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Abstract

Background: Stroke is one of the most common cerebral vascular diseases, usually affecting people aged 60 and over, leading to
a variety of disabilities requiring motor and cognitive rehabilitation. Post-stroke rehabilitation has a lead role in the recovery of
the patients, and it is never too late to start. It should be implemented in a structured approach to help patients regain their
physical, cognitive, and functional abilities. Technological solutions offer a beneficial and effective alternative to conventional
therapy, making rehabilitation more accessible.

Objective: This study maps and synthesizes the evidence from published systematic reviews that assessed the effectiveness of
technology-based rehabilitation for the recovery of the upper limb in post-stroke individuals.

Methods: Separate literature searches were conducted in PubMed, Web of Science, Scopus and Embase databases and Google
Scholar. The PICOS was used to define inclusion criteria. There was no restriction on publication dates. The PRISMA flowchart
was used in the retrieval and selection process. Then, the final articles were appraised for their methodological quality using the
AMSTAR 2.

Results: After the search process that identified 1450 records from the 4 databases and an additional 342 by Google Scholar,
seven systematic reviews were included. The seven studies were published between 2019 and 2023.

Conclusions: This review indicated that the field of technology-based rehabilitation is still fragmented due to poor evidence of
efficacy. This is probably due to the high heterogeneity of the experimental studies. When developing a technology-based
rehabilitation program, it is crucial to carefully plan and link all relevant actors, user-driven design guidelines, and principles of
neuroscience.
There is a need for further research to understand better the impact of technology interventions on stroke deficits and recovery-
related outcomes, both alone and in combination with traditional rehabilitation. This field of research could benefit from
standardized rehabilitation protocols provided to patients, enabling comparison and interpretation to discover evidence currently
missing.
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Review

Post-Stroke  Technologies-Based  Rehabilitation  for  the  Upper
Limb Recovery: A Systematic Review of Systematic Reviews

Abstract

Background: Stroke is one of the most common cerebral vascular diseases, usually affecting people
aged 60 and over, leading to a variety of disabilities requiring motor and cognitive rehabilitation.
Post-stroke rehabilitation has a lead role in the recovery of the patients, and it is never too late to
start.  It  should  be  implemented  in  a  structured  approach  to  help  patients  regain  their  physical,
cognitive, and functional abilities. Technological solutions offer a beneficial and effective alternative
to conventional therapy, making rehabilitation more accessible. 
Objective: This study maps and synthesizes the evidence from published systematic reviews that
assessed the effectiveness of technology-based rehabilitation for the recovery of the upper limb in
post-stroke individuals. 
Methods: Separate  literature searches  were conducted in PubMed,  Web of  Science,  Scopus and
Embase databases and Google Scholar. The PICOS was used to define inclusion criteria. There was
no restriction on publication dates. The PRISMA flowchart was used in the retrieval and selection
process. Then, the final articles were appraised for their methodological quality using the AMSTAR
2. 
Results: After the search process that identified 1450 records from the 4 databases and an additional
342 by Google Scholar, seven systematic reviews were included. The seven studies were published
between 2019 and 2023. 
Conclusions:  This  review  indicated  that  the  field  of  technology-based  rehabilitation  is  still
fragmented due to poor evidence of efficacy. This is probably due to the high heterogeneity of the
experimental studies. When developing a technology-based rehabilitation program, it is crucial to
carefully  plan  and  link  all  relevant  actors,  user-driven  design  guidelines,  and  principles  of
neuroscience.
There is a need for further research to understand better the impact of technology interventions on
stroke  deficits  and  recovery-related  outcomes,  both  alone  and  in  combination  with  traditional
rehabilitation.  This  field  of  research  could  benefit  from  standardized  rehabilitation  protocols
provided to patients, enabling comparison and interpretation to discover evidence currently missing.

Keywords: stroke; rehabilitation; technology-based interventions; upper limb. 

Introduction

Background

A stroke event refers to the alteration in brain functions after a sudden disruption of brain
blood flow. It has an incidence of 15 million people a year. Stroke is one of the most common
cerebral  vascular  diseases,  usually  affecting  the  population  aged  60 and  over,  leading to  a
variety of disabilities for about 5 million surviving patients that require motor and cognitive
rehabilitation [1,2]. 
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The  consequences  of  stroke  encompass  a  spectrum  of  disabilities,  spanning  physical
impairments to cognitive challenges, including issues with language, social interactions, and
emotional well-being [3]. In about 80% of cases, stroke patients experience motor impairments
of the upper limbs [4], which are functionally complex and difficult to recover, making activities
of daily living very difficult for the patients. Post-stroke disability negatively impacts the quality
of life and health, and only 25% of patients recover with only minor impairments [5].
Post-stroke rehabilitation has a lead role in the recovery of the patients, and it is never too late
to start  [6].  The level  of  recovery varies  from person to  person,  but  with time,  effort,  and
support, many stroke patients can significantly improve their function and quality of life [7].
For  this,  stroke  rehabilitation  should  be  planned  and  implemented  in  a  structured  and
coordinated approach to help patients regain their physical, cognitive, and functional abilities.
For instance, the increasing understanding of brain plasticity is relevant to the rehabilitation
strategy  and  outcome  after  brain  damage,  and  the  principles  of  experience-dependent
plasticity are valuable for treatment [8,9]. Indeed, rehabilitation requires multiple and varied
therapeutic approaches at any stage of disease (acute and chronic phase) [10]. In addition, the
quantity and quality of treatment are important for an effective recovery: rehabilitation after a
stroke should be task-oriented, offered in large doses, and with an active learning component
for  providing  intentional  and  more  effective  training  [11].  Training  several  times  daily  is
necessary to exploit the neuronal plasticity that ensures effective neurorehabilitation. 
Nevertheless,  high-intensity  treatments  are  very  expensive  for  the  healthcare  system,  and
hospital stays often must be reduced. This could mean that on the day of hospital discharge,
patients could still have functional deficits [4], especially in the upper limb [11,12].
In addition, outpatient therapy is not feasible for many patients because of the high costs of
individual  specialized  therapies  and  the  logistical  difficulties  of  transportation  from/to  the
hospital.
Home rehabilitation is a good option to continue recovery from chronic diseases such as stroke
and a good alternative to manage long-term rehabilitation problems. Home rehabilitation is,
therefore, necessary to provide such a large amount of training [13] also because traditional
rehabilitation programs do not usually comply with all the above-mentioned requisites. 
Thus, to maintain progress in the recovery process, the conventional rehabilitation pathway
must include self-administered home exercises, a home rehabilitation solution, and outpatient
therapy. 
However, even within these strategies, certain limitations exist. Patients often lack motivation
or lose interest in performing exercises independently, e.g., they may consider them too difficult
or too easy/monotonous, and the absence of external feedback does not stimulate them [14]. 
In this context, technology can bridge the gap between home rehabilitation and remote therapy
by providing tools and platforms that make it feasible for stroke patients to receive therapy,
guidance, and support without needing a physical presence in a healthcare facility [15]. 

Technology that impacts post-stroke rehabilitation 
Attempting to reduce and overcome all the mentioned logistical and economic barriers of long-
term  rehabilitation,  technological  solutions  offer  a  beneficial  and  effective  alternative  to
conventional  therapy,  making  rehabilitation  more  accessible  to  everyone.  Rehabilitation
technologies  can  significantly  enhance  the  effectiveness  and  accessibility  of  stroke
rehabilitation  programs  when  incorporating  principles  of  experience-dependent  plasticity
[8,9,16].  Advanced  and  simple  technologies  are  more  commonly  explored  and  used  in
developed countries, mainly due to their readiness and availability [17]. 
Advanced  technological  interventions for  post-stroke  rehabilitation  include  robotics,
transcranial magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), brain-
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computer interface (BCI),  and functional electrical stimulation (FES). These therapies,  while
effective, require a certain level of expertise and resources that may not be readily available in a
home setting. Therefore, they are typically conducted in a clinical or rehabilitation centre under
the supervision of trained professionals. Other current less invasive technologies are virtual
reality (VR), augmented reality (AR), and activity trackers (such as accelerometers, gyroscopes,
pedometers, breath sensing, heart-rate monitors, and calorie trackers) [18]. As a cutting-edge
and  computer-generated  simulation  technology,  VR  can  create  an  enriched  environment,
facilitate  task-specific  training  and  provide  multimodal  feedback  to  augment  functional
recovery [19]. Users can use their hands or movement sensors, such as gloves or joystick, to
interact with virtual objects. The development of low-cost sensors has allowed this technology
to spread at the consumer level: the Sony Playstation 3™, Microsoft X-box 360™ and Nintendo
Wii™ are examples of VR-based consoles [16]. AR technology combines real and virtual objects
to  provide  an  interactive  real-time  experience  in  a  common  environment  [20].  Users  can
interact  with  AR  through  various  devices  such  as  smartphones,  visors,  display,  or  active
mirrors. These devices use cameras, sensors and software to overlay digital information onto
the  real  world.  In  contrast,  FES  or  neuromuscular  electrical  stimulators  have  been  used
predominantly for stimulating lower and upper extremity functions [21]. 
Telerehabilitation (TR), mobile health applications (mHealth apps), assistive technologies (AT),
and gait training (GT) are simple technological interventions for post-stroke rehabilitation [18].
Home-based  TR  is  a  branch  of  telemedicine  that  consists  of  the  use  of  a  variety  of
telecommunication  platforms (such as  telephone visits,  mobile  applications,  serious games,
web-based  self-care  programs,  internet-based  video  conferencing,  and  sensor-based
telemonitoring)  by  healthcare  professionals  to  provide  necessary  patient  care  and  remote
evaluation, supervision, and support for persons with disabilities living at home [11,22]. Home-
based TR allows to meet the rehabilitation needs of stroke survivors living in rural areas with
limited health services, especially in westernized countries, where the stroke burden is rapidly
increasing [23]. Home-based TR implies access at any time and from any place to rehabilitation
services to address stroke aspects: 1. Motor function: upper and lower extremities, balance,
and gait; 2. Cognitive function: spatial neglect, cognition, memory; 3. Language: aphasia [24].
TR can be delivered synchronously or asynchronously depending on patients’ needs, medical
conditions,  and  treatment  plans  [25].  The  choice  between  synchronous  and  asynchronous
telerehabilitation depends on various factors, including the patient's needs, the nature of the
therapy,  and  the  available  technology.  Synchronous  sessions  are  often  used  for  live
consultations, real-time feedback, and interactive exercises. Asynchronous sessions are more
flexible  and  beneficial  when  patients  need  rehabilitation  in  their  daily  routines.  Some
telerehabilitation  programs  use  a  combination  of  both  approaches  to  offer  a  well-rounded
service that combines real-time interaction with flexibility and convenience.
Also,  mHealth  apps  are  defined  as  health  and  well-being  mobile  services  for  medical  care
delivered  using  a  mobile  app  or  other  wireless  technology.  These  are  interesting  for  their
mobility, multi-functional skills such as reminders and videos, and ability to support specific
rehabilitation goals, promote self-management [26]. mHealth apps for stroke rehabilitation can
target different aspects of the disease, and there are mobile apps designed as games to improve
finger  dexterity  and  programs  to  increase  adherence  to  home  rehabilitation  exercises,  for
example, for upper limb rehabilitation [27,28]. 

Objectives

This study identifies and appraises published systematic reviews. The aim is to describe the
quality, summarise and compare the conclusions, and discuss the strengths and weaknesses in
the effectiveness of technology-based rehabilitation for the recovery of the upper limb in post-
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stroke  individuals.  This  systematic  review  focuses  on  technology-based  rehabilitation  with
interventions supported by synchronous (real-time care) or asynchronous (not real-time care)
telerehabilitation, mobile health applications, or eHealth portable devices equipped with VR or
AR applications. 

Methods

Databases, criteria, and search strategy

Separate literature searches were conducted in PubMed, Web of Science, Scopus
and  Embase  databases,  and  Google  Scholar.   The  Population,  Intervention,
Comparison, Outcome, and Study Design framework-PICOS were used to define
the following inclusion criteria: (P) the target population was composed of post-
stroke  persons,  (I)  we  considered  technological  interventions  for  upper  limb
rehabilitation  in  stroke  survivors  (i.e.,  e-Health  rehabilitation,  at  home
telerehabilitation,  smartphone-based  rehabilitation,  (C)  studies  were  selected
with  or  without  control  group  comparison,  (O)  we  considered  upper  limb
function  recovery  outcomes,  (S)  we  search  for  systematic  reviews  written  in
English that evaluated the effectiveness of technology-based intervention for the
rehabilitation of the upper limb in post-stroke patients. The combination of key
terms reported in Texbox 1 was used for the search.

Textbox 1.  Strings used for the search in each electronic database.

post stroke outpatient OR after stroke outpatient AND at home upper limb
telerehabilitation OR at home paretic arm telerehabilitation OR home eHealth
rehabilitation OR smartphone-based rehabilitation

post  stroke  person  OR  after  stroke  person  AND  at  home  upper  limb
telerehabilitation OR at home paretic arm telerehabilitation OR home eHealth
rehabilitation OR smartphone-based rehabilitation

post  stroke  people  OR  after  stroke  people  AND  at  home  upper  limb
telerehabilitation OR at home paretic arm telerehabilitation OR home eHealth
rehabilitation OR smartphone-based rehabilitation

after hospital  discharge patient OR after hospital  discharge people AND at
home upper limb telerehabilitation OR paretic arm telerehabilitation at home
OR home eHealth rehabilitation OR smartphone-based rehabilitation

There  was  no  restriction  on  publication  dates.  The  searches  were  finalized  in  May  2023.
Articles  were  excluded  if  they  were  not  systematic  review  articles  or  were  not  written  in
English.
According to the predefined criteria, the screening phase was based on analysing titles and
then abstracts. Later, full-paper articles of those titles/abstracts of screened publications were
reviewed independently by MR and the SL. VS was involved in reaching a consensus in cases of
disagreement.  Studies  that  met  the  inclusion criteria  were included,  and the results  of  the
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searches were summarized. We used the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) [29] flowchart in the retrieval and selection process (Fig. 1).

Figure 1 The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
flowchart.

Study quality assessment

Three  authors  independently  appraised  the  final  articles'  methodological  quality  using  the
Assessment of Multiple Systematic Reviews (AMSTAR 2) [30]. AMSTAR 2 is composed of a 16-
items evaluated either with “yes” or “no” (items 1, 3, 5, 6, 10, 13, 14, and 16); with “yes”, “partial
yes”, or “no” (items 2, 4, 7, 8, and 9); or with “yes”, “no”, or “no meta-analysis conducted” (items
11, 12, and 15). A “yes” answer means the item is fulfilled and is considered a positive result.
Each review was appraised by three authors (MR, SL,  VR),  and it  is  reported in Multimedia
Appendix 1.

Results

The  search  process  identified  1450  records  from  the  databases  and  an  additional  342  by
Google  Scholar.  After  duplicates  (n=453)  were  removed,  1339  articles  remained  for  initial
screening by title. From this process, other 1297 were excluded because a) studies involved
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patients for general rehabilitation (n=18), b) the intervention was not specific for upper limb
recovery  functions  (n=195),  c)  the  intervention  was  performed  using  other  technologies
(n=402), d) studies dealt with other topics or disorders (n=682). This process resulted in 42
potentially eligible abstracts. Authors analysed the retained abstracts to obtain the final list of
full-text papers to be reviewed. After analysing the abstracts, 24 were excluded, as they did not
fit  the  established  criteria  of  the  target  population  and  the  specific  technology-based
intervention. A second screening step was performed for those full-text papers that matched all
the criteria (n=18). The other 11 were excluded from this process because the type of studies
were not systematic reviews. 
Seven systematic reviews were included. Multimedia Appendix 2 presents a summary of the
studies and their findings. The seven studies were published between 2019 and 2023. 

Study design

Five of the selected reviews defined the study's design using the PICOS framework [31-35]
whereas the other two defined the inclusion criteria [36,37]. Four reviews [31,32,36,37] were
registered in the research protocol on the international database of prospectively registered
systematic reviews in health and social care (PROSPERO). A total of 95 studies were included in
the  seven  reviews  that  overall  mapped  RCTs  [31,33,34,36,37],  RCTs  and  non-RCTs  studies
[32,35] but also observational studies [33] and uncontrolled clinical trials [35]. 2995 patients
were enrolled with a mean age of 58.78 years. 

Reviews’ objectives
Four  of  the  selected  reviews  [31-33,35]  investigated  the  effectiveness  of  technology-based
rehabilitation interventions on physical functioning compared to a combination of traditional
treatments  in stroke patients [31];  upper  limb wearable  technology for  improving physical
activity and social participation in adult stroke survivors [32]; Augmented Reality (AR) for the
upper and lower limb functional recovery after stroke [33];  and mobile health applications
(mHealth  apps)  containing  a  physical  training  in  stroke  rehabilitation  [35].  Two  reviews
[34,36] examined the effects of home-based exergaming interventions on upper limb activity
after stroke, compared with conventional therapy, in post-intervention and follow-up [34]; the
use of mobile  apps for  stroke rehabilitation on stroke-related impairments  (motor  paresis,
aphasia,  neglect)  and  functional  outcomes  (adherence  to  exercise,  activities  of  daily  living
(ADLs), quality of life, secondary stroke prevention, and depression and anxiety) [36]. Only one
review  [37]  gathered  evidence  on  virtual  reality-based  telerehabilitation  for  patients  after
stroke and compared it with conventional in-person rehabilitation. 

Reviews’ outcomes and outcome measures
All  seven reviews analysed Upper Limb (UL) function as an outcome and five of them also
assessed Lower Limb (LL) function and walking [31,33,35-37]. Moreover, four of the latter five
studies measured balance [31,33,35,37] and two physical activity and function [31,35]. 
Three of the selected reviews assessed the activity of UL function [32-34], LL function [33], and
participation [32,33] after stroke according to the World Health Organization’s International
Classification of Functioning, Disability and Health (ICF-WHO) framework [38]. 
The clinical scales used to measure UL function included the following: Late-Life Function and
Disability Instrument (LLFDI) [39]; Fugl-Meyer Assessment – Upper Extremity (FMA-UE) scale
[40]; Wolf Motor Function Test (WMFT) [41]; Manual Function Test (MFT) [42]; Box and Block
Test  (BBT)  [43];  Action  Research  Arm  Test  (ARAT)  [44];  Chedoke  Arm  and  Hand  Activity
Inventory (CAHAI) [45]; Jebson-Taylor Hand Function Test (JTHFT) [46]; Motor Activity Log
(MAL) [47]; Upper Extremity Function Test (UEFT) [48]; Disabilities of the arm, shoulder and
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hand (DASH) questionnaire [49] and the short version (QuickDASH) [50]; Ashworth scale (AS)
and Modified Ashworth Scale (MAS) [51]; Stroke Upper Limb Capacity Scale (SULCS) [52]; Nine
Hole Peg Test (NHPT) [53]; Barthel Index (BI) [54]; Grooved Pegboard Test (GPT) [55]; Purdue
Pegboard  Test  (PPT)  [56];  Canadian  Occupational  Performance  Measure  (COPM)  [57];
ABILHAND scale [58];  Manual  Muscle Test  – Upper Extremity (MMT-UE) [59];  Brunnstrom
stage – Upper Extremity (B-stage-UE) [60]; Range of motion (ROM) [61]; Wrist Extension (WE)
and Wrist Flexion (WF) [62];  Finger Extension (FE) and Finger Flexion (FF) [63];  Motricity
Index (MI) [64]. 
For measuring LL function, these were the most used clinical scales: Lower extremity domains
of Late-Life Function and Disability Instrument (LLFDI) [39]; Motor Assessment Scale (MAS)
[65]; Rivermead Motor Assessment (RMA) and Rivermead Mobility Index – Lower Extremity
(RMI-LE) [66]; Fugl-Meyer Assessment – Lower Extremity (FMA-LE) scale [40]; Timed Up and
Go (TUG) test [67]; Modified Ashworth Scale (MAS) [51]; Gastrocnemius muscle (GCM) [68];
Range of motion (ROM) [61]. 
The balance outcome was measured by: Berg Balance Scale (BBS) [69]; Mini Balance Evaluation
Systems Test (Mini-BESTest) [70]; Function in Sitting Test (FIST) [71]; Trunk Impairment Scale
(TIS)  [72];  Postural  Assessment  Scale  for  Stroke  Patients  (PASS)  [73];  Brunel  Balance
Assessment (BBA) [74];  Performance Oriented Mobility Assessment (POMA) [75];  Modified
Falls Efficacy Scale (MFES) [76].
For the walking outcome, the tools used were the following: 10-Meter Walk Test (10 MWT)
comfort and fast [77]; 6-Minute Walk Test (6MWT) [78]; 2-Minute Walk Test (2MWT) [79];
Functional  Ambulation  Category  (FAC)  [80]  and  Modified  Functional  Ambulatory  Category
(MFAC) [81]. 
Physical  activity  and  function  were  measured  by  the  physical  activity  subscales  in  Stroke
Impact  Scale  (SIS)  [82]  and  Health  Promoting  Lifestyle  Profile-II  (HPLP-II)  [83];  National
Institutes of Health Stroke Scale (NIHSS) [84]; Regional House-Brackmann Grading System (R-
HBGS) [85]. 
Four reviews [31,34,36,37] assessed activities of daily living (ADLs) as outcomes,  using the
following measures: Barthel Index (BI) [54] and Modified Barthel Index (MBI) [86]; Modified
Rankin Scale (mRS) [87]; Functional Independence Measure (FIM) [88]; ADL domain of Stroke
Impact Scale (SIS) [82] and Nottingham Extended ADL (NEADL) scale [89]; Task Completion
Time (TCT) [90]. 
While participation was included as outcomes in three of the selected reviews [31-33],  the
other  three  studies  [35-37]  evaluated  the  quality  of  life.  The  first  was  analysed  by  the
participation subscales in Stroke Impact Scale (SIS) [82] and Late-Life Function and Disability
Instrument (LLFDI) [39], and the second one by Stroke Specific Quality of Life (SS-QOL) scale
[91] and EuroQol-5 Dimensions- 5 Levels (EQ-5D-5L) [92]. 
Only one review [36] examined adherence to exercise by Morisky Medication Adherence Scale
(MMAS)  [93],  secondary  stroke  prevention  by  Functional  Dysphagia  Scale  (FDS)  [94]  and
Penetration-Aspiration Scale (PAS) [95], and depression and anxiety by Hospital Anxiety and
Depression  Scale  (HADS)  [96]  as  outcomes.  Another  review  [37]  also  assessed  cognitive
function,  using  Montreal  Cognitive  Assessment  (MoCA)  [97]  and  Rivermead  Behavioral
Memory Test – Third Edition (RMBT-3) [98]. 

Reviews’ types of interventions and technology used

Different technology-based interventions were reported in the seven reviews analysed. Online
video  monitoring  and  techniques  for  monitoring  physical  home  exercises,  goal  settings  or
overall treatment, gamification and accelerometers are mapped in [31,34-36]. The tools used
varied from smartphones, phones, tablets, digital video discs and programs via the Internet
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[31], video game environments that required active body movements to control the game [34],
to mobile health applications (mHealth apps) [35,36]. 
Looking  at  the  details  of  the  selected  reviews,  online  video  monitoring,  phone  calls,  and
messaging  are  the  most  common  technologies  used  till  now,  as  mentioned  by  [31].  They
normally ensure a real-time therapist-patient interaction, with a “call” frequency ranging from
3-5 times per  week to  1  per  month.  The therapist  can also provide feedback,  through the
Internet and, when necessary, by scheduling virtual training (e.g., exercise videos) in advance
[31]. 
Another  option for  remote  technology-based  rehabilitation,  analysed by [34],  is  to  provide
exergames. We  mean the  use  of  video  games  requiring  a  physical  interaction  (active  body
movements) to play the game, so non-specific video game systems (e.g., Nintendo Wii,  Xbox
Kinect, etc.) need to be combined with specific rehabilitation systems (e.g., RGS, virtual gloves,
etc.) or specific rehabilitation devices (e.g., Hand Mentor Pro, Polhemus 3, etc.). Patients, with a
prescription  usually  ranging  from  3  to  7  days  per  week,  can  use  exergames  systems
independently, producing self-reported or observational measures (e.g., technological sensors,
therapist telehealth visits) [34]. 
Leveraging  everyday  technologies,  such  as  smartphones  and  tablets/PCs,  has  become
increasingly prominent in rehabilitation. This is made possible through implementing mobile
health applications, or mHealth apps, well investigated in [35]. These apps incorporate physical
training  components  and  offer  a  customizable  approach  tailored  to  individual  patient
requirements. This customization encompasses specific goals, desired difficulty levels, and the
duration of app usage.
Moreover,  these  apps  serve  various  purposes,  including  interactive  gaming  (e.g.,  FINDEX,
ARMStrokes), prescription of exercise routines (e.g., CARE4STROKE), and progress monitoring
(e.g., STARFISH). They can also be integrated with devices like IMU sensors and pedometers to
enhance  their  effectiveness.  This  innovative  use  of  technology  complements  traditional
physiotherapy and widens the spectrum of rehabilitation possibilities.
Generally, the “gaming apps” require limb movement and interaction, aiming, for example, to
improve upper limb and finger dexterity.  In the “exercise prescription” app a therapist pre-
selects a set of standardized exercises shown in the app, allowing the caregiver assistance, if
necessary. “Monitoring” apps supervise and check patients’ physical behaviour (e.g., number of
steps per day, walking or sitting time, walking distance or speed, etc.). 
For all the types of apps, the prescription is maximally 30 min per session, from one to seven
times per week. The therapist's constant presence is not necessary,  thanks to auditory and
vibration feedback provided directly by the apps [35].
The mobile apps can be on any operating system (IOS, Android, Windows) and on any aspect of
stroke  impairment  rehabilitation  (motor  paresis,  aphasia,  neglect).  Focusing  more  on their
possible goals, we could have therapy apps (with users’ active device interaction to complete
activities) or rehab videos (exercises mobile guide),  education apps (to learn about stroke),
reminders (messaging to encourage compliance) or even a combination of them [36].
Parker et al. [32] described two types of wearable devices worn by the patients. The first device
operated independently and functioned as a central connector for other devices, whereas the
second one captured specific action or executed a measurement and then sent the info to a
primary wearable device for analysis. 
The “wearable technologies” are something portable to wear externally on the body and to be
used independently of a therapist. They can be utilized in both clinical and nonclinical settings,
to  facilitate  recovery,  provide  formative  and  real-time  feedback,  and  measure  intervention
outcomes over long periods of time. They span from microelectromechanical systems (with
accelerometers,  gyroscopes etc.)  to electromyographic biofeedback to  robotics.  This type of
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intervention can last 3 to 12 weeks, with various intensities [32].
      AR- and VR-based rehabilitation systems providing games were reviewed by [33,37]. Such
systems included using head-mounted displays (HMD), Leap Motion, HD webcam, Microsoft
Kinect  v2  sensors  connected  to  a  laptop  or  AR  mirrors  with  visual  tracking  methods.  AR
technology  is  a  real-time  projection  of  virtual  objects/scenarios  in  a  common  and  real
environment/place. During the game, the patients will interact with these virtual objects and
receive  automatic  instructions,  score,  and  visual  and  audio  feedback  via  tracking  devices
(mouse, arm skate, HD Webcam, etc.). The AR systems usually allow the creation of a personal
training program with various training intensities, and the treatment duration is between 30
min  and  1  hour  per  session  [33].  VR  is  a  computer-generated  simulation  technology  that
requires patient interaction, providing multimodal feedback. VR systems are often installed at
patients’  houses  and may include the remote supervision of  a  therapist  (e.g.,  virtual-based
telerehabilitation group, interfaces for patient and therapist remote communications). It is also
used at hospitals/clinics, with a therapist's in-person supervision/instruction [37]. 

Reviews’ results on the effectiveness of technology-based interventions

Even though all  technology-based interventions  included  in  these  studies  are  economically
favourable rehabilitation delivery models, no clear or direct evidence of impact on the recovery
of function has been underlined.
Parker et al.  [32] highlighted little evidence to support the use of wearable technologies to
improve activity and participation in the recovery of the upper limb.
Even  if  all  the  other  reviews  [31,33-37]  reported  similar  effectiveness  to  conventional
treatments, results are interpreted and discussed cautiously. For example, Rintala et al. [31,35],
Gelineau et  al.  [34]  and Szeto et  al.  [36]  discussed that  rehabilitation technology,  including
mHealth apps, may have benefits as an additional treatment, but a lack of robust evidence does
not consent authors to determine apparent effects.
Also, in the case of AR- [33] and VR- [37] based telerehabilitation, patients might still have a
similar  subjective  experience  of  rehabilitation  with  therapists’  supervision  as  in-person
rehabilitation. According to Phan et al. [33], the use of AR significantly influenced the upper
limb function (SMD = 0.657; 95% CI, 0.287 to 1.026; p = 0.000). AR-based applications could
offer options for increasing treatment intensity and promoting motor recovery after a stroke
used  with  conventional  rehabilitation  methods.  Also,  for  Hao  et  al.  [37],  VR-based
telerehabilitation is a promising avenue for patients with stroke that can potentially overcome
the  barriers  of  traditional  in-person  rehabilitation.  VR-based  telerehabilitation  achieved
comparable outcomes in the upper extremity function and equivalent effects on balance ability
compared to in-person rehabilitation.
One aspect that holds significant clinical relevance is the duration of the intervention, which is
measured  in  terms  of  both  the  quantity  and  intensity  of  the  dosage.  Studies  suggested  a
positive correlation between the time allocated for therapy and the therapy outcomes [99]. In
the seven reviews, the duration of the trials primarily ranged from 2 to 12 weeks.
According to Parker et al. [32], improvements were observed across some studies for both the
control  and  intervention  groups.  The  increase  in  the  amount  of  rehabilitation  has  led  to
improvements in all  the studies analysed.  This observation could potentially suggest  that  a
fundamental mechanism for improvement is the augmentation of the amount of rehabilitation
administered. This concept has been acknowledged and incorporated into the national clinical
guidelines for stroke.
Szeto et  al.  [36]  concluded that  the  dosage and duration  should be customized to  address
individual problems. 
Some  studies  included  in  [34]  reported  follow-ups.  However,  in  most  of  these  cases,  the
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duration of the follow-up is too short (4-24 weeks), leading to inconsistent results. 
None  of  the  selected  reviews  mentioned  or  reported  any  adherence  to  the  principles  of
experience-dependent plasticity [8,9]. 
In conclusion, further research is necessary to differentiate between the mechanisms of dosage
and intensity. This will aid in understanding the impact of the volume of rehabilitation activity
and how it compares to the intensity, which is the amount of rehabilitation administered over a
specific time period. 

Limitations of the selected systematic reviews and implications for future
research

The heterogeneity and the different quality levels of the studies included are the significant
limitations claimed by almost all the selected reviews [31,32,34-37]. Each review performed
the assessment of quality using Physiotherapy Evidence Database (PEDro) Scale [31,34,35,37],
Cochrane Risk of Bias (CRoB) for RCTs [32,36],  Downs and Black Instrument for non-RCTs
[32,35] and  QualSyst [33].  Due to these differences in assessment quality, results should be
interpreted and generalized with caution. 
Given these limitations, future research is called to frame a more robust methodology with a
larger sample size [32-37] and valid measurement tools [32,35] as well as deeper investigation
on different gender and age groups [32,33] as well as other impacts depending on the stroke
stage [34,36].  Also,  the  trial  length and  the  study follow-up time  were  mentioned [36,37].
Gelineau et al. [34] highlighted the need for a gold standard for future research in the field.
Regarding  technology  readiness  level,  different  issues  were  underlined  to  overcome  the
drawbacks  of  the  reported  technology-based  rehabilitation  interventions.  For  example,  the
integration and interoperability with intelligent infrastructure, the design of an attractive, user-
friendly, portable and low-cost system [33,35,36].

Discussion

There are more than 15 million cases of stroke every year, of which about 40% require motor
and cognitive rehabilitation, leaving 5 million new patients requiring treatment every year and
more than 33 million chronic patients worldwide [1,2]. 
This massive incidence puts tremendous pressure on healthcare systems to satisfy the need for
effective and sustainable solutions for rehabilitation post-stroke after hospital discharge.  
User-friendly, portable, and low-cost systems could improve long-term recovery while allowing
hospitals to reduce the length of outpatient treatment and its associated costs of infrastructure
and staff while maximizing the treatment capacity of therapists. 
Technology-based  interventions  should  provide  affordable  and scalable science-based
telerehabilitation to cope with this pressure.
In this Systematic Review of Systematic Reviews, seven reviews were selected, with 95 studies
examined and a combined enrolment of 2.995 patients.  
Most of these studies used Advanced technologies with AR- and VR-based technologies and
Simple technologies with telerehabilitation (TR), mobile health applications (mHealth apps),
assistive  technologies  (AT),  and  gait  training  (GT).  Overall,  the  variability  in  interventions,
study designs, participant demographics, and measured outcomes contributed to heterogeneity
across  the  studies.  Nevertheless,  despite  these  differences,  all  seven  reviews  reached  a
unanimous  conclusion,  highlighting  the  ineffectiveness  of  the  examined  technologies  in
restoring lost upper limb function. This underscores the need for future research to establish
rehabilitation intervention principles that can inform the development of targeted innovative
technologies [31-37]. 
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A central theme addressed in each review was the potential of technology-driven interventions
to  enhance  at-home  post-stroke  rehabilitation.  Collectively,  these  interventions  were
recognized for their ability to motivate survivors through interactive, user-friendly, engaging,
and cost-effective tools. As reported, all the selected reviews did not mention or report any
adherence to the principles of experience-dependent plasticity [8]. Recent literature suggests
that stroke affects the entire brain and its network properties, making it a network disease.
Therefore, stroke-related neurological deficits and their recovery depend on neural network
interaction  patterns  and  follow  principles  of  network  plasticity  [100].  In  addition,  the
observation  that  network  interactions  are  correlated  with  current  and  future  neurological
function directly leads to  whether  their  modulation through therapy might be feasible and
clinically useful [101]. This evidence could open new frontiers for developing technology-based
rehabilitation in post-stroke individuals.
     The feasibility of modulating brain networks through technology-based therapy may depend
on  several  factors  inherently  linked  to  neurorehabilitation  principles.  According  to  these
principles,  exposure  to  specific  training  experiences  in  a  recovery  pathway  leads  to  an
improvement  in  impairment  precisely  because  of  the  activation  of  these  mechanisms  of
neuronal plasticity and remodelling [8].  The following neurorehabilitation principles should
guide  the  selection  of  training  experiences  and  rehabilitation  technologies  to  optimize
effectiveness  [16]:  massed  practice,  spaced  practice,  dosage,  task-specific  practice,  goal-
oriented practice,  variable practice,  increasing difficulty,  multisensory stimulation,  rhythmic
cueing, explicit feedback/knowledge of results, implicit feedback/knowledge of performance,
modulate effector selection, action observation/embodied practice, motor imagery, and social
interaction. On the contrary, interventions with online video monitoring and phone calls [31]
do not always have a clear dosage, whereas some virtual training programs [32] discuss real-
time feedback [102] or exercise progression and the increasing difficulty of the training [103]. 
The AR analysed in [33] combined the capabilities of specific sensors [104] and viewers [105]
to  provide,  through  specific  games,  exercises  in  both  clinical  and  home  settings.  With
neurorehabilitation principles such as feedback (game score, social interaction, etc.), variable
practice and training intensity can be guaranteed after obtaining approval from patients and
clinicians.  AR  systems,  however,  present  some  limits:  they  are  not  always  user-friendly,
portable and low-cost. They are, therefore, a good rehabilitation option but not always very
convenient to use as an upper limb home solution.
Gelineau  et  al.  [34]  reported  heterogeneity  in  exergames-based  rehabilitation,  including
supervision and treatment dosage. Exergames are thus another example of good technology to
promote recovery after stroke and good support for telerehabilitation, but they are still  too
generically investigated from a clinical and neurorehabilitative point of view.
Rintala et al. [35] and Szeto et al. [36] evaluated the effectiveness of mobile health applications
(mHealth app) in  stroke rehabilitation that  provided visual  and auditory feedback,  but  the
dosage prescriptions were not always indicated. Their descriptions confirm a poor application
of neuroscience principles.  
Mobile apps, particularly when combined with in-person rehabilitation, offer advantages such
as improved adherence and functional gains. However, additional research is warranted for two
primary reasons. Firstly, the studies included here exhibit considerable variability.  Secondly,
there is a notable absence of consideration in the technological applications of the valuable
principles that underlie traditional face-to-face therapy, including concepts like mass practice,
task-specific practice, feedback, and goal-oriented practice, among others [9]. 
In  VR-based  telerehabilitation  [37],  some  systems  provide  synchronous  supervision  of  the
patient, while others provide only asynchronous setting options; activity feedback and patient
supervision  can  be  ensured  in  each  case.  However,  the  dosage  prescription  of  these
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telerehabilitation systems remains to be better explored. 

Implications for clinical practise and future research

This review indicated that the field of technology-based rehabilitation is still fragmented due to
poor evidence achieved in terms of efficacy. This is probably due to the high heterogeneity of
the experimental studies. We mapped various study designs, outcomes, and quality levels that
demonstrate  only  the  potential  to  assist  with  stroke  recovery  and  augment  face-to-face
rehabilitation.  When  developing  a  technology-based  rehabilitation  program,  it  is  crucial  to
carefully plan and link all the relevant actors, user-driven design guidelines, and principles of
neuroscience.
With this potential,  there is a need for further research to understand better the impact of
technology interventions on varying types of stroke deficits and related outcomes, both alone
and in combination with traditional rehabilitation.
This field of research could benefit from standardized protocols provided to patients, enabling
comparison and interpretation to discover evidence currently missing [16]. 

Limitations
Data sources were drawn from PubMed, Web of Science, Scopus and Embase databases and Google
Scholar.  Even if  The Population,  Intervention,  Comparison,  Outcome,  Study Design framework-
PICOS  was  used  to  define  the  inclusion  criteria,  the  combination  of  key  terms  to  target  the
population and the specific technology-based intervention could have omitted some results from the
search. 

Conclusions

This review pooled the findings of seven systematic reviews. It found heterogeneity of interventions
and measures, but the commonality of no clear or direct evidence of impact on recovery of function
has been underlined. Advanced and simple technologies used for stroke rehabilitation allow for
overcoming financial, physical, and attitudinal barriers while providing engaging, specific, low-
cost exercises with constant feedback and supervision. These technologies serve as a valuable
enhancement  to  traditional  rehabilitation  methods,  particularly  for  the  upper  limb  [106].
Unfortunately, demonstrating the efficacy of such interventions for restoring function after a
stroke is  still  a challenge.  Recent research indicated that  the recovery of brain networks is
essential  for  regaining  motor  and  cognitive  function  after  a  stroke.  This  recovery  can  be
facilitated through advanced non-invasive technologies such as brain stimulation techniques
like  TMS  and  tDCs  [107,108].  Combining these  technologies  with interventions  that  follow
neurorehabilitation principles may be more effective in promoting the recovery and retention
of motor and cognitive functions after a stroke.
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