implemented was assessed with the Psy-
chosocial Impact of Assistive Device Scale (PIADS) [52], which evaluates the perceived benefits of assistive technologies 
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on functional ability and independence (i.e., ability subscale), motivation and ability to adapt to changes (i.e., adaptability 
subscale), and emotional well-being and self-confidence (i.e., self-esteem subscale). At 6-month follow-up, the SF-12 and 
the EQ-VAS were administered again, along with an assessment of anxiety and depression symptoms through a short-
ened version of the Patient Health Questionnaire (PHQ-4) [53].

2.4.  Data analysis

Descriptive statistics on all the study variables were calculated. Mean and standard deviations for continuous variables 
and percentages for categorical variables were reported. For each sub-sample, between-group statistical differences were 
then calculated to check if the two study arms were similar at the baseline. Intervention characteristics and rehabilitation 
experience were also analysed from all participants. Of those also undergoing technology-based training, the number of 
sessions and total minutes of devices use were extracted and described along with the perceived technology psychosocial 
impact. Within- and between-groups pre-post intervention differences were then calculated on the study outcomes (i.e., 
functional status, cognition, HRQoL, and psychological status). Of these, delta values were also generated, by calculating 
the difference between post-intervention and baseline mean scores, and then compared between the two study arms. In 
addition, repeated-measures ANOVA models were tested to estimate the main (time) and interaction (time x group) effects 
emerged from the intervention on all the study outcomes. Further models were finally tested including also the outcomes 
evaluated at 6-month follow-up (i.e., HRQoL, anxiety and depression symptoms). For each of them, assumption of 
sphericity was assessed through Mauchly’s test. In cases of assumption violation, appropriate adjustments were applied. 
For all pairwise comparisons, Bonferroni correction was used (see supplementary material for further details). Partial eta 
squared (ŋ2p) coefficients as indicator of effect size were generated along with achieved statistical power. All the statisti-
cal analyses were replicated within each study sample involved (i.e., stroke, PD, and OA) and described independently. 
The Statistical Package for the Social Sciences (SPSS, v.29.0) was used and a p-value ≤ .05 was considered statistically 
significant.

3.  Results

3.1.  Sub-samples characteristics and intervention

Baseline socio-demographic and clinical characteristics of the study samples are presented in Table 1. For each of them, 
no significant between-group differences emerged, meaning that study participants were similar before the intervention.

Table 2 shows the intervention characteristics, including the results on the perceived rehabilitation overall experience 
and technology psychosocial impact. Besides standard physical therapy, most of the patients participated in parallel reha-
bilitation activities, except for those following TKA/THA. As for the use of technology, patients with stroke or PD used VR 
or exoskeletal devices, while those following TKA/THA underwent VR-based training only. As already mentioned, tech-
nology assignment and implementation strictly depended on patient’s individualized rehabilitation objectives and project. 
In general, however, robotic devices were considered more suitable for patients with stroke or PD, while the use of VR 
devices, specifically the ProKin platform was preferred for patients following TKA or THA given its potential to provide 
enhanced proprioceptive, balance, and sensory-motor training, which is essential for joints post-surgery recovery.

All patients reported satisfactory levels of perceived rehabilitation experience. Specifically, significant between-group 
differences were found among patients with PD in emotional support (p = .01) and physical comfort (p = .04) subscales, 
and among patients following TKA/THA in outcome evaluation subscale (p = .03), where who used technology reported 
higher mean scores. No further significant differences were estimated across the three study samples, although in general 
higher scores were observed in patients undergoing technology-based rehabilitation in all CCRQ subscales.

In conclusion, from the evaluation of the psychosocial impact of technology, positive mean scores were observed 
for each subscale of the PIADS. In detail, participants reported that the use of technological devices positively affected 
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their capability to perform actions and activities and to face daily tasks (ability subscale), their willingness to cope with 
new experiences and challenges and to adapt to different settings (adaptability subscale), as well as their mood, self-
confidence, and emotions (self-esteem subscale).

3.2.  Intervention effectiveness

Pre- post-intervention changes of the study participants are showed in Table 3. Multi-domain impacts of the rehabilitation 
programs were observed on multiple study outcomes, along with significant main and interaction effects. Intervention 
effects within each study sample over the study phases are presented. Further details on technology-based intervention 
delivered (including number of training sessions and total minutes of devices use), outcomes mean scores and the analy-
ses conducted, including those at 6-month follow-up, are provided as supplementary material (S1 Appendix).

3.2.1.  Stroke.  Post-intervention improvements were observed within both study arms in all the outcomes evaluated.
Significant changes were found in the FIM mean scores within both the Group 1 (FIM Total: p = .007; FIM Motor: 

p = .007) and Group 2 (FIM Total: p = .01; FIM Motor: p = .01), while only within the Group 2 significant improvements were 

Table 1.  Baseline socio-demographic and clinical characteristics of the study samples.

Variables Stroke PD OA

Group 1
(n = 10)

Group 2
(n = 11)

p Group 1
(n = 4)

Group 2
(n = 8)

p Group 1
(n = 14)

Group 2
(n = 10)

p

Age, Mean±SD 68.5 ± 9.6 66.0 ± 11.1 .705 75.8 ± 10.9 73.9 ± 9.9 .683 70.3 ± 8.9 69.9 ± 8.7 .752

Gender, n(%) .835 .221 .124

  Male 5(50.0) 5(45.5) 1(25.0) 5(62.5) 4(28.6) 6(60.0)

  Female 5(50.0) 6(54.5) 3(75.0) 3(37.5) 10(71.4) 4(40.0)

Marital Status, n(%) .256 .679 .327

  Single/Separated/widowed 3(30.0) 6(54.5) 2(50.0) 5(62.5) 7(50.0) 3(30.0)

  Married 7(70.0) 5(45.5) 2(50.0) 3(37.5) 7(50.0) 7(70.0)

Living condition, n(%) .407 .211 .134

  Alone 2(20.0) 4(36.4) 1(25.0) 5(62.5) 7(50.0) 2(20.0)

  With others 8(80.0) 7(63.3) 3(75.0) 3(37.5) 7(50.0) 8(80.0)

Education, n(%) .531 .638 .605

   None or primary 3(30.0) 4(36.4) 2(50.0) 2(25.0) 6(42.9) 3(30.0)

   Middle school 4(40.0) 2(18.2) 1(25.0) 4(50.0) 5(35.7) 3(30.0)

   High school or higher 3(30.0) 5(45.5) 1(25.0) 2(25.0) 3(21.4) 4(40.0)

BMI, Mean±SD 26.2 ± 4.4 24.4 ± 3.2 .654 28.2 ± 7.4 24.3 ± 4.7 .461 28.3 ± 6.9 28.2 ± 3.2 .666

Comorbidity, n(%)* .694 .223 .382

  None 3(30.0) 3(27.3) – 4(50.0) 9(64.3) 7(70.0)

  One 2(20.0) 4(36.4) 1(25.0) 1(12.5) 5(35.7) 2(20.0)

  Two or more 5(50.0) 4(36.4) 3(75.0) 3(37.5) – 1(10.0)

Risk Factors, n(%)° .525 .350 .533

  None 1(10.0) – – 3(37.5) 6(42.9) 5(50.0)

  One 5(50.0) 7(63.6) 2(50.0) 2(25.0) 4(28.6) 4(40.0)

  Two or more 4(40.0) 4(36.4) 2(50.0) 3(37.5) 4(28.6) 1(10.0)

Notes. Group 1, Standard training; Group 2, Technology-enhanced training. p-values are from chi-squared test and Mann-Whitney test for categorical 
and continuous variables, respectively. BMI, Body Mass Index; SD, Standard deviation

*Comorbidities include diabetes, polyneuropathy, osteoporosis, polymyalgia rheumatica, obstructive sleep apnea, chronic obstructive pulmonary dis-
ease, atrial fibrillation, and coronary heart disease.

°Risk factors include smoking behaviour, dyslipidaemia, arterial hypertension, hyperuricemia, diseases familiarity, past clinical events.

https://doi.org/10.1371/journal.pone.0344472.t001

https://doi.org/10.1371/journal.pone.0344472.t001
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estimated in the MBI scores (p = .02). Significant main effects were estimated in the FIM total scores (p < .001, ŋ2p = .525) 
and FIM motor subscale (p < .001, ŋ2p = .561).

Improvements in cognitive outcomes were also observed. Significant changes were estimated within the Group 1 in 
the SDMT (p = .02) and Stroop error interference (p = .03) scores, while the Group 2 significantly improved MoCA (p = .03), 
SDMT (p = .02), TMT-B (p < .05), and FAB (p = .02) scores. A significant main effect was also estimated on MoCA (p < .01, 
ŋ2p = .335), SDMT (p < .001, ŋ2p = .478), TMT-B (p = .04, ŋ2p=219), and FAB (p < .01, ŋ2p = .311) scores, but no interaction 
effects or between-group differences were found.

As for HRQoL and psychological outcomes, significant improvements were found within the Group 1 in EQ-VAS 
(p = .04), SF-12 PCS (p = .04), SF-12 MCS (p = .01), GAD-7 (p = .02), and SAT-P resistance to physical fatigue (p = .01) 
scores. Within the Group 2, significant changes were estimated in EQ-VAS (p = .02), SF-12 MCS (p = .02), GAD-7 (p = .02), 
PHQ-9 (p = .02), SAT-P mood (p < .01) and resistance to physical fatigue (p = .02) scores. Significant main effects were 
also estimated on EQ-VAS (p < .01, ŋ2p = .425), SF-12 PCS (p = .01, ŋ2p = .301), SF-12 MCS (p < .001, ŋ2p = .593), GAD-7 
(p < .001, ŋ2p = .454), PHQ-9 (p < .01, ŋ2p = .357), and SAT-P mood (p < .001, ŋ2p = .490) and resistance to physical fatigue 
(p < .001, ŋ2p = .542) scores. Moreover, a significant interaction effect between time and group was estimated on SAT-P 
mood (p = .02, ŋ2p = .275) scores, along with significant between-group differences (p = .01) with the Group 2 showing 
wider improvements.

Fig 2 shows the results from the longitudinal analyses. For all measures, no between-group differences were found at 
any timepoint and no significant interactions between time and group were observed. However, significant main effects 
were estimated on the EQ-VAS (p < .01, ŋ2p = .244), SF-12 PCS (p = .01, ŋ2p = .228), SF-12 MCS (p < .001, ŋ2p = .455), and 
PHQ-4 (p = .02, ŋ2p = .202) over the three study timepoints.

Table 2.  Intervention characteristics, and rehabilitation experience (CCRQ) and technology psychosocial impact (PIADS) mean scores of the 
study samples.

Variable Stroke PD OA

Group 1
(n = 10)

Group 2
(n = 11)

p Group 1
(n = 4)

Group 2
(n = 8)

p Group 1
(n = 14)

Group 2
(n = 10)

p

Parallel Rehabilitation activities, n(%) 8(80.0) 8(72.2) .696 2(50.0) 5(62.5) .679 – – –

CCRQ, Mean±SD *

  Client Participation (6–30) 26.7 ± 4.1 28.3 ± 2.1 .739 19.5 ± 7.5 27.4 ± 1.9 .073 25.1 ± 3.9 28.4 ± 1.8 .084

  Client Centred Education (5–25) 20.9 ± 3.9 20.6 ± 1.2 .222 16.0 ± 3.4 20.3 ± 3.0 .073 20.2 ± 4.1 22.3 ± 3.1 .284

  Outcome Evaluation (4–20) 17.6 ± 1.3 18.3 ± 1.7 .370 14.0 ± 4.6 17.0 ± 3.2 .283 16.4 ± 2.9 18.8 ± 1.4 .031

  Family Involvement (5–25) 21.4 ± 3.6 21.4 ± 5.4 .779 14.3 ± 4.0 22.6 ± 3.3 .071 21.4 ± 3.6 21.5 ± 4.9 .889

  Emotional Support (5–25) 17.5 ± 4.6 19.6 ± 1.2 .251 14.0 ± 6.1 19.3 ± 0.9 .012 17.8 ± 2.7 19.2 ± 1.2 .292

  Physical Comfort (4–20) 18.1 ± 2.6 19.1 ± 1.3 .720 14.5 ± 5.1 18.6 ± 1.4 .048 17.5 ± 2.8 19.3 ± 1.1 .131

  Continuity/Coordination (5–25) 18.1 ± 2.7 18.6 ± 2.2 .809 13.5 ± 3.5 17.3 ± 2.2 .214 18.2 ± 2.5 20.1 ± 1.4 .067

PIADS, Mean±SD (range: −3/ + 3)

  Ability – 1.7 ± 0.9 – 1.5 ± 0.8 – 1.0 ± 0.7

  Adaptability – 1.8 ± 1.0 – 1.7 ± 0.9 – 0.9 ± 0.9

  Self-esteem – 1.6 ± 0.8 – 1.4 ± 0.7 – 0.9 ± 0.5

Notes. Group 1, Standard training; Group 2, Technology-enhanced training. p-values are from chi-squared test and Mann-Whitney test for categorical 
and continuous variables, respectively.

Parallel Rehabilitation activities included occupational therapy, speech therapy, psychological support, and cognitive stimulation.

*Range values are reported for each CCRQ subscale.

CCRQ, Client-Centred Rehabilitation Questionnaire; PIADS, Psychosocial Impact of Assistive Devices Scale.

https://doi.org/10.1371/journal.pone.0344472.t002

https://doi.org/10.1371/journal.pone.0344472.t002
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3.2.2.  Parkinson’s disease (PD).  Multi-domain improvements were also observed among patients with PD.
Significant changes in the MBI (p = .03), FIM motor (p = .02) and FIM total (p = .02) scores were estimated within the 

Group 2 only. At post-intervention, a significant between-group difference in FIM motor subscale (p = .04) was found, with 
the Group 2 reporting higher mean scores than the Group 1. Moreover, a significant main effect was observed on FIM 
motor (p < .001, ŋ2p = .945) and FIM total (p < .001, ŋ2p = .947) scores.

As for cognition, no statistically significant changes or between-group comparisons were estimated, although clinical 
improvements can be observed in all the neuropsychological tests performed within both groups. Only a significant main 
effect of time on MoCA scores (p = .02, ŋ2p = .461) emerged.

Regarding HRQoL and psychological outcomes, significant improvements were found within the Group 2 exclusively, 
specifically in EQ-VAS (p = .04), PHQ-9 (p = .03), and SAT-P mood (p = .01), resistance to physical fatigue (p = .01), and 
mental efficiency (p = .03) scores. Significant between-group differences were also observed, at post-intervention, in 

Fig 2.  HRQoL, anxiety and depression mean scores at baseline, post-intervention, and 6-month in patients with stroke.

https://doi.org/10.1371/journal.pone.0344472.g002
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EQ-VAS (p < .05) and PHQ-9 (p = .02) scores, with the Group 2 showing better HRQoL and lower depression symptoms 
than the Group 1. A significant main effect was then estimated on GAD-7 (p = .04, ŋ2p = .367), PHQ-9 (p = .02, ŋ2p = .444), 
and SAT-P mental efficiency (p < .01, ŋ2p = .525) scores. For all measures, no significant interaction effects or pre-post 
intervention between-group differences were observed.

Fig 3 shows the mean scores of HRQoL variables and anxiety and depression symptoms over the three study time-
points. A significant main effect was estimated on SF-12 PCS (p = .02, ŋ2p = .347) scores, but no interaction effects 
were found. Particularly for PHQ-4 scores, a significant difference between baseline and 6-month follow-up scores was 
observed within the Group 2 (p < .05), which also reported significantly lower scores than the Group 1 at final follow-up 
evaluation (p = .01).

3.2.3.  Osteoarthritis (OA).  Widespread effects were finally observed among patients following TKA/THA, too.
Significant changes within both study groups were found in MBI (Group 1: p = .003; Group 2: p = .02), FIM motor (Group 

1: p = .001; Group 2: p = .008), and FIM total (Group 1: p = .001; Group 2: p = .008) scores, along with significant main 

Fig 3.  HRQoL, anxiety and depression mean scores at baseline, post-intervention, and 6-month in patients with PD.

https://doi.org/10.1371/journal.pone.0344472.g003

https://doi.org/10.1371/journal.pone.0344472.g003
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effects of time (MBI: p = .001, ŋ2p = .394; FIM motor: p < .001, ŋ2p = .717; FIM total: p < .001, ŋ2p = .720). No significant 
between-group differences or interaction effects were estimated.

As for the cognitive outcomes, significant improvements were found within the Group 1 in MoCA (p = .04) and TMT-A 
(p = .02) scores, while the Group 2 significantly improved SDMT (p < .05) scores. Significant main effects were also esti-
mated on MoCA (p = .03, ŋ2p = .202), SDMT (p = .005, ŋ2p = .332), TMT-A (p < .05, ŋ2p = .182), and FAB (p = .02, ŋ2p = .224) 
scores. Again, no significant differences between the two groups or interaction effects were observed.

Regarding HRQoL and psychological variables, Group 1 significantly improved SF-12 PCS (p = .002) scores only. Dif-
ferently, Group 2 showed significant changes in EQ-VAS (p < .05), SF-12 PCS (p = .02), GAD-7 (p = .02), and SAT-P resis-
tance to physical fatigue (p < .05) and mental efficiency (p = .05) mean scores. Significant main effects were also estimated 
on EQ-VAS (p = .005, ŋ2p = .304), SF-12 PCS (p < .001, ŋ2p = .647), GAD-7 (p = .003, ŋ2p = .336), PHQ-9 (p = .02, ŋ2p = .237), 
and SAT-P mood (p = .02, ŋ2p = .233) and resistance to physical fatigue (p = .01, ŋ2p = .268). Further, at post-intervention 
evaluation, Group 2 reported significantly higher mean scores in SF-12 MCS (p = .01), GAD-7 (p = .04), and SAT-P mood 
(p = .02), resistance to physical fatigue (p = .009) and mental efficiency (p = .009) than the Group 1. Notably, a significant 
pre-post intervention between-group difference in SAT-P mental efficiency (p = .02) was estimated, along with a significant 
interaction between time and group (p = .03, ŋ2p = .200).

Fig 4 shows the longitudinal changes over the three study timepoints. At 6-month follow-up, significant between-
group differences were found in EQ-VAS (p = .03) and SF-12 PCS (p = .04) scores. Moreover, significant main (p < .001, 
ŋ2p = .467) and interaction (p = .02, ŋ2p = .205) effects were estimated on SF-12 PCS scores. Of these, a significant 
difference between baseline and 6-month follow-up scores was found within the Group 2 (p = .005), which reported sig-
nificantly wider improvements than the Group 1 (p = .04). Similarly, a significant longitudinal difference was also found in 
PHQ-4 scores within both Group 1 (p = .03) and Group 2 (p = .007), along with a significant main effect of time (p < 001, 
ŋ2p = .372).

4.  Discussion

Adopting a prospective, two-arm, open-label, non-randomized design, the present study investigated the short- and 
long-term multi-domain effects of technology-enhanced neuromotor rehabilitation. Convenience sub-samples of patients 
with stroke, PD, or TKA/THA were drawn from a real-world neuromotor rehabilitation setting with the aim to provide pilot 
feasibility evidence on the perceived effectiveness of robotic and VR devices on multiple health outcomes, namely the 
functional status, cognitive functioning, HRQoL, and psychological status. Multidisciplinary rehabilitation programs, where 
part of the intervention was integrated with the implementation of technological devices, were delivered based on patients’ 
individualized rehabilitation project and program. Pre- post-intervention changes and longitudinal effects over 6 months 
were analysed estimating intra- and inter-group effects. All analyses were conducted separately for each clinical sub-
sample (i.e., stroke, PD, and OA), and the corresponding results were interpreted independently.

4.1.  Stroke

Stroke patients reported widespread improvements after the intervention. In both study arms, patients reported signif-
icant changes in motor disability, but no group superiority was found. Regarding levels of independences in the ADLs, 
only those participating in technology-enhanced treatment showed significant improvements at post-intervention. Prior 
works [54], evaluating the use of robotics and VR to improve function in stroke survivors, underscored the potential of 
technology to increase therapy dose in terms of repetition and intensity, which is essential to achieve significant functional 
improvements in patients with acquired neurological conditions [55,56]. This may explain the differential effect found in 
terms of functional status within the two study groups. Despite no significant between-group differences emerged at post-
intervention, the result suggested that integrating technology may have contributed to extending the rehabilitation effects 
to patients’ level of autonomy beyond motor improvement.
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Interestingly, significant changes were also found in the cognitive domains investigated. While the group partici-
pating in standard treatment showed significant adjustments in limited attentional skills, the group exposing to tech-
nology improved global cognition along with divided attention, cognitive flexibility, and executive functions. Standard 
approaches in stroke rehabilitation have widely evidenced the positive impact of motor recovery on cognitive domains, 
since sensory, motor, and cognitive aspects, sharing mutual neuronal circuits and processes, influence each other 
during training [57]. Notably, the extended effects found within the group undergoing technology-enhanced rehabilita-
tion can be explained by the multimodal and multisensory stimuli patients were additionally exposed to. Consistently, 
recent evidence [58] supported the efficacy of the use of virtual environments combined with motion tracking systems, 
which contributed to wider post-stroke cognitive improvements when compared to usual care treatment. Likewise, 
robotic technology, especially when coupled to VR systems, was found to substantially impact cognition through 
augmented simultaneous motor and cognitive dual-task training [59,60], ultimately extending the effects of standard 
therapy. Overall, although no significant intergroup differences were estimated for cognitive change, again informative 
evidence on the integration of technology in stroke rehabilitation programs was provided by analysing the two study 
groups independently.

Fig 4.  HRQoL, anxiety and depression mean scores at baseline, post-intervention, and 6-month in patients with OA.

https://doi.org/10.1371/journal.pone.0344472.g004

https://doi.org/10.1371/journal.pone.0344472.g004
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Informative results were also observed in HRQoL and psychological outcomes. Differently from the results found on 
the functional status and cognitive functions, significant post-intervention improvements were detected within both study 
groups regarding almost the same domains, including perceived overall health, QoL in terms of physical health and men-
tal health, anxiety symptoms, and satisfaction with resistance to physical fatigue. Interestingly, only the patients undergo-
ing technology-based training reported changes in relation to mood, with a significant decrease of depression symptoms 
and increase of perceived satisfaction with mood. Particularly for the latter, significant intergroup differences were also 
estimated, suggesting these patients to be more satisfied than those participating in standard treatment exclusively. In 
general, the evidence on the effects of technology-enhanced rehabilitation on HRQoL in stroke population, despite the 
most investigated so far, still remains mixed and unclear [25]. If on the one hand this makes it difficult to discuss and draw 
conclusions on technology effectiveness, on the other hand it may explain the lack of differential effects observed between 
the two study groups, including those estimated longitudinally at 6-month follow-up. Regarding the psychological out-
comes, prior works with stroke patients [61–63] supported the positive impact of both standard and technology-enhanced 
programs on their emotional status and satisfaction with treatment following perceived motor benefits. This may explain 
the positive evidence observed among all study participants and the lack of significant intergroup effects. However, an 
exception can be found in the results on mood. As widely known, stroke can represent a clinical event profoundly impact-
ing patients’ participation and daily activities with the consequent onset of disease-related mood disorders, that standard 
rehabilitation programs often insufficiently address [14,56]. The integration of technological devices not only may have 
provided study participants with more engaging therapy sessions and better rehabilitation experience, with a possible 
contribution of novelty-related and expectancy effects on perceived well-being, but it has also significantly contributed to 
improve autonomy in ADLs and cognition that, in turn, may have positively affected mood and satisfaction with it.

4.2.  Parkinson’s Disease (PD)

Informative changes were also observed among patients with PD, despite the limited sample size at post-intervention 
study phase. Main effects of time were observed in the functional outcomes with significant intragroup improvements 
exclusively among patients participating in technology-enhanced programs. Besides positive changes in ADLs autonomy, 
these showed after the treatment significantly lower motor disability than those who underwent standard training. This 
result is in line with prior research suggesting both robotic and VR devices to be effective in improving motor and func-
tional disability [7,64]. However, when compared to control interventions, the evidence supporting their added value is 
still controversial [8,65], ultimately suggesting that technology-enhanced rehabilitation have not always been superior to 
traditional physiotherapy in this clinical population. This may explain the lack of significant group effects observed in the 
present study.

Positive trends in cognition domains were also found. Although no significant changes after the intervention were esti-
mated, patients of both study groups increased cognitive performance at neuropsychological assessment. Only a signif-
icant main effect of time in global cognition evaluation was observed, but no significant intergroup effects were detected. 
The lack of significant improvements can be due to different reasons. First, the limited sample size, especially regarding 
the group participating in standard rehabilitation, may have translated into reduced statistical power and wider variability, 
which in turn made it difficult to detect effects. Secondly, although the positive effects of neurorehabilitation programs on 
PD patients’ cognition have been described [66], addressing such outcome remains an open challenge due to the dis-
ease complexity in terms of clinical progression. Nowadays, cognitive rehabilitation programs represent the most common 
therapeutic strategy to treat cognitive impairment in PD [67]. Notably, the present study sample participated in a multi-
disciplinary rehabilitation program, but none of them performed parallel cognitive stimulation activities. Moreover, other 
research on the cognitive effects of technology (e.g., VR) applied to physical rehabilitation provided mixed evidence with 
some studies reporting improvements in global cognition and executive functions [68,69] and others showing no signifi-
cant results [70]. The findings of the present study seemed to be more in line with the latter.
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Informative evidence was finally found in HRQoL and psychological outcomes. Differently from the patients undergo-
ing standard therapy, those who participated in technology-enhanced programs reported significant changes in perceived 
overall health, depression symptoms, and satisfaction with mood, resistance to physical fatigue, and with mental efficiency. 
Despite no interaction effects emerged, significant between-group differences were found at post-intervention in particu-
lar with respect to perceived health and depression symptoms. These results are partially consistent with prior works that 
investigated rehabilitation technology effectiveness on non-motor outcomes. Of these, mixed evidence was reported with 
some studies showing HRQoL improvements after the use of technology when compared to control interventions [71–73] 
or not [74–76], and others estimating no significant effects [77–79]. The studies that concurrently investigated the impact 
on depression symptoms are less and, again, provided significant [73,80] or null results [80,81]. As for the improvements 
observed in satisfaction with mood, resistance with physical fatigue, and mental efficiency, this result represents an original 
finding, as it has not been reported yet, according to available literature. A possible explanation of these changes may be 
found in patient-reported rehabilitation experience, which for those participating in technology-enhanced programs was 
perceived as better, especially in terms of emotional support and physical comfort provided. However, the marginal statisti-
cal significance observed for physical comfort should be interpreted cautiously and warrants confirmation in larger trials, as 
it may partly reflect the limited samples size of this pilot study rather than a robust group difference. Overall, this inference 
can be supported by prior literature supporting the benefits of patient-centred rehabilitation contexts for multiple rehabilita-
tion outcomes, including perceived health and psychological well-being [82–84].

In conclusion, the present study interestingly adds knowledge on the long-term impact of technology on HRQoL and 
anxiety and depression symptoms. A significant main effect of time was estimated for perceived physical health and a 
significant intergroup difference for anxiety and depression emerged at 6-month follow-up evaluation after patients’ dis-
charge. Despite preliminary, the present finding is original compared to the existing recent literature on patients with PD 
[77,78,85], which detected no significant longitudinal trends.

4.3.  Osteoarthritis (OA)

Informative evidence was finally found among patients following TKA or THA. All patients involved in the study signifi-
cantly improved motor disability and autonomy in the ADLs, but no intergroup effects were estimated at post-intervention, 
therefore suggesting that technology-based training was not superior in improving functional outcomes when compared 
to standard treatment. This finding may reflect the characteristics of contemporary post-arthroplasty rehabilitation, which 
increasingly relies on functional, task-oriented, and multi-joint training approaches rather than isolated joint strengthening 
[86], potentially limiting the additional motor benefits attributable to technology-assisted training. Furthermore, this result 
is partially in line with prior studies that supported the efficacy of VR rehabilitation technologies but, in some cases, lacked 
significant comparisons with control interventions [9,87]. Notably, most of these investigated physical and motor functions 
(i.e., gait, balance, range of motion, muscular strength, proprioception, and pain) as rehabilitation outcomes, providing 
poor insight into the effects on the related independence in the ADLs. Despite preliminary, the present study adds knowl-
edge on patients’ levels of disability and autonomy following technology-enhance rehabilitation program.

Post-intervention improvements were also observed in cognitive outcomes. Especially among patients participating in 
standard rehabilitation, significant changes in global cognition, attention, and executive functions were observed. Notably, 
no between-group differences were found. This result suggests that technology presumably had not a key role in enhanc-
ing study sample’s cognitive profile, but rather the standard treatment mainly. In support of this, as already mentioned, 
standard physical rehabilitation can provide secondary effects on cognition beside motor improvements, as mutual neu-
ronal circuits are activated during recovery [57]. Furthermore, the studies investigating the effects of VR-based rehabilita-
tion on cognition in TKA/THA patients are scant, making it difficult to advance possible explanations about the role of this 
technology. Future studies should further investigate possible associations between the integration of VR devices in TKA/
THA rehabilitation and cognitive improvement.
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Regarding the results on HRQoL and the psychological outcomes, significant main effects of time were found in almost 
all the study variables. Significant between-group differences were estimated at post-intervention, with the patients par-
ticipating in technology-enhanced programs reporting better scores in QoL in terms of mental health, anxiety symptoms, 
and satisfaction with mood, resistance to physical fatigue, and mental efficiency. Specifically for the latter, significant 
interaction effects were found, suggesting that technology-enhanced intervention has provided wider pre-post changes 
than standard treatment. The preliminary results on HRQoL are consistent with prior works showing positive effects of VR 
on perceived overall health [88] and physical health domain [89], differently from other works which found no significant 
effects [90,91]. As for the psychological outcomes, the significant difference found in anxiety levels is in line with prior 
recent works [92,93] that showed symptoms to be lower in patients after completing a VR-based intervention than in those 
who participated in standard treatment. In conclusion, the significant effects found in depression symptoms and satisfac-
tion with mood, resistance to physical fatigue, and mental efficiency represent an original finding, as previous reviews and 
meta-analyses provided no related evidence [9,94,95]. Taken together, a possible explanation of the psychological effects 
observed may be found again in patient-reported rehabilitation experience. Patients participating in technology-enhanced 
programs remarked a more positive evaluation on the progress towards the achievement of rehabilitation goals, expecta-
tions, and performance areas that were important for them. This may reflect a positive perception of rehabilitation benefits 
that include both motor and non-motor functions.

The last finding concerns the longitudinal changes in HRQoL and anxiety and depression symptoms. At 6-month 
follow-up evaluation, significant between-group differences were found in perceived overall health and QoL physical 
health component, with the patients who participated in technology-based intervention reporting higher scores. As specif-
ically regards physical health component, a significant interaction between time and study group was found, suggesting 
that technology has provided a more positive long-term impact than standard treatment. This finding is in contrast with a 
prior work [96] performing the same evaluation and that found no significant differences between the two study groups at 
3-month follow-up. Regarding anxiety and depression symptoms, although no interaction effects emerged between the 
two study groups, both significantly decreased symptoms over 6 months. Based on previous recent reviews [9,94,95], no 
similar results have been reported in literature.

4.4.  Study limitations and future directions

Overall, some limitations should be acknowledged from this study. Firstly, the sample sizes of all study groups are limited, 
especially in PD subsample, with consequent reduced stability of inferential estimates. According to guidelines for pilot 
studies, however, a convenience sample of at least six participants per group may be sufficient for investigating recovery 
outcomes in pilot rehabilitation trials that are at a feasibility stage [97]. Although satisfactory effect sizes were estimated, 
the results obtained cannot be considered as generalizable. Despite promising, the multi-sample evidence described so 
far should be taken as pilot and cautiously. Accordingly, given the exploratory and feasibility-oriented nature of the work, 
the inferential statistics reported was intended to describe clinical trends rather than support confirmatory conclusions. 
Further research with larger samples investigating the biopsychosocial effects of technology among the three pathologies 
involved in this study is strongly recommended.

Another limitation concerns the intervention characteristics and the absence of formal methods to quantify dose-
response relationship. As already described, patients participated in different rehabilitation activities and experienced 
the use of different technological devices, at different dose, based on their individual rehabilitation project and program. 
Additionally, the non-randomized allocation based on routine multidisciplinary clinical decision-making and the grouping of 
heterogenous technological devices under a single intervention variable may have introduced potential selection bias and 
prognostic non-equivalence between study groups, thus limiting causal inference and findings generalizability. Although 
this contributed to obtaining greater intervention heterogeneity, the multidisciplinary and tailored approach adopted reflects 
the attempt to place the present study within a personalized medicine framework, whose adoption still represents one of 
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the major challenges in the field of rehabilitation medicine [3,29,98]. Moreover, this also aligns with the study’s purpose of 
exploring intervention impact on a set of non-motor outcomes that are still insufficiently studied despite their recognized 
relevance. Nevertheless, it must be acknowledged that, in the present study, intervention variability may have introduced a 
confounding effect, sensibly limiting causal inferences. Moving forward, future studies should specifically address dose-
response relationships while adopting controlled designs and systematically framing intervention intensity and exposure. 
Moreover, next research from the pilot evidence here reported may leverage the implementation of further cutting-edge 
tools (e.g., machine learning, artificial intelligence) to enhance training personalization and potentially enable a deeper 
analysis and understanding on non-motor mechanisms underlying technology-assisted recovery [99].

The last limit of this study may regard the use of self-report measure to investigate HRQoL and psychological out-
comes. Despite self-report methods may be constrained by inferential limitations (e.g., social desirability bias, risk of 
false-positive), they are considered suitable to provide informative evidence of a phenomenon and have various advan-
tages, including high practicality of use, clinical and research applicability, and good cost-effectiveness [100]. Moreover, 
the adoption of self-report evaluations strictly reflects the willingness to actualize the patient-centred approach adopted for 
the present study. Nonetheless, we acknowledge that relying exclusively on self-reported data may not fully capture indi-
vidual changes. Similarly, the absence of structured cognitive stimulation within the rehabilitation programs may have lim-
ited the extent of cognitive improvements observed, which were not consistently significant across cognitive sub-domains. 
Future studies should consider including targeted cognitive training components and integrate more objective metrics.

5.  Conclusions

Overall, this pilot study provides preliminary feasibility evidence supporting the integration of personalized, technology-
enhanced neuromotor rehabilitation within multidisciplinary clinical pathways across heterogenous rehabilitation popu-
lations. Despite differences in etiology and clinical profiles, patients with stroke, PD and OA showed promising trends 
toward multi-domain benefits, extending beyond motor recovery to include functional autonomy, psychological well-being 
and HRQoL. While the exploratory nature and limited sample size warrant cautious interpretation, these findings highlight 
the potential added value of technology-enhanced and patient-centred rehabilitation approaches in real-world settings. 
Future adequately powered and controlled studies are needed to confirm these results, investigate dose-response rela-
tionships, and further clarify the mechanisms underlying multi-domain recovery.

Supporting information

S1 Appendix. Personalized intervention characteristics and 6-month follow-up complete analyses. 
(PDF)

S2 Appendix. CONSORT-Checklist. 
(PDF)

S3 Appendix. Copy of trial protocol summary approved by the Ethics Committee. 
(PDF)

Author contributions

Conceptualization: Francesco Zanatta, Patrizia Steca, Anna Giardini, Antonia Pierobon.

Data curation: Francesco Zanatta, Cira Fundarò, Chiara Ferretti, Giovanni Arbasi, Antonia Pierobon.

Formal analysis: Francesco Zanatta, Roberta Adorni.

Funding acquisition: Antonia Pierobon.

Investigation: Francesco Zanatta, Cira Fundarò, Chiara Ferretti, Giovanni Arbasi, Antonia Pierobon.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344472.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344472.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344472.s003


PLOS One | https://doi.org/10.1371/journal.pone.0344472  March 13, 2026 19 / 23

Methodology: Francesco Zanatta, Roberta Adorni, Antonia Pierobon.

Project administration: Patrizia Steca, Cira Fundarò, Antonia Pierobon.

Supervision: Patrizia Steca, Anna Giardini, Marco D'Addario, Antonia Pierobon.

Writing – original draft: Francesco Zanatta.

Writing – review & editing: Francesco Zanatta, Patrizia Steca, Cira Fundarò, Anna Giardini, Chiara Ferretti, Giovanni 
Arbasi, Roberta Adorni, Marco D'Addario, Antonia Pierobon.

References
	 1.	 Stucki G, Melvin J. The International Classification of Functioning, Disability and Health: A unifying model for the conceptual description of physical 

and rehabilitation medicine. J Rehabil Med. 2007;39(4):286–92. https://doi.org/10.2340/16501977-0044 PMID: 17468800

	 2.	 Stucki G. Olle Höök Lectureship 2015: The World Health Organization’s paradigm shift and implementation of the International Classification of 
Functioning, Disability and Health in rehabilitation. J Rehabil Med. 2016;48(6):486–93. https://doi.org/10.2340/16501977-2109 PMID: 27240215

	 3.	 Lexell J, Brogårdh C. The use of ICF in the neurorehabilitation process. NeuroRehabilitation. 2015;36(1):5–9. https://doi.org/10.3233/NRE-141184 
PMID: 25547759

	 4.	 Alt Murphy M, Pradhan S, Levin MF, Hancock NJ. Uptake of Technology for Neurorehabilitation in Clinical Practice: A Scoping Review. Phys Ther. 
2024;104(2):pzad140. https://doi.org/10.1093/ptj/pzad140 PMID: 37856528

	 5.	 Chien W-T, Chong Y-Y, Tse M-K, Chien C-W, Cheng H-Y. Robot-assisted therapy for upper-limb rehabilitation in subacute stroke patients: A sys-
tematic review and meta-analysis. Brain Behav. 2020;10(8):e01742. https://doi.org/10.1002/brb3.1742 PMID: 32592282

	 6.	 Laver KE, Lange B, George S, Deutsch JE, Saposnik G, Crotty M. Virtual reality for stroke rehabilitation. Cochrane Database Syst Rev. 
2017;11(11):CD008349. https://doi.org/10.1002/14651858.CD008349.pub4 PMID: 29156493

	 7.	 Alwardat M, Etoom M, Al Dajah S, Schirinzi T, Di Lazzaro G, Sinibaldi Salimei P, et al. Effectiveness of robot-assisted gait training on motor impair-
ments in people with Parkinson’s disease: A systematic review and meta-analysis. Int J Rehabil Res. 2018;41(4):287–96. https://doi.org/10.1097/
MRR.0000000000000312 PMID: 30119060

	 8.	 Dockx K, Bekkers EM, Van den Bergh V, Ginis P, Rochester L, Hausdorff JM, et al. Virtual reality for rehabilitation in Parkinson’s disease. Cochrane 
Database Syst Rev. 2016;12(12):CD010760. https://doi.org/10.1002/14651858.CD010760.pub2 PMID: 28000926

	 9.	 Byra J, Czernicki K. The effectiveness of virtual reality rehabilitation in patients with knee and hip osteoarthritis. J Clin Med. 2020;9(8):2639.

	10.	 Wang X, Hunter DJ, Vesentini G, Pozzobon D, Ferreira ML. Technology-assisted rehabilitation following total knee or hip replacement for people 
with osteoarthritis: A systematic review and meta-analysis. BMC Musculoskelet Disord. 2019;20(1):506. https://doi.org/10.1186/s12891-019-2900-x 
PMID: 31679511

	11.	 Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano C, Abady GG, et al. Global, regional, and national burden of stroke and its risk factors, 
1990–2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet Neurol. 2021;20(10):795–820.

	12.	 Lawrence ES, Coshall C, Dundas R, Stewart J, Rudd AG, Howard R, et al. Estimates of the prevalence of acute stroke impairments and disability 
in a multiethnic population. Stroke. 2001;32(6):1279–84. https://doi.org/10.1161/01.str.32.6.1279 PMID: 11387487

	13.	 Sun J-H, Tan L, Yu J-T. Post-stroke cognitive impairment: epidemiology, mechanisms and management. Ann Transl Med. 2014;2(8):80. https://doi.
org/10.3978/j.issn.2305-5839.2014.08.05 PMID: 25333055

	14.	 Park JG. Update on stroke rehabilitation for non-motor impairment. Brain Neurorehabilitation. 2022;15(2):e13.

	15.	 Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015;386(9996):896–912. https://doi.org/10.1016/S0140-6736(14)61393-3 PMID: 25904081

	16.	 Goldman JG, Sieg E. Cognitive impairment and dementia in Parkinson disease. Clin Geriatr Med. 2020;36(2):365–77.

	17.	 Weintraub D, Aarsland D, Chaudhuri KR, Dobkin RD, Leentjens AF, Rodriguez-Violante M, et al. The neuropsychiatry of Parkinson’s disease: 
Advances and challenges. Lancet Neurol. 2022;21(1):89–102. https://doi.org/10.1016/S1474-4422(21)00330-6 PMID: 34942142

	18.	 Macleod AD, Grieve JWK, Counsell CE. A systematic review of loss of independence in Parkinson’s disease. J Neurol. 2016;263(1):1–10. https://
doi.org/10.1007/s00415-015-7847-8 PMID: 26174653

	19.	 Hunter DJ, March L, Chew M. Osteoarthritis in 2020 and beyond: A Lancet Commission. Lancet. 2020;396(10264):1711–2. https://doi.org/10.1016/
S0140-6736(20)32230-3 PMID: 33159851

	20.	 Kazim MA, Strahl A, Moritz S, Arlt S, Niemeier A. Chronic pain in osteoarthritis of the hip is associated with selective cognitive impairment. Arch 
Orthop Trauma Surg. 2023;143(4):2189–97. https://doi.org/10.1007/s00402-022-04445-x PMID: 35511355

	21.	 Fonseca-Rodrigues D, Rodrigues A, Martins T, Pinto J, Amorim D, Almeida A, et al. Correlation between pain severity and levels of anxiety and 
depression in osteoarthritis patients: A systematic review and meta-analysis. Rheumatology (Oxford). 2021;61(1):53–75. https://doi.org/10.1093/
rheumatology/keab512 PMID: 34152386

	22.	 Konnyu KJ, Thoma LM, Cao W, Aaron RK, Panagiotou OA, Bhuma MR, et al. Rehabilitation for total knee arthroplasty: A systematic review. Am J 
Phys Med Rehabil. 2023;102(1):19–33. https://doi.org/10.1097/PHM.0000000000002008 PMID: 35302953

https://doi.org/10.2340/16501977-0044
http://www.ncbi.nlm.nih.gov/pubmed/17468800
https://doi.org/10.2340/16501977-2109
http://www.ncbi.nlm.nih.gov/pubmed/27240215
https://doi.org/10.3233/NRE-141184
http://www.ncbi.nlm.nih.gov/pubmed/25547759
https://doi.org/10.1093/ptj/pzad140
http://www.ncbi.nlm.nih.gov/pubmed/37856528
https://doi.org/10.1002/brb3.1742
http://www.ncbi.nlm.nih.gov/pubmed/32592282
https://doi.org/10.1002/14651858.CD008349.pub4
http://www.ncbi.nlm.nih.gov/pubmed/29156493
https://doi.org/10.1097/MRR.0000000000000312
https://doi.org/10.1097/MRR.0000000000000312
http://www.ncbi.nlm.nih.gov/pubmed/30119060
https://doi.org/10.1002/14651858.CD010760.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28000926
https://doi.org/10.1186/s12891-019-2900-x
http://www.ncbi.nlm.nih.gov/pubmed/31679511
https://doi.org/10.1161/01.str.32.6.1279
http://www.ncbi.nlm.nih.gov/pubmed/11387487
https://doi.org/10.3978/j.issn.2305-5839.2014.08.05
https://doi.org/10.3978/j.issn.2305-5839.2014.08.05
http://www.ncbi.nlm.nih.gov/pubmed/25333055
https://doi.org/10.1016/S0140-6736(14)61393-3
http://www.ncbi.nlm.nih.gov/pubmed/25904081
https://doi.org/10.1016/S1474-4422(21)00330-6
http://www.ncbi.nlm.nih.gov/pubmed/34942142
https://doi.org/10.1007/s00415-015-7847-8
https://doi.org/10.1007/s00415-015-7847-8
http://www.ncbi.nlm.nih.gov/pubmed/26174653
https://doi.org/10.1016/S0140-6736(20)32230-3
https://doi.org/10.1016/S0140-6736(20)32230-3
http://www.ncbi.nlm.nih.gov/pubmed/33159851
https://doi.org/10.1007/s00402-022-04445-x
http://www.ncbi.nlm.nih.gov/pubmed/35511355
https://doi.org/10.1093/rheumatology/keab512
https://doi.org/10.1093/rheumatology/keab512
http://www.ncbi.nlm.nih.gov/pubmed/34152386
https://doi.org/10.1097/PHM.0000000000002008
http://www.ncbi.nlm.nih.gov/pubmed/35302953


PLOS One | https://doi.org/10.1371/journal.pone.0344472  March 13, 2026 20 / 23

	23.	 Labanca L, Ciardulli F, Bonsanto F, Sommella N, Di Martino A, Benedetti MG. Balance and proprioception impairment, assessment tools, and reha-
bilitation training in patients with total hip arthroplasty: A systematic review. BMC Musculoskelet Disord. 2021;22(1):1055. https://doi.org/10.1186/
s12891-021-04919-w PMID: 34930190

	24.	 Souaifi M, Dhahbi W, Jebabli N, Ceylan Hİ, Boujabli M, Muntean RI, et al. Artificial intelligence in sports biomechanics: A scoping review on wear-
able technology, motion analysis, and injury prevention. Bioengineering (Basel). 2025;12(8):887. https://doi.org/10.3390/bioengineering12080887 
PMID: 40868401

	25.	 Zanatta F, Farhane-Medina NZ, Adorni R, Steca P, Giardini A, D’Addario M, et al. Combining robot-assisted therapy with virtual reality or using 
it alone? A systematic review on health-related quality of life in neurological patients. Health Qual Life Outcomes. 2023;21(1):18. https://doi.
org/10.1186/s12955-023-02097-y PMID: 36810124

	26.	 Zanatta F, Steca P, Fundarò C, Giardini A, Felicetti G, Panigazzi M, et al. Biopsychosocial effects and experience of use of robotic and virtual real-
ity devices in neuromotor rehabilitation: A study protocol. PLoS One. 2023;18(3):e0282925. https://doi.org/10.1371/journal.pone.0282925 PMID: 
36897863

	27.	 Santangelo G, Siciliano M, Pedone R, Vitale C, Falco F, Bisogno R, et al. Normative data for the Montreal Cognitive Assessment in an Italian popu-
lation sample. Neurol Sci. 2015;36(4):585–91. https://doi.org/10.1007/s10072-014-1995-y PMID: 25380622

	28.	 Giardini A, Pistarini C. Implementing international classification of functioning disability and health in rehabilitation medicine: Preliminary consider-
ations from a nation-wide Italian experience in routine clinical practice. J Int Soc Phys Rehabil Med. 2019;2(3):107.

	29.	 Escorpizo R, Kostanjsek N, Kennedy C, Nicol MMR, Stucki G, Ustün TB, et al. Harmonizing WHO’s International Classification of Diseases (ICD) 
and International Classification of Functioning, Disability and Health (ICF): Importance and methods to link disease and functioning. BMC Public 
Health. 2013;13:742. https://doi.org/10.1186/1471-2458-13-742 PMID: 23938048

	30.	 Calabrò RS, Sorrentino G, Cassio A, Mazzoli D, Andrenelli E, Bizzarini E, et al. Robotic-assisted gait rehabilitation following stroke: A systematic 
review of current guidelines and practical clinical recommendations. Eur J Phys Rehabil Med. 2021;57(3):460–71. https://doi.org/10.23736/S1973-
9087.21.06887-8 PMID: 33947828

	31.	 Morone G, Palomba A, Martino Cinnera A, Agostini M, Aprile I, Arienti C, et al. Systematic review of guidelines to identify recommendations for 
upper limb robotic rehabilitation after stroke. Eur J Phys Rehabil Med. 2021;57(2):238–45. https://doi.org/10.23736/S1973-9087.21.06625-9 PMID: 
33491943

	32.	 Iosa M, Morone G, Cherubini A, Paolucci S. The three laws of neurorobotics: A review on what neurorehabilitation robots should do for patients and 
clinicians. J Med Biol Eng. 2016;36:1–11. https://doi.org/10.1007/s40846-016-0115-2 PMID: 27069459

	33.	 Brassel S, Power E, Campbell A, Brunner M, Togher L. Recommendations for the design and implementation of virtual reality for acquired brain 
injury rehabilitation: Systematic review. J Med Internet Res. 2021;23(7):e26344. https://doi.org/10.2196/26344 PMID: 34328434

	34.	 Glegg SMN, Levac DE. Barriers, facilitators and interventions to support virtual reality implementation in rehabilitation: A scoping review. PM&R. 
2018;10(11):1237. https://doi.org/10.1016/j.pmrj.2018.07.004

	35.	 Yang CM, Wang Y-C, Lee C-H, Chen M-H, Hsieh C-L. A comparison of test-retest reliability and random measurement error of the Barthel Index 
and modified Barthel Index in patients with chronic stroke. Disabil Rehabil. 2022;44(10):2099–103. https://doi.org/10.1080/09638288.2020.181442
9 PMID: 32903114

	36.	 Granger CV, Hamilton BB, Linacre JM, Heinemann AW, Wright BD. Performance profiles of the functional independence measure. Am J Phys Med 
Rehabil. 1993;72(2):84–9. https://doi.org/10.1097/00002060-199304000-00005 PMID: 8476548

	37.	 Morse JM, Tylko SJ, Dixon HA. Characteristics of the fall-prone patient. Gerontologist. 1987;27(4):516–22. https://doi.org/10.1093/geront/27.4.516 
PMID: 3623149

	38.	 Katz TADL. Activities of daily living. Am Med Assoc. 1963;185:914–9.

	39.	 Lawton MP, Brody EM. Assessment of older people: Self-maintaining and instrumental activities of daily living. Gerontologist. 1969;9(3):179–86. 
https://doi.org/10.1093/geront/9.3_part_1.179 PMID: 5349366

	40.	 Siciliano M, Chiorri C, Passaniti C, Sant’Elia V, Trojano L, Santangelo G. Comparison of alternate and original forms of the Montreal Cognitive 
Assessment (MoCA): An Italian normative study. Neurol Sci. 2019;40(4):691–702. https://doi.org/10.1007/s10072-019-3700-7 PMID: 30637545

	41.	 Nocentini U, Giordano A, Di Vincenzo S, Panella M, Pasqualetti P. The symbol digit modalities test - oral version: Italian normative data. Funct 
Neurol. 2006;21(2):93–6.

	42.	 Siciliano M, Chiorri C, Battini V, Sant’Elia V, Altieri M, Trojano L, et al. Regression-based normative data and equivalent scores for Trail Making Test 
(TMT): An updated Italian normative study. Neurol Sci. 2019;40(3):469–77. https://doi.org/10.1007/s10072-018-3673-y PMID: 30535956

	43.	 Caffarra P, Vezzadini G, Dieci F, Zonato F, Venneri A. A short version of the Stroop test: Normative data in an Italian population sample. Nuova Riv 
Neurol. 2002;12(4):111–5.

	44.	 Appollonio I, Leone M, Isella V, Piamarta F, Consoli T, Villa ML, et al. The Frontal Assessment Battery (FAB): normative values in an Italian popula-
tion sample. Neurol Sci. 2005;26(2):108–16. https://doi.org/10.1007/s10072-005-0443-4 PMID: 15995827

	45.	 Costa A, Bagoj E, Monaco M, Zabberoni S, De Rosa S, Papantonio AM, et al. Standardization and normative data obtained in the Italian population 
for a new verbal fluency instrument, the phonemic/semantic alternate fluency test. Neurol Sci. 2014;35(3):365–72. https://doi.org/10.1007/s10072-
013-1520-8 PMID: 23963806

https://doi.org/10.1186/s12891-021-04919-w
https://doi.org/10.1186/s12891-021-04919-w
http://www.ncbi.nlm.nih.gov/pubmed/34930190
https://doi.org/10.3390/bioengineering12080887
http://www.ncbi.nlm.nih.gov/pubmed/40868401
https://doi.org/10.1186/s12955-023-02097-y
https://doi.org/10.1186/s12955-023-02097-y
http://www.ncbi.nlm.nih.gov/pubmed/36810124
https://doi.org/10.1371/journal.pone.0282925
http://www.ncbi.nlm.nih.gov/pubmed/36897863
https://doi.org/10.1007/s10072-014-1995-y
http://www.ncbi.nlm.nih.gov/pubmed/25380622
https://doi.org/10.1186/1471-2458-13-742
http://www.ncbi.nlm.nih.gov/pubmed/23938048
https://doi.org/10.23736/S1973-9087.21.06887-8
https://doi.org/10.23736/S1973-9087.21.06887-8
http://www.ncbi.nlm.nih.gov/pubmed/33947828
https://doi.org/10.23736/S1973-9087.21.06625-9
http://www.ncbi.nlm.nih.gov/pubmed/33491943
https://doi.org/10.1007/s40846-016-0115-2
http://www.ncbi.nlm.nih.gov/pubmed/27069459
https://doi.org/10.2196/26344
http://www.ncbi.nlm.nih.gov/pubmed/34328434
https://doi.org/10.1016/j.pmrj.2018.07.004
https://doi.org/10.1080/09638288.2020.1814429
https://doi.org/10.1080/09638288.2020.1814429
http://www.ncbi.nlm.nih.gov/pubmed/32903114
https://doi.org/10.1097/00002060-199304000-00005
http://www.ncbi.nlm.nih.gov/pubmed/8476548
https://doi.org/10.1093/geront/27.4.516
http://www.ncbi.nlm.nih.gov/pubmed/3623149
https://doi.org/10.1093/geront/9.3_part_1.179
http://www.ncbi.nlm.nih.gov/pubmed/5349366
https://doi.org/10.1007/s10072-019-3700-7
http://www.ncbi.nlm.nih.gov/pubmed/30637545
https://doi.org/10.1007/s10072-018-3673-y
http://www.ncbi.nlm.nih.gov/pubmed/30535956
https://doi.org/10.1007/s10072-005-0443-4
http://www.ncbi.nlm.nih.gov/pubmed/15995827
https://doi.org/10.1007/s10072-013-1520-8
https://doi.org/10.1007/s10072-013-1520-8
http://www.ncbi.nlm.nih.gov/pubmed/23963806


PLOS One | https://doi.org/10.1371/journal.pone.0344472  March 13, 2026 21 / 23

	46.	 Ware JE, Kosinski M, Keller SD. A 12-item short-form health survey: Construction of scales and preliminary tests of reliability and validity. Med 
Care. 1996;34(3):220–33.

	47.	 Rabin R, de Charro F. EQ-5D: A measure of health status from the EuroQol Group. Ann Med. 2001;33(5):337–43. https://doi.
org/10.3109/07853890109002087 PMID: 11491192

	48.	 Spitzer RL, Kroenke K, Williams JBW, Löwe B. A brief measure for assessing generalized anxiety disorder: The GAD-7. Arch Intern Med. 
2006;166(10):1092–7. https://doi.org/10.1001/archinte.166.10.1092 PMID: 16717171

	49.	 Kroenke K, Spitzer RL, Williams JB. The PHQ-9: Validity of a brief depression severity measure. J Gen Intern Med. 2001;16(9):606–13. https://doi.
org/10.1046/j.1525-1497.2001.016009606.x PMID: 11556941

	50.	 Majani G, Callegari S, Pierobon A, Giardini A, Viola L, Baiardini I, et al. A New Instrument in Quality-of-Life Assessment: The Satisfaction Profile 
(SAT-P). Int J Ment Health. 1999;28(3):77–82.

	51.	 Cott CA, Teare G, McGilton KS, Lineker S. Reliability and construct validity of the client-centred rehabilitation questionnaire. Disabil Rehabil. 
2006;28(22):1387–97. https://doi.org/10.1080/09638280600638398 PMID: 17071570

	52.	 Day H, Jutai J. Measuring the psychosocial impact of assistive devises: The PIADS. Can J Rehabil. 1996;9:159–64.

	53.	 Kroenke K, Spitzer RL, Williams JBW, Lowe B. An ultra-brief screening scale for anxiety and depression: The PHQ-4. Psychosomatics. 
2009;50(6):613–21.

	54.	 Clark WE, Sivan M, O’Connor RJ. Evaluating the use of robotic and virtual reality rehabilitation technologies to improve function in stroke survivors: 
A narrative review. J Rehabil Assist Technol Eng. 2019;6:2055668319863557. https://doi.org/10.1177/2055668319863557 PMID: 31763052

	55.	 Pollock A, Farmer SE, Brady MC, Langhorne P, Mead GE, Mehrholz J, et al. Interventions for improving upper limb function after stroke. Cochrane 
Database Syst Rev. 2014;2014(11):CD010820. https://doi.org/10.1002/14651858.CD010820.pub2 PMID: 25387001

	56.	 Frontera WR, Bean JF, Damiano D, Ehrlich-Jones L, Fried-Oken M, Jette A, et al. Rehabilitation research at the national institutes of health: Mov-
ing the field forward (executive summary). Phys Ther. 2017;97(4):393–403. https://doi.org/10.1093/ptj/pzx027 PMID: 28499004

	57.	 Lauenroth A, Ioannidis AE, Teichmann B. Influence of combined physical and cognitive training on cognition: A systematic review. BMC Geriatr. 
2016;16:141. https://doi.org/10.1186/s12877-016-0315-1 PMID: 27431673

	58.	 Parisi A, Bellinzona F, Di L e rnia D, Repetto C, De Gaspari S, Brizzi G. Efficacy of multisensory technology in post-stroke cognitive rehabilitation: A 
systematic review. J Clin Med. 2022;11(21):6324.

	59.	 Kayabinar B, Alemdaroğlu-Gürbüz İ, Yilmaz Ö. The effects of virtual reality augmented robot-assisted gait training on dual-task performance 
and functional measures in chronic stroke: A randomized controlled single-blind trial. Eur J Phys Rehabil Med. 2021;57(2):227–37. https://doi.
org/10.23736/S1973-9087.21.06441-8 PMID: 33541040

	60.	 Manuli A, Maggio MG, Latella D, Cannavò A, Balletta T, De Luca R, et al. Can robotic gait rehabilitation plus Virtual Reality affect cognitive and 
behavioural outcomes in patients with chronic stroke? A randomized controlled trial involving three different protocols. J Stroke Cerebrovasc Dis. 
2020;29(8):104994. https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104994 PMID: 32689601

	61.	 Brewer L, Horgan F, Hickey A, Williams D. Stroke rehabilitation: Recent advances and future therapies. QJM. 2013;106(1):11–25. https://doi.
org/10.1093/qjmed/hcs174 PMID: 23019591

	62.	 Cano-Mañas MJ, Collado-Vázquez S, Rodríguez Hernández J, Muñoz Villena AJ, Cano-de-la-Cuerda R. Effects of video-game based ther-
apy on balance, postural control, functionality, and quality of life of patients with subacute stroke: A randomized controlled trial. J Healthc Eng. 
2020;2020:5480315. https://doi.org/10.1155/2020/5480315 PMID: 32148744

	63.	 Taravati S, Capaci K, Uzumcugil H, Tanigor G. Evaluation of an upper limb robotic rehabilitation program on motor functions, quality of life, cogni-
tion, and emotional status in patients with stroke: A randomized controlled study. Neurol Sci. 2022;43(2):1177–88. https://doi.org/10.1007/s10072-
021-05431-8 PMID: 34247295

	64.	 Triegaardt J, Han TS, Sada C, Sharma S, Sharma P. The role of virtual reality on outcomes in rehabilitation of Parkinson’s disease: Meta-analysis 
and systematic review in 1031 participants. Neurol Sci. 2020;41(3):529–36. https://doi.org/10.1007/s10072-019-04144-3 PMID: 31808000

	65.	 Carmignano SM, Fundarò C, Bonaiuti D, Calabrò RS, Cassio A, Mazzoli D, et al. Robot-assisted gait training in patients with Parkinson’s dis-
ease: Implications for clinical practice. A systematic review. NeuroRehabilitation. 2022;51(4):649–63. https://doi.org/10.3233/NRE-220026 PMID: 
35570502

	66.	 Ekker MS, Janssen S, Nonnekes J, Bloem BR, de Vries NM. Neurorehabilitation for Parkinson’s disease: Future perspectives for behavioural 
adaptation. Parkinsonism Relat Disord. 2016;22 Suppl 1:S73-7. https://doi.org/10.1016/j.parkreldis.2015.08.031 PMID: 26362955

	67.	 Díez-Cirarda M, Ibarretxe-Bilbao N, Peña J, Ojeda N. Neurorehabilitation in Parkinson’s Disease: A Critical Review of Cognitive Rehabilitation 
Effects on Cognition and Brain. Neural Plast. 2018;2018:2651918. https://doi.org/10.1155/2018/2651918 PMID: 29853840

	68.	 Pompeu JE, Mendes FADS, Silva KG, Lobo AM, Oliveira T de P, Zomignani AP, et al. Effect of Nintendo Wii™-based motor and cognitive train-
ing on activities of daily living in patients with Parkinson’s disease: A randomised clinical trial. Physiotherapy. 2012;98(3):196–204. https://doi.
org/10.1016/j.physio.2012.06.004 PMID: 22898575

	69.	 Cipresso P, Albani G, Serino S, Pedroli E, Pallavicini F, Mauro A, et al. Virtual multiple errands test (VMET): A virtual reality-based tool to detect 
early executive functions deficit in Parkinson’s disease. Front Behav Neurosci. 2014;8:405. https://doi.org/10.3389/fnbeh.2014.00405 PMID: 
25538578

https://doi.org/10.3109/07853890109002087
https://doi.org/10.3109/07853890109002087
http://www.ncbi.nlm.nih.gov/pubmed/11491192
https://doi.org/10.1001/archinte.166.10.1092
http://www.ncbi.nlm.nih.gov/pubmed/16717171
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
http://www.ncbi.nlm.nih.gov/pubmed/11556941
https://doi.org/10.1080/09638280600638398
http://www.ncbi.nlm.nih.gov/pubmed/17071570
https://doi.org/10.1177/2055668319863557
http://www.ncbi.nlm.nih.gov/pubmed/31763052
https://doi.org/10.1002/14651858.CD010820.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25387001
https://doi.org/10.1093/ptj/pzx027
http://www.ncbi.nlm.nih.gov/pubmed/28499004
https://doi.org/10.1186/s12877-016-0315-1
http://www.ncbi.nlm.nih.gov/pubmed/27431673
https://doi.org/10.23736/S1973-9087.21.06441-8
https://doi.org/10.23736/S1973-9087.21.06441-8
http://www.ncbi.nlm.nih.gov/pubmed/33541040
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104994
http://www.ncbi.nlm.nih.gov/pubmed/32689601
https://doi.org/10.1093/qjmed/hcs174
https://doi.org/10.1093/qjmed/hcs174
http://www.ncbi.nlm.nih.gov/pubmed/23019591
https://doi.org/10.1155/2020/5480315
http://www.ncbi.nlm.nih.gov/pubmed/32148744
https://doi.org/10.1007/s10072-021-05431-8
https://doi.org/10.1007/s10072-021-05431-8
http://www.ncbi.nlm.nih.gov/pubmed/34247295
https://doi.org/10.1007/s10072-019-04144-3
http://www.ncbi.nlm.nih.gov/pubmed/31808000
https://doi.org/10.3233/NRE-220026
http://www.ncbi.nlm.nih.gov/pubmed/35570502
https://doi.org/10.1016/j.parkreldis.2015.08.031
http://www.ncbi.nlm.nih.gov/pubmed/26362955
https://doi.org/10.1155/2018/2651918
http://www.ncbi.nlm.nih.gov/pubmed/29853840
https://doi.org/10.1016/j.physio.2012.06.004
https://doi.org/10.1016/j.physio.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22898575
https://doi.org/10.3389/fnbeh.2014.00405
http://www.ncbi.nlm.nih.gov/pubmed/25538578


PLOS One | https://doi.org/10.1371/journal.pone.0344472  March 13, 2026 22 / 23

	70.	 Mirelman A, Maidan I, Herman T, Deutsch JE, Giladi N, Hausdorff JM. Virtual reality for gait training: can it induce motor learning to enhance com-
plex walking and reduce fall risk in patients with Parkinson’s disease?. J Gerontol A Biol Sci Med Sci. 2011;66(2):234–40. https://doi.org/10.1093/
gerona/glq201 PMID: 21106702

	71.	 Lo AC, Chang VC, Gianfrancesco MA, Friedman JH, Patterson TS, Benedicto DF. Reduction of freezing of gait in Parkinson’s disease by repetitive 
robot-assisted treadmill training: A pilot study. J Neuroengineering Rehabil. 2010;7:51.

	72.	 van Beek JJW, van Wegen EEH, Bohlhalter S, Vanbellingen T. Exergaming-based dexterity training in persons with parkinson disease: A pilot 
feasibility study. J Neurol Phys Ther. 2019;43(3):168–74. https://doi.org/10.1097/NPT.0000000000000278 PMID: 31136450

	73.	 Tollár J, Nagy F, Kovács N, Hortobágyi T. A high-intensity multicomponent agility intervention improves Parkinson patients’ clinical and motor symp-
toms. Arch Phys Med Rehabil. 2018;99(12):2478-2484.e1.

	74.	 Brandín-De la Cruz N, Secorro N, Calvo S, Benyoucef Y, Herrero P, Bellosta-López P. Immersive virtual reality and antigravity treadmill training for 
gait rehabilitation in Parkinson’s disease: A pilot and feasibility study. Rev Neurol. 2020;71(12):447–54. https://doi.org/10.33588/rn.7112.2020352 
PMID: 33319347

	75.	 Pazzaglia C, Imbimbo I, Tranchita E, Minganti C, Ricciardi D, Lo Monaco R, et al. Comparison of virtual reality rehabilitation and conventional reha-
bilitation in Parkinson’s disease: A randomised controlled trial. Physiotherapy. 2020;106:36–42. https://doi.org/10.1016/j.physio.2019.12.007 PMID: 
32026844

	76.	 Santos P, Machado T, Santos L, Ribeiro N, Melo A. Efficacy of the Nintendo Wii combination with Conventional Exercises in the rehabilitation of 
individuals with Parkinson’s disease: A randomized clinical trial. NeuroRehabilitation. 2019;45(2):255–63. https://doi.org/10.3233/NRE-192771 
PMID: 31498138

	77.	 Nuic D, Vinti M, Karachi C, Foulon P, Van Hamme A, Welter M-L. The feasibility and positive effects of a customised videogame rehabilitation 
programme for freezing of gait and falls in Parkinson’s disease patients: A pilot study. J Neuroeng Rehabil. 2018;15(1):31. https://doi.org/10.1186/
s12984-018-0375-x PMID: 29636105

	78.	 Ribas CG, Alves da Silva L, Corrêa MR, Teive HG, Valderramas S. Effectiveness of exergaming in improving functional balance, fatigue and 
quality of life in Parkinson’s disease: A pilot randomized controlled trial. Parkinsonism Relat Disord. 2017;38:13–8. https://doi.org/10.1016/j.
parkreldis.2017.02.006 PMID: 28190675

	79.	 Severiano MIR, Zeigelboim BS, Teive HAG, Santos GJB, Fonseca VR. Effect of virtual reality in Parkinson’s disease: A prospective observational 
study. Arq Neuropsiquiatr. 2018;76(2):78–84. https://doi.org/10.1590/0004-282X20170195 PMID: 29489960

	80.	 Paker N, Bugdayci D, Goksenoglu G, Sen A, Kesiktas N. Effects of robotic treadmill training on functional mobility, walking capacity, motor 
symptoms and quality of life in ambulatory patients with Parkinson’s disease: A preliminary prospective longitudinal study. NeuroRehabilitation. 
2013;33(2):323–8. https://doi.org/10.3233/NRE-130962 PMID: 23949054

	81.	 Ferraz DD, Trippo KV, Duarte GP, Neto MG, Bernardes Santos KO, Filho JO. The effects of functional training, bicycle exercise, and exerga-
ming on walking capacity of elderly patients with parkinson disease: A Pilot randomized controlled single-blinded trial. Arch Phys Med Rehabil. 
2018;99(5):826–33. https://doi.org/10.1016/j.apmr.2017.12.014 PMID: 29337023

	82.	 Mead N, Bower P. Patient-centredness: A conceptual framework and review of the empirical literature. Soc Sci Med. 2000;51(7):1087–110. https://
doi.org/10.1016/s0277-9536(00)00098-8 PMID: 11005395

	83.	 Stewart M, Brown JB, Donner A, McWhinney IR, Oates J, Weston WW, et al. The impact of patient-centered care on outcomes. J Fam Pract. 
2000;49(9):796–804. PMID: 11032203

	84.	 Cott CA. Client-centred rehabilitation: Client perspectives. Disabil Rehabil. 2004;26(24):1411–22. https://doi.org/10.1080/09638280400000237 
PMID: 15764361

	85.	 Isernia S, Di Tella S, Pagliari C, Jonsdottir J, Castiglioni C, Gindri P, et al. Effects of an Innovative Telerehabilitation Intervention for People With 
Parkinson’s Disease on Quality of Life, Motor, and Non-motor Abilities. Front Neurol. 2020;11:846. https://doi.org/10.3389/fneur.2020.00846 PMID: 
32903506

	86.	 Dhahbi W, Materne O, Chamari K. Rethinking knee injury prevention strategies: Joint-by-joint training approach paradigm versus traditional 
focused knee strengthening. Biol Sport. 2025;42(4):59–65. https://doi.org/10.5114/biolsport.2025.148544 PMID: 41048234

	87.	 Gazendam A, Zhu M, Chang Y, Phillips S, Bhandari M. Virtual reality rehabilitation following total knee arthroplasty: A systematic review and 
meta-analysis of randomized controlled trials. Knee Surg Sports Traumatol Arthrosc. 2022;30(8):2548–55. https://doi.org/10.1007/s00167-022-
06910-x PMID: 35182172

	88.	 Elshazly F, Nambi G, Elnegamy T. Comparative study on virtual reality training (VRT) over sensory motor training (SMT) in unilateral chronic osteo-
arthritis: A randomized control trial. Int J Med Res Health Sci. 2016;5:7–16.

	89.	 Lin Y-T, Lee W-C, Hsieh R-L. Active video games for knee osteoarthritis improve mobility but not WOMAC score: A randomized controlled trial. Ann 
Phys Rehabil Med. 2020;63(6):458–65. https://doi.org/10.1016/j.rehab.2019.11.008 PMID: 31981832

	90.	 Gianola S, Stucovitz E, Castellini G, Mascali M, Vanni F, Tramacere I, et al. Effects of early virtual reality-based rehabilitation in patients with total 
knee arthroplasty: A randomized controlled trial. Medicine (Baltimore). 2020;99(7):e19136. https://doi.org/10.1097/MD.0000000000019136 PMID: 
32049833

	91.	 Ayoade M, Baillie L. A novel knee rehabilitation system for the home. Proceedings of the ACM Conference on Human Factors in Computing Sys-
tems. New York, NY, USA: ACM Press. 2014. p. 2521–30.

https://doi.org/10.1093/gerona/glq201
https://doi.org/10.1093/gerona/glq201
http://www.ncbi.nlm.nih.gov/pubmed/21106702
https://doi.org/10.1097/NPT.0000000000000278
http://www.ncbi.nlm.nih.gov/pubmed/31136450
https://doi.org/10.33588/rn.7112.2020352
http://www.ncbi.nlm.nih.gov/pubmed/33319347
https://doi.org/10.1016/j.physio.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/32026844
https://doi.org/10.3233/NRE-192771
http://www.ncbi.nlm.nih.gov/pubmed/31498138
https://doi.org/10.1186/s12984-018-0375-x
https://doi.org/10.1186/s12984-018-0375-x
http://www.ncbi.nlm.nih.gov/pubmed/29636105
https://doi.org/10.1016/j.parkreldis.2017.02.006
https://doi.org/10.1016/j.parkreldis.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28190675
https://doi.org/10.1590/0004-282X20170195
http://www.ncbi.nlm.nih.gov/pubmed/29489960
https://doi.org/10.3233/NRE-130962
http://www.ncbi.nlm.nih.gov/pubmed/23949054
https://doi.org/10.1016/j.apmr.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29337023
https://doi.org/10.1016/s0277-9536(00)00098-8
https://doi.org/10.1016/s0277-9536(00)00098-8
http://www.ncbi.nlm.nih.gov/pubmed/11005395
http://www.ncbi.nlm.nih.gov/pubmed/11032203
https://doi.org/10.1080/09638280400000237
http://www.ncbi.nlm.nih.gov/pubmed/15764361
https://doi.org/10.3389/fneur.2020.00846
http://www.ncbi.nlm.nih.gov/pubmed/32903506
https://doi.org/10.5114/biolsport.2025.148544
http://www.ncbi.nlm.nih.gov/pubmed/41048234
https://doi.org/10.1007/s00167-022-06910-x
https://doi.org/10.1007/s00167-022-06910-x
http://www.ncbi.nlm.nih.gov/pubmed/35182172
https://doi.org/10.1016/j.rehab.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31981832
https://doi.org/10.1097/MD.0000000000019136
http://www.ncbi.nlm.nih.gov/pubmed/32049833


PLOS One | https://doi.org/10.1371/journal.pone.0344472  March 13, 2026 23 / 23

	 92.	 Fuchs L, Kluska A, Novak D, Kosashvili Y. The influence of early virtual reality intervention on pain, anxiety, and function following primary total 
knee arthroplasty. Complement Ther Clin Pract. 2022;49:101687. https://doi.org/10.1016/j.ctcp.2022.101687 PMID: 36347152

	 93.	 Prabhu VG, Stanley L, Morgan R. A biofeedback enhanced adaptive virtual reality environment for managing surgical pain and anxiety. Int J 
Semantic Comput. 2020;14(03):375–93.

	 94.	 Su S, He J, Wang R, Chen Z, Zhou F. The effectiveness of virtual reality, augmented reality, and mixed reality rehabilitation in total knee arthro-
plasty: A systematic review and meta-analysis. J Arthroplasty. 2024;39(3):582-590.e4. https://doi.org/10.1016/j.arth.2023.08.051 PMID: 37598785

	 95.	 Peng L, Zeng Y, Wu Y, Si H, Shen B. Virtual reality-based rehabilitation in patients following total knee arthroplasty: A systematic review and 
meta-analysis of randomized controlled trials. Chin Med J (Engl). 2021;135(2):153–63. https://doi.org/10.1097/CM9.0000000000001847 PMID: 
34908004

	 96.	 Eicher C, Haesner M, Spranger M, Kuzmicheva O, Gräser A, Steinhagen-Thiessen E. Usability and acceptability by a younger and older user 
group regarding a mobile robot-supported gait rehabilitation system. Assist Technol. 2019;31(1):25–33. https://doi.org/10.1080/10400435.2017.13
52051 PMID: 28700324

	 97.	 Dobkin BH. Progressive Staging of Pilot Studies to Improve Phase III Trials for Motor Interventions. Neurorehabil Neural Repair. 2009;23(3):197–
206. https://doi.org/10.1177/1545968309331863 PMID: 19240197

	 98.	 Cieza A, Causey K, Kamenov K, Hanson SW, Chatterji S, Vos T. Global estimates of the need for rehabilitation based on the Global Burden 
of Disease study 2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet. 2021;396(10267):2006–17. https://doi.
org/10.1016/S0140-6736(20)32340-0 PMID: 33275908

	 99.	 Dhahbi W, Jebabli N, Boujabli M, Souaifi M, Dergaa I, Ben Ezzdine L. Machine learning and deep learning applications in sports biomechanical 
analysis: A systematic scoping review of performance enhancement and injury prevention strategies. ISBS Proceedings Archive. 2025;43(1):18.

	100.	 Paulhus D, Vazire S. The self-report method. Robins RW, Fraley RC, Krueger R. Handbook of Research Methods in Personality Psychology. 
Guildford. 2007. 224–39.

https://doi.org/10.1016/j.ctcp.2022.101687
http://www.ncbi.nlm.nih.gov/pubmed/36347152
https://doi.org/10.1016/j.arth.2023.08.051
http://www.ncbi.nlm.nih.gov/pubmed/37598785
https://doi.org/10.1097/CM9.0000000000001847
http://www.ncbi.nlm.nih.gov/pubmed/34908004
https://doi.org/10.1080/10400435.2017.1352051
https://doi.org/10.1080/10400435.2017.1352051
http://www.ncbi.nlm.nih.gov/pubmed/28700324
https://doi.org/10.1177/1545968309331863
http://www.ncbi.nlm.nih.gov/pubmed/19240197
https://doi.org/10.1016/S0140-6736(20)32340-0
https://doi.org/10.1016/S0140-6736(20)32340-0
http://www.ncbi.nlm.nih.gov/pubmed/33275908

