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Abstract: Background: Rehabilitation after stroke often employs Robots and Allied Digital
Technologies (RADTs). However, evidence of their effectiveness remains inconclusive due
to study heterogeneity and limited sample sizes. Methods: This is a protocol of a prag-
matic multicentre, multimodal, randomised, controlled, parallel-group (1:1) interventional
study with blinded assessors aimed at assessing the effectiveness and sustainability of
RADT-mediated rehabilitation compared to traditional rehabilitation. The trial will recruit
596 adult subacute post-stroke patients. Participants will be randomised into either the
experimental group (using RADTs and two therapists supervising four to six patients)
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or the control group (individual traditional rehabilitation). Patients in both groups will
undergo a comprehensive rehabilitation treatment, targeting (a) upper limb sensorimotor
abilities; (b) lower limb sensorimotor abilities and gait; (c) balance; and (d) cognitive abili-
ties. Patients will undergo 25 sessions, each lasting 45 min, with a frequency of 5 (inpatients)
or 3 (outpatients) times a week. The primary endpoint is the non-inferiority of RADTs in
the recovery of the activities of daily living (ADL) using the modified Barthel Index. If
non-inferiority is established, the study will evaluate the superiority. Secondary endpoints
will analyse the improvements in the aforementioned domains, as well as changes in
neural plasticity and biochemical aspects. Upper limb dexterity and gait recovery rates
during treatment will be monitored. The study will also evaluate ADL and quality of life
during a six-month follow-up period. Acceptability and usability of integrated RADTs-
based rehabilitation for patients, families, and healthcare providers, along with economic
and organisational sustainability for patients, payers, and society, will also be assessed.
Conclusions: This study aims to establish stronger evidence on the effectiveness of RADTs
in post-stroke patients. Trial registration number: NCT06547827.

Keywords: stroke; rehabilitation; robotics; pragmatic clinical trial; cost-effectiveness analysis

1. Introduction
Within the rehabilitation field, Robots and Allied Digital Technologies (RADTs) have

been proposed as resources capable of revolutionising and enhancing treatment efficacy. Re-
habilitation robots were primarily designed to amplify the dose of treatment [1], particularly
in patients with severe motor deficits, and to alleviate the burden on physiotherapists [2].
In traditional rehabilitation treatments, in fact, motor exercises are generally performed or
assisted by physical therapists, mostly in one-on-one sessions, which have clear limitations
related to the availability of time and human resources. These limitations may hamper
access to care with significant repercussions on treatment outcomes [3].

Rapid technological progress has led to the development of new devices that not only
increase the quantity and intensity of treatment but also significantly enrich it. One crucial
aspect is the use of sensory feedback, including visual, auditory, and tactile feedback, as
well as virtual reality [4]. These tools create a highly engaging “working” environment
aimed at stimulating active and attentive participation from the patient, contributing also
to maintaining the patient’s motivation.

Another important aspect is that robotic devices objectively measure the sensorimotor
performance of the patients. In fact, robots are equipped with sensors that allow the collec-
tion of a vast amount of kinematic and kinetic data, providing concise indicators related
to the biomechanics of patient’s movements [5,6]. These data, if appropriately collected,
provide an objective measurement of the patient’s status, enable tracking of their evolution
over time, and allow for feedback regarding progress. One of the most promising appli-
cations of these data is the use of artificial intelligence algorithms, particularly machine
learning, to assist rehabilitation professionals in data analysis and interpretation. This pro-
vides valuable information on patients’ recovery processes and supports the development
of decision support systems that help clinicians select the most appropriate rehabilitative
treatment for the patient, aligning with the perspective of precision medicine [7].

So far, the use of these algorithms has been limited to pilot projects, and the robotic
devices currently available are not yet “intelligent machines” capable of adapting treatment
to patient characteristics unless they are used in adherence to protocols validated by expert
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personnel [8]. This could be one reason for the non-superiority of robotic treatments over
traditional ones [9,10] in some studies reported in the literature.

Indeed, numerous studies and meta-analyses [11–13] lead to inconclusive results
regarding the effectiveness of robotics and technology in treating patients after stroke.
This is due to multiple factors, particularly the considerable heterogeneity of available
studies in terms of treatment duration, session frequency, and specific treatment modalities.
Additionally, the limited number of treated patients represents a significant obstacle to the
overall evaluation of effectiveness.

A major limitation of current scientific studies on post-stroke patients is that nearly
all trials have utilised a single device, focusing solely on the robotic rehabilitation of an
isolated body segment or function. This narrow approach overlooks the critical need for
a holistic rehabilitation strategy that addresses the full spectrum of impaired functions
in stroke patients. Comprehensive rehabilitation is essential to optimise recovery and
improve the overall quality of life for these individuals, as it ensures that all affected areas
and functionalities are treated in an integrated manner. Consequently, there is a need to
conduct pragmatic studies on large case series to comprehensively and accurately assess
the effectiveness of rehabilitation assisted by RADTs compared to traditional rehabilitation,
adopting a global approach oriented towards the recovery of all compromised sensorimotor
and cognitive functions [14]. Indeed, these functions are closely interconnected: the
recovery of one component can significantly influence the recovery of others. For instance,
the recovery of cognitive functions can improve the ability to learn strategies and new
motor skills, while the recovery of sensory functions can favour the planning and execution
of the motor programme. Conversely, the recovery of sensorimotor functions can improve
participation and autonomy, which in turn can positively influence cognitive functions.
Post-stroke rehabilitation is indeed a complex process involving the sensorimotor functions
of the upper and lower limbs, cognitive functions, and language, impacting activities such
as walking, balance, and autonomy. For this reason, it is essential to consider function
recovery and, more generally, rehabilitation as a “multimodal, person-centred, collaborative
process, including interventions targeting a person’s capacity and/or contextual factors related to
performance, with the goal of optimizing the functioning of persons with disability” [15]. As the
final goal of rehabilitation is to improve daily living activities, the recovery of a single
movement (e.g., reaching for an object) is relatively unimportant if it does not translate into
skills and autonomy (grasping, manipulating, and using the object itself).

Another crucial aspect is that the effectiveness of integrated multimodal rehabilitation
with robots and other technologies in stroke patients may depend not only on treatment
(in terms of intensity, frequency, and duration of sessions) but also on the physiological
characteristics of the patient undergoing the intervention. In this sense, it is crucial to
investigate biological processes and factors influencing the sensorimotor and cognitive
recovery of the patient, such as those related to neurophysiological processes of brain
plasticity, genetic expression of neuromediators [16], biomarkers production of neuronal
damage [17–19], and nutritional alterations experienced by stroke patients [20]. Detailed
patient profiling can allow the creation of predictive models able to identify subjects who
may respond better to RADTs-assisted treatment, making possible the development of
targeted and personalised rehabilitation approaches.

In a real case scenario, along with proof of effectiveness, the economic evaluation and
sustainability of robotic rehabilitation play a crucial role. To this aim, the study protocol
will leverage the Health Technology Assessment (HTA) [21]. In an HTA framework, it
is essential to realise the costs associated with robotic rehabilitation, including acquisi-
tion, maintenance, and staff training costs, and to compare them with the clinical benefits
achieved, such as improvements in motor skills and patient quality of life. An accurate
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economic evaluation allows us to determine whether robotic rehabilitation represents
an efficient use of healthcare resources while ensuring the long-term sustainability of
RADTs-assisted treatment within the national healthcare system. Such considerations will
be integrated with the legal and ethical ones strengthening eventual policy indications.
Furthermore, a thorough sustainability analysis can identify potential areas for improve-
ment and optimisation, increasing the chance that a larger number of patients benefit from
technology and enhancing health administrators’ decision-making around the acquisition
and implementation of robotics in their specific clinical setting [22–24].

Based on the above considerations, this paper describes the design of a pragmatic trial
that will be carried out on a large sample of patients who have experienced a stroke within
the six months prior to enrolment. Pragmatic trials aim at evaluating the effectiveness of an
intervention in scenarios that mainly reflect clinical practices, in contrast with explanatory
trials, whose aim is to evaluate the efficacy, i.e., the capacity to produce a desired effect
in expert hands under ideal circumstances [25]. As a matter of fact, while explanatory
trials answer the question “Can an intervention work?”, a pragmatic trial focuses on the
question “Does the intervention work?” in real-world clinical practice. The goal of the trial
is to evaluate the effectiveness and sustainability of a multimodal treatment using robotics
and advanced technologies compared to traditional multimodal treatment in the recovery
of daily living activities. Specifically, we aim to verify the non-inferiority of the robotic
treatment when compared to traditional interventions. We decided that a non-inferiority
study was appropriate for the primary outcome since there are no evident reasons so far
for a robotic treatment to be superior to one-to-one traditional treatment when the two
treatments are administered with the same intensity. However, we are confident that
this superiority may emerge, for example, for reasons related to patient engagement and
compliance, and in any case, the technology might reduce healthcare costs by allowing a
lower therapist-to-patient ratio.

This pragmatic trial is part of Mission 1 on the clinical translation of robotics into
rehabilitation under the Fit for Medical Robotics (Fit4MedRob) Initiative, funded by the
Ministry of University and Research of Italy.

2. Materials and Methods
2.1. Study Objectives
2.1.1. Primary Objective

To demonstrate, in a population of subacute stroke patients, the non-inferiority of
a rehabilitation treatment integrated with RADTs, compared to traditional rehabilitative
treatment, in the recovery of activities of daily living.

2.1.2. Secondary Objectives

• To demonstrate the superiority of rehabilitative treatment integrated with RADTs
compared to traditional rehabilitation treatment in the recovery of activities of daily
living, should non-inferiority be demonstrated;

• To compare the improvements between the two groups in all targeted domains (upper
limb, lower limb, balance, cognitive functions), and in accordance with the Interna-
tional Classification of Functioning, Disability, and Health (ICF) [26];

• To analyse the neurophysiological parameters and factors involved in neuroplasticity
processes;

• To compare the time pattern of manual dexterity and walking performance recovery
in the two groups;

• To assess the effects of the rehabilitation treatment in terms of daily life activities and
quality of life through medium-term follow-up;
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• To evaluate the acceptability and usability of the rehabilitative treatment integrated
with RADTs for patients, their families, and healthcare practitioners;

• To create a model capable of predicting the effectiveness of robotic and technological
treatment in post-stroke patients;

• To assess the economic sustainability of the rehabilitative treatment integrated with
RADTs for the patient, payer, and society through the creation of a model for the
assessment and prediction of cost-effectiveness and cost–utility. Additionally, a budget
impact analysis will be performed from the perspective of the national healthcare
system. To deal with uncertainty related to the values of the model parameters, each
analysis will be accompanied by multiparametric sensitivity analyses.

2.2. Study Design

This study is a multicentre, multimodal, randomised, controlled, parallel (1:1),
evaluator-blinded, pragmatic interventional study. Patients will be randomised to re-
ceive either a rehabilitation assisted by RADTs or a traditional rehabilitation treatment. The
study is presented following the Standard Protocol Items: Recommendations for Interven-
tional Trials (SPIRIT) [27]. Figure 1 summarises the study protocol, while Table 1 shows the
SPIRIT schedule of enrolment, interventions, and assessments. The study is registered on
ClinicalTrials.gov (NCT06547827).
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Table 1. Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) schedule of enrolment, interventions, and assessments. T0: baseline
assessment (pre-intervention phase); Tsi: intermediate assessment (after the i-th rehabilitation session); T1: post-treatment assessment; T2.x: follow-up assessment (x
months after T1).

Study Period
Enrolment Allocation Post-Allocation Follow-Up

Timepoint T0 Ts5 Ts10 Ts15 Ts20 T1 T2.1 T2.2 T2.3 T2.4 T2.5 T2.6
Informed consent X
Contact details X
Demography X
Stroke details X
Fugl–Meyer Assessment of Upper Extremity X
Functional Ambulation Categories X

Screening
assessment

Berg Balance Scale X
Randomisation X

Premorbid lifestyle
• Premorbid Modified Rankin Scale
• Cognitive reserve (CRIq)
• Physical activity (LTPAQ)

X

Clinical picture
• Stroke severity (NIHSS)
• Thumb Localising Test (TLT)
• Semmes Weinstein filament test
• Fatigue Severity Scale

X

Previous rehabilitation settings
• Ad hoc questionnaire on rehabilitation

sessions performed
X

Baseline
assessment

Comorbidities
• Cumulative Illness Rating Scale—severity index
• Cumulative Illness Rating

Scale—comorbidity index

X
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Table 1. Cont.

Study Period
Enrolment Allocation Post-Allocation Follow-Up

Timepoint T0 Ts5 Ts10 Ts15 Ts20 T1 T2.1 T2.2 T2.3 T2.4 T2.5 T2.6
Social situation
• Blaylock Risk Assessment Screening Score

X

Nutritional status
• Mini Nutritional Assessment Short Form
• Functional Oral Intake Score
• SARC-F
• Handgrip

X

Psychological clinical picture
• Montreal Cognitive Assessment
• Beck Depression Inventory
• Hospital Anxiety and Depression Scale

X

• Intrinsic Motivation Inventory X

Baseline
assessment

Genetic analysis
• Whole blood collection

X

Integrated treatment with RADTs
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Table 1. Cont.

Study Period
Enrolment Allocation Post-Allocation Follow-Up

Timepoint T0 Ts5 Ts10 Ts15 Ts20 T1 T2.1 T2.2 T2.3 T2.4 T2.5 T2.6

• Symbol Digit Modalities Test
• Modified Ashworth Scale—upper and lower limb
• Motricity Index for upper and lower extremities
• Trunk control test
• Numerical Rating Scale for Pain
• Douleur Neuropathique 4
• Action Research Arm test
• 2-Minute Walk Test
• 5-level EQ-5D version

X X

Neurophysiology
• qEEG

X X

Biochemical analysis
• Blood collection for serum analysis

X X

Recovery rate
• Box and block test
• 10-metre walking test

X X X X X X

Follow-up
• Modified Barthel Index
• EQ-5D-5L
• Ad hoc questionnaire on rehabilitation

sessions performed

X X X X X X

Acceptability and usability of technologies

• 5-level EQ-5D version X X X

• Technology acceptance model X X X

Outcomes
assessment

• Computer skills X



J. Clin. Med. 2025, 14, 2692 9 of 29

Table 1. Cont.

Study Period
Enrolment Allocation Post-Allocation Follow-Up

Timepoint T0 Ts5 Ts10 Ts15 Ts20 T1 T2.1 T2.2 T2.3 T2.4 T2.5 T2.6

• Satisfaction with rehabilitation services—ad
hoc questionnaires

X X

• Complexity of solution—ad hoc questionnaires X X

Costs assessments
• Ad hoc questionnaire

X X X

Rehabilitation sessions performed
• Ad hoc questionnaire

X

Outcomes
assessment

Safety evaluation
• Adverse events
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2.3. Study Setting

The study will be conducted by four main clinical partners in several study centres pro-
viding inpatient and/or outpatient services for a total of 13 recruitment sites. Participating
centres are as follows:

1. Don Carlo Gnocchi Foundation ONLUS, with the following six centres:

• Roma (RM), Centro Santa Maria della Provvidenza;
• Milano (MI), IRCCS Santa Maria Nascente;
• Sant’Angelo dei Lombardi (AV), Polo Specialistico Riabilitativo;
• Salerno (SA), Centro Santa Maria al Mare;
• Acerenza (PZ), Centro “Gala”;
• Tricarico (MT), Polo specialistico riabilitativo.

2. IRCCS Mondino Foundation, one centre: Pavia (PV);
3. IRCCS Scientific Clinical Institutes Maugeri, with the following five centres:

• IRCCS Bari (BA);
• IRCCS Telese (BN);
• IRCCS Milano (MI);
• IRCCS Pavia (PV);
• IRCCS Montescano (PV).

4. IRCCS Ospedale Policlinico San Martino, one centre: Genova (GE).

2.4. Study Population

In this study, 596 stroke patients (ischaemic or haemorrhagic) in the subacute
phase [28], fulfilling the eligibility criteria that follow, will be enrolled.

2.4.1. Inclusion Criteria

• First-ever diagnosis of ischaemic or haemorrhagic stroke confirmed by computed
tomography or magnetic resonance imaging;

• Age 18 years and over;
• Time since stroke equal to or less than 6 months;
• Mild to severe impairment of the upper limb (motor section of the Fugl–Meyer Assess-

ment of Upper Extremity [29] ≤ 58) and/or mild to severe impairment of the lower
limb (score on the Functional Ambulation Categories scale [30] ≤ 4) and/or mild to
severe impairment of balance (Berg Balance Scale [31] ≤ 45);

• Clinical stability allowing transfer to the gym and execution of the planned treatments.

2.4.2. Exclusion Criteria

• Clinical instability;
• Behavioural/cognitive disorders preventing adequate patient compliance with both

traditional and robotic rehabilitation treatment (severe cognitive deficit, Montreal
Cognitive Assessment [32] < 10);

• Rigidity or hypertonia (Modified Ashworth Scale [33] = 4) in the plegic/paretic limb;
• Serious uncorrectable visual impairments preventing the patient from performing

treatment with technological and/or robotic devices;
• Pregnant women;
• Refusal to sign the informed consent.

Aphasic patients who were unable to complete the MoCA were included only if they
had sufficient comprehension to follow treatment instructions.
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2.5. Recruitment

Patients will be recruited from those attending rehabilitation at the aforementioned
clinical centres, either as inpatients or outpatients. Enrolment will be competitive, with
an expected number of at least 30 patients enrolled in each site. Specifically, individuals
who had a verified diagnosis of stroke by magnetic resonance imaging or computed to-
mography neuroimaging will be identified by healthcare professionals and screened for
eligibility. Once the compliance with the inclusion and exclusion criteria of the study is
verified, the principal investigator at each recruitment centre, or individuals appointed by
them, will be responsible for obtaining informed consent from patients after adequately
informing them about the purposes, methods, expected benefits, and foreseeable risks of
the study. During this time, the investigator will be available to answer questions and
provide clarifications to ensure a proper understanding of the study. The information sheet
contains details regarding the purpose, methods, examinations, and assessments that the
participant will undergo, any potential risks associated with them, and the procedures
for pseudonymisation that will be applied to the collected data. Each study centre will
maintain a screening log, which reports information regarding all inpatients and outpa-
tients evaluated for potential inclusion in the study, as well as their subsequent inclusion
or exclusion.

2.6. Baseline Assessment

Once written informed consent is obtained, a baseline assessment is performed by
each study principal investigator or delegated personnel.

2.6.1. Demographic and Clinical Characteristics

Concerning patient’s demographic and clinical characteristics, the following data will
be collected:

• Demographics (Age, Gender, Handedness, Height, Weight, BMI, Smoker, Years
of education);

• Current rehabilitation setting;
• Past medical history;
• Acute event data;
• Medications taken;
• Premorbid lifestyle (Premorbid Modified Rankin Scale [34]), cognitive reserve (Cogni-

tive Reserve Index questionnaire [35]), physical activity (Lifetime Physical Activity
Questionnaire [36]);

• Clinical picture (National Institutes of Health Stroke Scale [37], Thumb Localising
Test [38], Semmes Weinstein monofilament test [38], Fatigue Severity Scale [39]);

• Previous rehabilitation settings (ad hoc questionnaire carried out before recruitment);
• Comorbidities (Cumulative Illness Rating Scale—severity index (CIRS-SI) and Cumu-

lative Illness Rating Scale—comorbidity index (CIRS-CI) [40]);
• Social situation (Blaylock Risk Assessment Screening Score [41]);
• Nutritional clinical picture (handgrip test—affected and not affected side) [42];

Mini Nutritional Assessment—Short Form [43]; Functional Oral Intake Score [44];
SARC-F [45];

• Psychological clinical picture (Montreal Cognitive Assessment [32]; Beck Depression
Inventory [46]; Hospital Anxiety and Depression Scale [47]; Intrinsic Motivation
Inventory [48]).
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2.6.2. Genetic Analyses

The brain-derived neurotrophic factor (BDNF) rs6265 genotyping of patients will be
evaluated according to the following procedure [16]:

• Whole blood samples will be collected at T0 (2 × 4 mL purple cap tubes, EDTA) and
frozen (−20 ◦C or −80 ◦C) until shipment/analysis;

• DNA extraction of whole blood samples will be performed with a research extraction
kit (Zymo Research, Irvine, CA, USA);

• The BDNF rs6265 genotyping will be performed using a polymerase chain reaction
(PCR) combined with restriction enzyme digestion (HpyCH4IV enzyme). The elec-
trophoresis resolution of fragments will detect, for each patient, the presence of a valine
(Val) to methionine (Met) substitution at codon 66 (Val66Met). Patients will be then
identified as “non-carrier” of substitution (homozygous GG) and “carrier” of A substi-
tution (Met protein replacement at codon 66, as heterozygous AG or homozygous AA).

2.7. Randomisation

Patients will be randomly assigned either to a robotic–technological rehabilitation
treatment or to a traditional rehabilitation treatment. The randomisation will be centralised,
overseen by an experimenter not directly involved in patient recruitment, treatment, or
evaluation, and will be stratified by clinical centre, time since stroke (inferior to 3 months;
between 3 and 6 months), and clinical setting (inpatient or outpatient). Randomisation lists
will be generated using the National Cancer Institute Clinical Trial Randomization Tool
(https://ctrandomization.cancer.gov/).

2.8. Interventions—Common Characteristics

All randomised subjects, in accordance with the ICF [26], will undergo rehabilita-
tion for the following functions and activities, tailored to each patient according to the
guidelines [49–54]:

1. Sensorimotor Functions

a Neuro-musculoskeletal and movement-related functions:

i. Mobility and stability of joint functions in one or more joints of the upper
limb, lower limb, and spine;

ii. Muscle tone and strength;
iii. Movement functions.

b Sensory and pain functions;
c Exercise tolerance function (physical endurance, aerobic capacity, and

fatigue resistance).

2. Specific Mental Functions (attention, memory, perceptual functions, higher-level cogni-
tive functions, language and calculation mental functions, self- and time-experience);

3. Activities and Participation: self-care and daily life activities (washing, grooming,
dressing, eating, etc.).

2.8.1. Rehabilitation of Sensorimotor Functions—Neuro-Musculoskeletal and
Movement-Related Functions

The neuro-musculoskeletal and movement-related functions of the plegic/paretic
upper limb in the proximal (shoulder), intermediate (elbow), and distal (hand) districts
will be rehabilitated through the following:

• Passive, active, and active-assisted exercises involving the three major joints of the limb
in their degrees of freedom, exercises for maintaining reciprocal joint relationships,
exercises facilitating scapula and carpal bone movement;

https://ctrandomization.cancer.gov/
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• Muscle tone control exercises, incremental muscle recruitment exercises, and muscle
endurance exercises;

• Coordination exercises of voluntary movements, spasticity inhibition exercises, man-
agement exercises of muscle stiffness. by muscle and joint stretching.

Objectives of these exercises will be (i) facilitation of sensory-motor reorganisation of
the upper limb to improve strength, motor function, and performance; (ii) improvement
of range of motion of the upper limb; and (iii) prevention of complications from disuse
(musculo-tendinous, capsulo-ligamentous, and joint retractions).

The neuro-musculoskeletal and movement-related functions of the plegic/paretic
lower limb in the proximal (hip), intermediate (knee), and distal (ankle) districts will be
rehabilitated through the following:

• Passive, active, and active-assisted exercises involving the three major joints of the limb
in their degrees of freedom, exercises for maintaining reciprocal joint relationships,
exercises facilitating pelvic and tarsal bone movement;

• Muscle tone control exercises, incremental muscle recruitment exercises, and muscle
endurance exercises;

• Control of reactions (postural, body straightening, body adjustment, balance, support,
and fall defence), coordination exercises of voluntary movements, spasticity inhibition
exercises, management exercises of muscle stiffness by muscle and joint stretching,
and gait training.

Objectives of these exercises will be (i) facilitation of sensory-motor reorganisation
of the lower limb to improve strength, motor function, and performance; (ii) improve-
ment of joint mobility of the lower limb; (iii) improvement of static and dynamic balance;
(iv) relearning of movement patterns associated with fractional step and full-cycle walking;
and (v) prevention of musculotendinous and capsulo-ligamentous retractions, and joint
rigidity by disuse.

2.8.2. Rehabilitation of Sensorimotor Functions—Sensory Function

Sensory function will be rehabilitated through the following:

• Targeted proprioceptive exercises for the proprioceptive and kinaesthetic functions of
the plegic/paretic upper and lower limbs;

• Proprioception exercises related to sitting and standing positions, static and dy-
namic balance exercises (in terms of displacements, directional changes, and speed in
monopodalic and bipodalic conditions);

• Reduction and control of pain sensation.

Objectives of these exercises will be (i) reorganisation of body position perception and
spatial sense; (ii) stimulation of peripheral receptors to correct and improve physiological
movement performance; and (iii) promotion of facilitatory movement management in
terms of performance and ergonomics.

2.8.3. Rehabilitation of Sensorimotor Functions—Exercise Tolerance Functions

Exercise tolerance functions, including physical endurance, aerobic capacity, and
reliability, will be treated with the following:

• General physical endurance exercises;
• Gradual, progressive, and prolonged aerobic exercises;
• Fatigue control and management at varying effort levels.

Objectives of these exercises will be (i) improvement of endurance and (ii) recondition-
ing of cardiovascular and respiratory systems.
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2.8.4. Rehabilitation of Specific Mental Functions

Specific mental functions (attention, memory, perceptual functions, higher-level cogni-
tive functions, language and calculation mental functions, and self- and time-experience
functions) will be treated with the following:

• Attention training exercises (e.g., visual search exercises, barrage);
• Memory training exercises (e.g., repetition and delayed recall of word lists);
• Recognition and interpretation exercises of sensory stimuli;
• Exercises for higher-level cognitive functions (e.g., decision-making processes, plan-

ning, problem-solving, etc.);
• Exercises for language-specific mental functions (recognition and use of signs, symbols,

and other language components);
• Exercises for specific mental functions of simple mathematical calculations and com-

plex mathematical operations;
• Exercises for awareness of one’s identity in the reality of one’s environment and time.

Objectives of these exercises will be (i) improvement in patient orientation in spatial–
temporal dimensions and patient’s reality orientation; (ii) increase in short-term mem-
ory spans; (iii) improvement in attention times and concentration capacity on a task;
(iv) improvement in selective and sustained attention; (v) improvement in language com-
prehension and production skills; and (vi) maintenance of acquired and residual skills in
daily life.

2.8.5. Rehabilitation of Activities and Participation, Self-Care, and Daily Life Activities

Daily life activities (washing, grooming, dressing, eating, etc.) and participation will
be treated with the following:

• Exercises of learning and application of learned knowledge and problem-solving;
• Execution of single or multiple tasks and routine organisation exercises;
• Mobility (postural passages; transfers; object transportation and movement; task-

oriented and manipulation exercises; walking and moving in different places and
using devices);

• Activities aimed at self-care, washing and drying, dressing, and eating;
• Performance of domestic and daily activities;
• Reintegration into social life.

Objectives of these exercises will be (i) improvement of executive functions (problem-
solving) with compensation strategies; (ii) safety protection (risk of falling); (iii) improve-
ment of movement control and precision; (iv) identification and elimination of environmen-
tal barriers; (v) improvement of physical, psychological, and social adaptation capabilities;
and (vi) identification of strategies aimed at carrying out daily life activities (personal care,
work, school, and leisure time).

2.9. Specific Interventions
2.9.1. Experimental Group: Integrated Treatment with Robotic and Technological Devices

The experimental intervention involves administering a rehabilitative treatment, as
described above, using (also) RADTs. Based on the equipment available at each centre,
different devices may be used; however, harmonisation of the treatments provided across
all centres will be ensured by using, in each centre, devices that enable rehabilitation in the
following domains:

(A) Upper limb sensorimotor abilities;
(B) Lower limb sensorimotor abilities and gait;
(C) Balance;
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(D) Cognitive abilities.

To ensure a standardised treatment for patients enrolled in the different centres and
randomised into the experimental group, a precise and punctual rotation of the four do-
mains listed above has been adopted. The treatment plan dictates that, starting from
the first day, patients will address domain A, followed by domain B on the second day,
and so on, continuing with the A-B-C-D sequence until the completion of 25 total treat-
ment sessions, as illustrated in Figure 2. This strict rotation ensures a consistent and
balanced delivery of the intervention, always following the domain sequence to guarantee
a standardised rehabilitation.
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into two subdomains: the proximal segment of the upper limb and the distal segment of the upper
limb, which alternate in the rotation cycle, as depicted in the figure.

Specifically, for rehabilitating sensorimotor function of the upper limb (Domain A)
in the proximal (shoulder), semi-distal (elbow), and distal (hand) regions, the following
devices may be used:

• Planar end-effector robots for shoulder-elbow rehabilitation, or exoskeletons or elec-
tromechanical systems for shoulder, elbow, and wrist rehabilitation;

• End-effector robots or exoskeletons for the hand;
• Sensor-based devices for comprehensive upper limb treatment.

For rehabilitating sensorimotor function of the lower limb (Domain B), the following
ones will be considered:

• End-effector robots or exoskeletons (overground and non-overground) for the
lower limb;

• Treadmills with body-weight support systems.

Balance training under static and dynamic conditions (Domain C) will be ensured by
the following:

• Robotic and digital stabilometric platforms;
• Sensor-based systems.

For cognitive functions (Domain D), digital systems, sensor-based devices, and vir-
tual reality programmes will be used to train memory, attention, visuospatial skills, and
executive functions.

The treatment will be conducted within a gym equipped with devices enabling treat-
ment of all identified domains, following a predetermined rotation, as previously illustrated,
where two physiotherapists will supervise a group of patients ranging from 4 to 6, depend-
ing on the severity of their clinical condition. In each robotic session, at least 100 repetitions
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are performed. All devices used in the study must already have a CE mark for medical
devices and be used according to the manufacturer’s intended use.

Information on the experimental intervention with RADTs was reported following the
Template for Intervention Description and Replication (TIDieR) Checklist [55].

2.9.2. Control Group: Traditional Treatment

In the control group, subjects will undergo a standard traditional rehabilitation pro-
gramme without the use of RADTs, focusing on activities and objectives mentioned in the
section “Interventions”, using traditional methods of physiotherapy and cognitive rehabili-
tation. As in usual clinical practice, a physiotherapist-to-patient ratio of 1:1 is provided for
the treatment in all participating centres.

2.10. Intervention Schedule

Patients in the experimental/control group will undergo a total of 25 robot-assisted/
traditional sessions, each lasting 45 min, with the following frequency:

• Five times a week for 5 weeks, for inpatients;
• Three times a week for 8.3 weeks, for outpatients.

The difference in treatment frequency between the two settings is related to current
regulations and the difficulty as an outpatient to travel to urban rehabilitation facilities
on a daily basis. This approach ensures that patients receive the same number of reha-
bilitation sessions and are able to attend all scheduled sessions, thus reducing the risk of
potential dropouts.

In addition, according to current Italian regulations, which require providing inpa-
tients with 3 sessions/day of treatment for 6 days/week, all inpatients (also those ran-
domised in the intervention arm) will undergo, in addition to the 25 sessions, traditional
rehabilitation sessions (neuromotor and occupational therapy, according to patient’s need)
(6 times/week), lasting 45 min. To avoid the possibility of performance bias, the therapists
who will treat subjects in RADT-assisted treatment will be different from therapists who
will treat the same subjects traditionally. Moreover, according to the medical prescription,
all subjects (inpatients and outpatients) will undergo one session/day of cognitive, occupa-
tional, speech, or swallowing therapy based on their needs. The intervention provided to
patients in both groups, in inpatient and outpatient settings, is reported in Figure 3.

 

Figure 3. The figure illustrates the rehabilitation interventions provided to patients in the two groups,
for the inpatient and the outpatient settings. Specific sessions for the experimental and control
groups are shown in green and orange, respectively, while common interventions for both groups are
represented in different shades of blue.
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All rehabilitation sessions, including type (neuromotor, occupational, cognitive, oc-
cupational, speech, swallowing therapy), method (robotic or conventional), duration in
minutes, and possible issues arising, will be recorded daily by the therapists (session diary).

2.11. Intervention Adherence

High adherence to the study is expected, as patients will undergo treatment during the
period of admission to the rehabilitation facilities (albeit in different settings, inpatient or
outpatient, depending on the severity of the clinical condition) in accordance with current
regulations. To ensure the quality and consistency of the intervention, adherence will
be carefully assessed by an independent team of clinical operators, who will regularly
monitor the session diary. If needed, targeted strategies will be implemented to maintain
and improve adherence, including periodic training sessions for the involved staff and
providing timely feedback to the therapists involved in treatment in both study groups.

2.12. Outcome Assessments
2.12.1. Primary Endpoint

The primary endpoint of the study will be the change in the modified Barthel Index [35]
between the beginning and the end of the treatment (T1–T0).

2.12.2. Secondary Endpoint

The study includes numerous secondary outcomes aimed at capturing changes in
patients who may have very different sensorimotor functions and performances, consider-
ing that we are examining patients within the first 6 months after the acute event and in
different settings.

1. Treatment effects, measured by clinical scales at the beginning (T0) and end of the
treatment (T1)

• Fugl–Meyer Assessment for the upper extremities (upper limb sensorimotor
domain) [29];

• Fugl–Meyer Assessment for the lower extremities (lower limb sensorimotor
domain) [29];

• Berg Balance Scale (balance domain) [31];
• Symbol Digit Modalities Test (cognitive domain) [56].

Additional scales in accordance with the domains of the ICF:

• Body function

a Modified Ashworth Scale [33];
b Motricity Index (upper and lower extremities) [57];
c Trunk Control Test (TCT);
d Numerical Rating Scale for Pain [58];
e Douleur Neuropathique 4 [59];
f Activities;
g Action Research Arm test [60];
h Two-Minute Walk Test [61].

• Participation

a. EQ-5D-5L [62].

2. Treatment Effects—Neurophysiology

At the beginning (T0) and end of the treatment (T1), all patients will undergo a neuro-
physiological evaluation through high-density resting electroencephalography (EEG) to
study the neurophysiological recovery processes. Both groups of patients will undergo high-
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density EEG recording using a 64-channel HD-EEG system. The signals will be acquired
using a cap with 64 electrodes positioned according to the international 10/20 montage.
Contact impedance will be maintained below 5 KΩ. Recordings will be made for 10 min
with eyes open and 10 min with eyes closed, with the subject relaxed and in a comfort-
able supine position. Specifically, from the recorded signals, the Brain Symmetry Index
(BSI) [63,64], a quantitative electroencephalographic (qEEG) measure used to assess the
degree of symmetry in brain activity between the two hemispheres, and the Delta/Alpha
Ratio (DAR) [65], a qEEG measure used to assess the balance between slow-wave (delta)
and fast-wave (alpha) brain activity, will be obtained.

3. Treatment Effects—Biochemical Analysis

In all patients, changes in the levels of BDNF, neurofilament light (NfL), and glial
fibrillary acidic protein (GFAP), which are factors involved in neuroplasticity and tissue
damage, will be evaluated. Specifically, at T0 and T1, blood samples will be collected in
the morning after overnight fasting (two 6 mL yellow cap tubes for biochemical analyses);
tubes will be then centrifuged at 3000 rpm for 15 min, aliquoted (each aliquot will have
a volume of 500 microliters), and frozen (−20 ◦C or −80 ◦C) until shipment/analysis.
Sera samples will be thawed just before the assay and will be analysed on an automated
immunoassay system (Ella Simple Plex, Bio-Techne, Minneapolis, MN, USA) to measure
serum levels of BDNF, NfL, and GFAP.

4. Time pattern of recovery during rehabilitation

The time pattern of recovery during treatment will be assessed by administering
the following tests at the beginning (T0), at the end of the treatment (T1), and every
5 treatment sessions:

• Box and block test [66];
• 10 m Walk Test [67].

During the execution of the motor tasks required by the two tests, only at T0 and
at T1, where possible, patients will be instrumented with inertial sensors and surface
electromyography to obtain quantitative information on their motor performance.

5. Follow-up

At the end of treatment, the patient will be contacted every month for the following
6 months, and the following questionnaires will be administered:

• Ad hoc questionnaire on the rehabilitation activity performed (type of rehabilitation
setting, number of sessions, frequency, duration, type of treatment, etc.);

• Modified Barthel Index;
• EQ-5D-5L.

In case the patient is unable to reach the clinical centre, the questionnaires will be
administered by phone or other remote connections. As a matter of fact, those scales can
be administered remotely and allow the evaluation of general aspects related to skills
and participation.

2.13. Costs, Sustainability, and Acceptability Assessments

The sustainability of the proposed solutions will be analysed through the compar-
ison of their estimated costs and effects. We will employ the following analyses: cost-
effectiveness analysis, cost–utility analysis, and budget impact analysis.

Cost-effectiveness analysis (CEA) will compare the costs and clinical outcomes of the
alternative rehabilitation models being studied. The cost-effectiveness ratio (ICER) will be
calculated as the difference in costs between the alternative rehabilitation models tested in
the clinical study and the difference in clinical outcomes (objective measures by physical
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units). The ICER represents the additional cost incurred to achieve an incremental unit of
effectiveness, that will be assessed considering primary and secondary outcomes. Cost–
utility analysis (CUA) will assess and compare the efficiency of alternative rehabilitation
interventions by measuring health outcomes in terms of utility, a measure of general well-
being or quality of life (subjective measures), relative to the costs incurred to achieve these
outcomes. Utilities will be evaluated using standardised measures based on quality of life.
Each health condition identified through generic health-related quality of life questionnaires
(EQ-5D-DL) will be associated with available utility scores specific to Italy [68]. The
incremental cost–utility ratio (ICUR) will serve as the key metric, calculated as the ratio
between differences in costs and differences in utility across the analysis groups.

From the perspective of the payer, the expected outcome of the budget impact analysis
is the assessment of the financial impact (differences in direct health costs) over a 3–5-year
period for the diffusion of a mix of robotic-based rehabilitations, compared to traditional
rehabilitation. The financial impact will be assessed by considering the direct health costs
associated with the different rehabilitation regimes, varying projections of robotic market
uptake, and the degrees of substitutability between the compared rehabilitation regimes.
Sensitivity analysis will be performed to assess the robustness and reliability of the results,
evaluating how small variations in the variables considered affect the synthesis outcomes
(ICER, ICUR, and budget impact).

2.13.1. Questionnaire for Patients

Several questionnaires will be provided to patients to analyse the following:

• Acceptability and usability

a. Technology Acceptance Model [69]: after 5 sessions, after 15 sessions, at T1;
b. Ad hoc questionnaire for needs and available solutions and perception of their

relative complexity: at T0 and T1;

• Satisfaction (ad hoc questionnaire): at T0 and T1;
• Confidence and knowledge of ICT technologies (ad hoc questionnaire): at T0;
• Costs (ad hoc questionnaire): at T0, after 15 sessions, at T1;
• Quality of life (EQ-5D-5L [62]): at T0, after 15 sessions, at T1.

The ad hoc questionnaires for patients are provided in Supplementary Materials S1.

2.13.2. Questionnaires for Operators

In addition to the study and control groups, the group of healthcare professionals
involved in rehabilitation will also be included in the analysis, and they will be asked to
respond to questionnaires regarding the following:

• Confidence and knowledge of ICT technologies: at the beginning of the study;
• Quality of work (Work-Related Quality Of Life scale, [70]): at the beginning of the

study, 6 months after, and 12 months after;
• Technology Acceptance Model [69]: at the beginning of the study, 6 months after, and

12 months after;
• Ad hoc questionnaire for needs and available solutions and perception of their relative

complexity: at the beginning of the study, 6 months after, and 12 months after;
• Satisfaction (ad hoc questionnaire): at the beginning of the study, 6 months after, and

12 months after.

2.14. Patient’s Involvement in the Study Design

The study design was developed based on the needs identified through a survey
conducted by the Fit4MedRob Consortium, targeting both patients and healthcare profes-
sionals. The survey revealed that many respondents experience simultaneous impairments
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across multiple functional domains, such as movement, posture and balance, upper limb
function, cognitive abilities, self-care, and communication. Additionally, the survey high-
lighted economic concerns, with respondents indicating that treatments are only partially
reimbursed by the National Health System, underscoring a significant financial burden
on patients.

2.15. Sample Size

As previously reported [71,72], a change of 9.25 points in the 0–100 version of the
modified Barthel Index corresponds to a change of 1.85 points on the 0-to-20-point ver-
sion of the BI, which has been shown to be clinically significant [73]. Thus, an MCID
(minimal clinically important difference) of the modified Barthel Index of 9.25 points can
be considered.

The sample size was thus determined considering the following with respect to the
primary outcome (the modified Barthel Index):

• The non-inferiority of robotic treatment compared to traditional treatment;
• A non-inferiority margin of 5 points (about half of the MCID);
• A statistical power of 80%;
• A bilateral 95% confidence interval;
• A standard deviation of the primary outcome of 20 points.

Considering these parameters, a sample size of 506 patients (253 per group) is obtained.
Additionally, considering a dropout rate of 15%, a total sample size of 596 patients is
obtained. The same sample size is sufficient to also demonstrate the potential superiority
of robotic treatment. Considering a significance level of 5%, a statistical power of 80%, an
MCID of 9.25 points, a standard deviation of 20 points, and a dropout rate of 15%, a total of
178 patients are required to demonstrate superiority.

All calculations were performed using the software G*Power v.3.1.9.7 [74].

2.16. Blinding

Given the nature of the study, neither patients nor clinical investigators can be blinded
to the treatment; however, evaluations will be conducted by evaluators unaware of the
treatment group, and similarly, data analysis will be conducted blindly.

2.17. Study Withdrawal

Participants have the freedom to withdraw from the study at any point and for any
reason, providing notification to the principal investigator of the study. In this case, no
further data concerning the patient will be collected, and he/she may request the deletion
of the data already collected. Current and future medical care at the corresponding clinical
centre will not be affected by patients’ decisions, and the physicians will continue to treat
him/her with due attention. Additionally, investigators retain the authority to remove
participants from the study if they believe it is no longer beneficial for them to participate,
such as due to unforeseen illness or adverse events.

2.18. Statistical Analysis

The collected data will be presented using descriptive statistics such as mean and
standard deviation for numerical variables and percentages for categorical variables. An
Intention-To-Treat (ITT) population will be defined to include all patients randomised
to the experimental group or the control group. A Per-Protocol (PP) population will be
defined to exclude randomised patients who were not eligible at baseline (i.e., patients
inappropriately randomised) and those who did not receive the full treatment (due to
treatment interruption for any reason).
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2.18.1. Primary Analysis

The primary endpoint of the modified Barthel Index variation at the end of treatment
will be compared between treatment groups using a mixed-effects linear model with the
clinical centre as a random effect to obtain a corrected estimate of variance and, therefore,
a correct confidence interval for the difference between the changes in the two groups.
Non-inferiority will be assessed at a significance level of 2.5% by estimating the effect
with a bilateral 95% confidence interval (CI) and comparing the lower limit of the CI with
the non-inferiority margin of −5 points. For the analysis of the primary outcome, the
mixed-effects model will initially be applied to the PP population. The analyses will be
completed according to the Intention-To-Treat strategy [75,76], including all randomised
subjects, along with a sensitivity analysis. The ITT population will be defined by assuming
a follow-up, and therefore an evaluation of outcomes, on subjects who interrupt treatment.
The analysis will be conducted assuming that missing data are “missing at random” (MAR);
therefore, a mixed model for repeated measures will be applied, including all subjects in the
analysis. With respect to the assumption of MAR, a sensitivity analysis will be performed
considering scenarios deviating from it and involving one or both groups. Additionally,
a sensitivity analysis will be used to assess additional adjustments for baseline modified
Barthel Index values. If non-inferiority is concluded for the primary outcome, superiority
can be evaluated without the need for correction for multiple comparisons. Regarding
the primary outcome, an analysis of planned subgroups will be conducted to assess the
presence of treatment effect modifiers, extending the models to include interaction terms
between these factors and treatment.

2.18.2. Secondary Analyses

Continuous secondary outcomes will be analysed only in the ITT population with
the same model specification as the primary outcome and reported as adjusted mean
differences. All tests will be two-tailed with a significance level of 5%, and effect estimates
will have a 95% CI. Categorical outcomes will be reported as proportions with 95% CI
and compared using Pearson’s χ2 test, or Fisher’s exact test and exact binomial CI in case
of frequencies less than five in contingency tables. For comparing the trend over time of
assessments obtained through the Box and block test and the 10 m walk test in the two
treatment groups, mixed models for repeated measures will be applied. The temporal
trend of assessments will be estimated and compared in the two groups by introducing
interaction terms between time and treatment group into the models. A similar analysis
will be conducted to estimate the trend of parameters observed during follow-up. This
analysis will include subjects who have completed the treatment, i.e., the PP population,
which will be studied over the 10 months following the end of treatment. Finally, potential
prognostic factors will be explored by including them as covariates in mixed models for
repeated measures. These models will have, as the response variable, the outcome of
interest and, among the explanatory variables, the treatment group, the clinical centres,
and the factors whose effect on the outcome is to be estimated, also analysing possible
interaction effects with treatment.

2.19. Safety Evaluation

Given the nature and objectives of the study, there are no foreseeable adverse events
related to the conduct of experimental activities. The only adverse effects to consider are
related to the treatment that the involved patients will undergo. However, the likelihood
of risks and side effects is low since no invasive treatments or therapies are planned. The
devices are CE-marked and have been in use at some of the investigational centres since
2016, where they have been used to treat hundreds of patients and thousands of rehabil-
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itation sessions. Furthermore, the treatment will always be supervised by experienced
physiotherapists. In our experience and the literature, no adverse events have been re-
ported. In any case, regarding any reportable events, the mode and timing of reporting will
refer to the obligations imposed by EU Regulation 2017/745 (Article 80) and the MDCG
Guideline 2020-10/1 (“Safety reporting in clinical investigations of medical devices under
the Regulation (EU) 2017/745”).

2.20. Ethics and Dissemination

This study protocol (version 2, 29 May 2024) was reviewed and approved by the
National Ethics Committee for Clinical Trials of Public Research Bodies (EPR) and other
National Public Institutions (CEN) on 17 July 2024 (Prot. PRE BIO CE n. 0027276).

This trial collects personal data, including sensitive categories, as per Article 9 of the
European regulation on the protection of personal data 2016\679 (General Data Protection
Regulation or “GDPR”). The legal basis for data collection and processing is the informed
consent of enrolled patients (Article 6 para. 1 letter a, and Article 9 para. 2 letter a GDPR)
and the personnel involved in the questionnaires (Article 6 para. 1 letter a GDPR). The
latter will only involve personal data as per Article 6 para. 1 of the GDPR, excluding
sensitive data. Upon consent from the subject or their family/caregiver/guardian, data
will be pseudonymised and then entered into a computerised database using the REDCap
(Research Electronic Data Capture) application installed on an AWS Cloud space managed
by the Information Systems of the University of Pavia. During the study, access to the
registry will only be granted to the principal investigators of each experimental centre
concerning the data of their reference centre. Collaborators accessing the computerised
database will not be able to trace back the identity of the subjects in any way. Not even the
sponsor will have access to re-identification keys, but will have access to all data entered in
the REDCap registry [77]. Only the principal investigators of each centre will be able to
trace back the identities of the enrolled participants at their own centre. The correspondence
between the patient’s name and the associated ID will be kept in a protected external file,
accessible only to the principal investigators of the individual recruitment centres for any
clinical follow-up purposes. This file will be deleted once data collection is completed
and the quality control of the collected data is carried out. Consequently, at the end of
the database establishment, these data will be definitively anonymised by destroying the
re-identification keys and potentially removing identifying combinations (for example,
patient data linkage with the collection centre) as indicated in recital 26 of the GDPR. For
this reason and in compliance with the principle of minimal data retention, they will be
kept for 10 years after the conclusion of the study. Once the aforementioned retention
period has expired, the data will be verified for the maintenance of anonymity and possibly
kept anonymous so that it continues to be impossible, directly or indirectly, to trace back
to the identity of the data subject. These data may thus be reused for subsequent research
purposes under Article 89 GDPR and may therefore be retained indefinitely.

Regarding biological samples, for each patient, serum samples (aliquots) and whole
blood tubes will be identified by reference ID and stored at −20 ◦C until shipment. All
samples will be then transferred and analysed at the laboratory located at the Fondazione
Don Carlo Gnocchi ONLUS “S. Maria della Provvidenza” Centre, Rome. Samples will be
shipped to this laboratory according to specific procedures and maintaining a controlled
temperature (dry ice shipment). The biological material will be utilised exclusively for
research purposes related to the execution of the study, and it will be analysed only by
the personnel of the above-mentioned Centre at Fondazione Don Carlo Gnocchi, Rome.
The collected biological material will be stored under secure conditions and according to
scientifically recognised procedures. The sample will be preserved with alphanumeric
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labelling not traceable to the individual patient. Biological data will be processed in
accordance with the GDPR and the current national legislation (Legislative Decree 196/2003
and subsequent amendments), as well as the Deontological Rules for statistical or scientific
research treatments published pursuant to Article 20, paragraph 4 of Legislative Decree
10 August 2018, No. 101—19 December 2018. In particular, the processing, with the
aforementioned security measures, will take place in compliance with Article 9 of the
Regulation, Article 2-sexies, the prescriptions identified by the Data Protection Authority
pursuant to Article 21 of Legislative Decree No. 101 of 2018, and the specific safeguards
adopted by the Data Protection Authority data pursuant to Article 2-septies of Legislative
Decree 196/2003.

The research team plans to disseminate the trial findings at both national and interna-
tional conferences, as well as publish them in international journals. Patient data collected
during the trial will be anonymised and made available to the scientific community in
accordance with principles of “Open Science” and “FAIR Data”.

2.21. Patients’ Enrolment Monitoring

In order to keep the information on patients’ enrolment by every centre up-to-date,
a monitoring tool was developed using the REDCap platform. Each centre identified a
responsible person who has given credentials for entering data for that centre. Each centre
is periodically required to fill in a form reporting the number of patients enrolled so far,
possible dropouts, and possible issues. The main objective of this dashboard is to allow
the detection of criticalities as soon as possible, in such a way as to take corrective actions
on time.

3. Discussion
Robotics and technology in the field of rehabilitation have been proposed as tools that

can enhance the effectiveness of treatments. Early rehabilitation robots were specifically
designed to increase the quantity and intensity of therapy, particularly for patients with
severe motor impairments, while also reducing the workload on physical therapists. Tradi-
tionally, rehabilitation treatments rely on clinical staff to either assist or directly facilitate
patients’ movements, which presents limitations in terms of time and human resources,
often impacting treatment outcomes. An equally important advantage of using robots is
their ability to provide objective measurements of motor performance. Equipped with
sensors, these devices can collect objective data, such as kinematic or dynamic metrics, and
generate precise indicators related to the biomechanics of a patient’s movements. When
properly collected, these data offer a reliable assessment of the patient’s condition and
allows for tracking progress over time.

Despite the potential benefits of using robots and technology in rehabilitation, several
barriers hinder their widespread adoption in clinical practice. Although these technologies
show promise in enhancing the measurement, intensity, and personalisation of rehabilita-
tion treatments, their high costs—encompassing not only the purchase of the equipment
but also the training required for practitioners—remain a significant challenge, along with
legal and ethical considerations. Regarding the effectiveness of robotics and technology for
post-stroke patients, the scientific literature includes numerous meta-analyses. However,
these studies often yield inconclusive results due to various factors, notably the substantial
variability in treatment duration, session frequency, and specific therapeutic approaches
across different studies. Additionally, the small sample sizes in many studies pose chal-
lenges for evaluating overall efficacy. This underscores the need for pragmatic studies
on larger, real-world populations, using a consistent treatment and measurement model
while maintaining clinical feasibility within current regulatory frameworks. It is therefore
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essential to assess both the effectiveness and sustainability of these technologies in clinical
practice through large-scale pragmatic trials to generate robust findings. For this reason,
we have designed a pragmatic trial involving a broad sample of post-stroke patients in the
subacute phase (within six months of the acute event).

To our knowledge, this is the first trial in the literature that will study the effective-
ness of a multimodal, multidomain rehabilitation based on the use of robotics and allied
technologies on such a large sample of subacute phase stroke patients. As mentioned,
rehabilitation after a stroke is a comprehensive process involving all impaired functional
domains, namely sensory-motor function of the upper limb (in the proximal and distal
district), lower limb and gait, balance, and cognitive functions. Today, robots and tech-
nologies that can rehabilitate all four domains are available. Thus, unlike previous trials
that evaluate the effect of a robot in one segment (upper limb or lower limb), this trial
proposes a treatment model using a set of robots to treat up to four functions. In fact, our
primary outcome is the patient’s ability in activities of daily living in which the use of
the upper limb is fundamental both in its reaching component but also in the grasping
of objects; similarly, in the skills of daily living, the function of gait and thus balance is
fundamental; on the other hand, all these functions are strongly influenced by cognitive
abilities (a patient with impaired attention and planning, for example, will have difficulty
in performing complex movements).

Post-stroke rehabilitation is indeed a complex process involving the sensorimotor
functions of the upper and lower limbs, cognitive functions, and language, impacting
activities such as walking, balance, and autonomy. We consider it crucial to adopt a
global approach oriented towards the recovery of all compromised sensorimotor as well
as cognitive functions (14) because all these functions are closely interconnected. We
decided to use daily living abilities as the primary outcome because we believe it is the
most important goal of recovery after stroke that may summarise the four functional
domains being treated. The secondary outcome measures were chosen according to the ICF
because the ICF framework is a comprehensive and person-centred approach that utilises
the concept of human functioning adopted by the World Health Organization. It is based
on the idea that health is not just the biological state of the body but also the ability to take
part in daily life and achieve personal goals.

The study aims to demonstrate the non-inferiority (and eventually, the superiority if
non-inferiority is established) of rehabilitation treatment integrated with RADTs, compared
to only traditional rehabilitation treatment in stroke patients in the recovery of daily life
abilities. Secondary objectives include assessing the targeted domains (upper limb, lower
limb, balance, cognitive functions) according to the ICF. Moreover, by analysing neurophys-
iological parameters and factors related to neuroplasticity, along with demographic and
clinical data, we can deeply profile patients to identify the factors that predispose them to
recovery.

The study also intends to assess the acceptability and usability of robot-assisted reha-
bilitation for both patients and healthcare providers, develop a predictive model to forecast
the effectiveness of robotic treatment, and evaluate its economic and organisational sustain-
ability. The ultimate goal is to provide crucial data to guide the large-scale implementation
of robot-assisted rehabilitation in stroke patients, considering both clinical effectiveness
and economic and organisational aspects. Finally, the data collected in the trial will be
made available to the scientific community in accordance with the “Open science” and
“FAIR Data”.

A limitation of the study is the use of different technologies across various research
centres. However, this approach allows us to conduct a trial that more accurately reflects
real-world conditions. Given the wide range of existing robotic and technical systems
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and the constant development of new ones, it is unlikely that all centres offering robotic
rehabilitation for stroke patients would use the same technology. Had we standardised
the technology across all centres, we would have faced challenges in recruiting a sufficient
number of patients, as the number of centres with identical robotic systems within the
Fit4MedRob Consortium is limited. More importantly, this would have compromised the
generalizability of the results. To address the inevitable heterogeneity in the systems used
to treat the experimental group, we precisely defined the functional domains that robotic
or technological treatments must target, including the lower limb, balance, proximal and
distal upper limb segments, and cognitive functions and, accordingly, the protocol of the
robotic sessions (duration, repetitions, and rotation scheme).

Another potential limitation is the inclusion of traditional treatment alongside the
specific sessions for each treatment arm (robotic or traditional). In the proposed experiment,
patients in the experimental arm will receive both targeted interventions for the five
functional domains using one or more robots per domain and traditional treatment. To
address this, we ensured that patients in both treatment arms received the same amount of
therapy: two daily sessions of traditional rehabilitation in the traditional group, one session
of traditional rehabilitation, and one session of robotic rehabilitation daily in the robotic
group. This design choice stems from our belief that traditional and robotic treatments
are complementary rather than mutually exclusive. We are convinced that robotic devices
cannot replace the expertise and proven effectiveness of traditional rehabilitation but
can serve as valuable tools in the hands of skilled therapists, enabling more precise and
personalised treatment.

It is important to note that this trial was designed based on the results of a survey
conducted by the Fit4MedRob Consortium, which highlighted an urgent need for large-
scale, pragmatic studies focusing on comprehensive recovery of sensorimotor and cognitive
functions through a multidomain approach. The survey indicated that many patients
require simultaneous rehabilitation across multiple functional domains, necessitating a
shift from treating individual domains to adopting a holistic approach, in line with the
World Health Organization’s concept of “human functioning.” Furthermore, developing
sustainable and advanced therapies is crucial to providing effective rehabilitation with
robotic systems in a cost-efficient manner for the National Health System.
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