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Neurological disorders affect almost one billion people globally. The prevalence of disability due to neurological disorders 

is rising worldwide, creating a significant disability burden that will require comprehensive management, including rehabilitation 
(Feigin et al., 2020). According to a global estimate, one in three people worldwide will need rehabilitation services at some 
time, and an estimated 2.4 billion individuals have health conditions that may benefit from some form of rehabilitation (Cieza et 
al., 2020). 

Neurorehabilitation (NR) is an inter-disciplinary and cross-sectional health service for people with disease or injury to the 
neurological system. NR aims to optimize health, promote well-being, and enhance persons’ abilities to have a good quality of 
life (Cummins et al., 2022). NR is critical in enhancing functional recovery in neurological disorders, and helps maintain, 
restore, and improve skills lost or impaired due to neurological conditions. The conventional NR approach is based on the 
physical and occupational therapy sessions done mainly in one-to-one meetings with therapists during either inpatient or 
outpatient hospital settings, is quite resource demanding and faces many challenges, such as increasing number of patients, 
shortage of expert staff, and economic pressure of cost minimization (Lambercy et al., 2021).  

With the resurgence of COVID-19 pandemic, lockdown, quarantine, and travel restrictions, the accessibility to hospitals, 
emergency care, and rehabilitation services was drastically reduced. The pandemic brought further constraints to the 
traditional NR approach, because in-person NR could increase risk of possible exposure to COVID-19 (Caso & Federico, 
2020). The importance and need to utilize modern digital technology enabled telemedicine/telehealth interventions became 
very clear in that scenario. Due to COVID-19 restrictions, utilization of digital technologies to deliver NR was not a question of 
when, but rather a question of how and now! The advancements brought by the digital revolution addressed the limitations of 

Abstract 
Neurorehabilitation (NR), a major component of neurosciences, is the process of restoring a patient’s damaged/disorganized 
neurological function, through training, therapy, and education, while focusing on patient’s independence and well-being. 
Since the advent of the COVID-19 pandemic, various applications of telecare and telehealth services surged drastically and 
became an integral part of current clinical practices. Tele-Neurorehabilitation (TNR) is one of such applications. When 
rehabilitation services were disrupted globally due to lockdown and travel restrictions, the importance of TNR was 
recognized, especially in developed, low, and middle-income countries. With exponential deployment of telehealth 
interventions in neurosciences, TNR has become a distinct stand-alone sub-specialty of neurosciences and telehealth. 
Digital technologies, such as wearables, robotics, and Virtual Reality (VR) have enabled TNR to improve the quality of 
patients’ lives. Providing NR remotely using digital technologies and customized digital devices is now a reality, and likely to 
be the new norm soon. This article provides an overview of the needs, utilization, and deployment of TNR, and focuses on 
digital technology enablers of TNR in pre- and post- COVID-19 pandemic era.  
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the current healthcare model faced during the pandemic by providing high quality rehabilitation in patients’ homes along a 
continuum of care (Galea, 2019).  

Telerehabilitation (TR), an emerging and advanced approach to providing remote healthcare, is the delivery of 
rehabilitation services using telecommunication/digital technologies (Alexander, 2022). TR overcomes the barriers of distance 
and time by providing patients with disabilities access to accurate diagnosis and treatment. User-friendly digital technologies 
that are flexible, simple, intuitive, with a tolerance for error, requiring low physical effort, and controlled remotely, can do 
wonders. In TR, remotely located patient-centric devices are integrated with communication and software systems. These 
need to work seamlessly with the patients having impairments of fine/gross motor skills, cognition, speech, language, vision 
and hearing (Brennan et al., 2010). The examples of TR systems include: Virtual Reality (VR), video games, web-based 
interventions, mobile apps, and online/telephonic telecoach programs (Matamala-Gomez et al., 2020). These systems play a 
key role in facilitating the relationship between clinicians and patients, and enable the continuity of the rehabilitation process 
for patients in their homes. TR, which is delivered virtually, ensures the access to high-quality, cost-effective care despite 
isolation, reduces travel and waiting time, and improves quality of life and patients’ outcomes.  

Tele-Neurorehabilitation (TNR) is an innovative approach that allows neurologically afflicted patients, who might not 
otherwise have access to healthcare facilities due to distance or economic issues, to continue cost effective rehabilitation at 
home (Khanna et al., 2018). Numerous published studies (Brennan et al., 2021; Cerfoglio et al., 2023; Cox et al., 2021; Iodice 
et al., 2021; Maresca et al., 2020; Matamala-Gomez et al., 2021; Srivastava et al., 2021) demonstrated the efficacy of 
providing remote, home-based telerehabilitation solutions to patients with neurological diseases during the COVID-19 
pandemic.  

Modern digital technologies facilitate e-visits for remote patient assessment, monitoring, and care. Various methods and 
components of TNR using technological support have been described in the literature for variety of diseases (Ganapathy, 
2021; Garg & Dhamija, 2020; Golomb et al., 2010; Klaic & Galea, 2020; Matamala-Gomez et al., 2020; Montana et al., 2020; 
Peretti et al., 2017; Rogante et al., 2010; Stasolla et al., 2023; Tressoldi et al., 2012). In a recent systematic review (Matamala-
Gomez et al., 2020) that assessed the role and effectiveness of different engagement strategies in TNR for patients with 
neurological disorders, out of 18 analyzed studies, 12 studies reported positive results, five studies reported neutral effects, 
and only one study reported negative results. Examples of TNR services include: physical motor therapy, occupational 
therapy, speech-language therapy, audiology, VR, telerobotic therapy, and gamification. Virtual physical therapy includes 
assessment, intervention, monitoring, education, and training. Two-way real-time virtual visits are enabled using audio-visual 
tools and equipments. Examples include: video calls, video conferencing, asynchronous e-visits, virtual check-ins, and remote 
evaluations of recorded images and videos. Similarly, machines interfaced with smart devices like robotic arms, robotic legs, 
data gloves, and smart glasses in a 3D environment allow a greater sense of immersion in the virtual environment. Technology 
plays a major role in TNR. Deployment of technology should always be contextual, user friendly, flexible, simple, intuitive, and 
cost effective. Complex technology (i.e., multiple components, settings and/or connections) may be associated with higher 
cost and a steeper learning curve, leading to eventual non-use of the system. TNR enabled devices help a therapist monitor a 
patient remotely using applications installed on a tablet, smartphone, or customised smart gloves and splints. Patients can 
practice exercises independently even without a therapist being online. Fuzzy Inference Systems (FIS) have remote 
monitoring tools that assist therapists to supervise patients' exercises remotely.  

Search Strategy and Selection Criteria 
A scoping review was performed to search the scientific and academic literature for related studies in the field of TNR 

focusing on the digital technology aspects and covering the time period of the pre- and post-COVID-19 pandemic era. For the 
search, we used the PubMed database and the Google Scholar search engine. The rationale for using both was that they are 
the most widely used, verified, and freely accessible resources for searching high quality scientific and academic publications 
online. For the search terms, we used Medical Subject Heading (MeSH) terms via the NIH MeSH Browser. The search was 
performed using various combinations of terms using Boolean operator ‘AND.’ The search terms included: 
‘Neurorehabilitation,’ ‘Neurological Rehabilitation,’ ‘Digital Technology,’ ‘Telemedicine,’ ‘Telehealth,’ ‘Neurology,’ and ‘COVID-
19’.  

For the selection of studies, the following criteria were followed: 

• Studies in the field of TNR 

• Studies that focused on the Digital Technology aspects 
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• Studies covering the timespan of pre- and post-COVID pandemic era 

• Studies written in the English language 

For the exclusion of studies, the following criteria was followed: 

• Non-peer reviewed literature 

• Study types categorized as viewpoints, letters, and guidelines 

All selected studies matching the inclusion and exclusion criteria were reviewed in detail. The data were extracted, 
summarized, and discussed for the main digital technologies involved in TNR in the pre- and post-COVID-19 pandemic era. 

Key Digital Technology Enablers of Tele-Neurorehabilitation  
Digital technologies enable TNR to improve quality of life for patients particularly during pandemics, lockdowns, 

quarantines, and social distancing preventing scenarios. Digital technologies provide various platforms that can enable remote 
patient monitoring asynchronously. These asynchronous platforms include: wikis, blogs, forums, or e-mail. Communication can 
occur synchronously through instant messaging, videoconferencing, and chat servers (Mosca et al., 2020). Multimedia 
technologies enable interaction and sensory feedback through motivating multidimensional virtual environments. Video game 
consoles assist in motor rehabilitation (Gutiérrez et al., 2013).  

Smart chatbots (e.g. Siri) and future-generation machine learning ensure intelligent engagement (Dobkin, 2016).  USB-
based wrist blood pressure cuffs, mats with contact sensitive switches, gaming driving wheels with special grippers, and 
joysticks are used for stroke patients. Socially assistive humanoid robots, which are safe, portable and user-friendly, deliver 
emotional support (Lambercy et al., 2021). There is a variety of technological approaches proposed as well as implemented for 
TNR, from simple mobile phone applications to advanced AI-based applications supported by passive instrumented tools 
(Nijenhuis et al., 2017). We examined some of the key digital technology enablers that played a pivotal role in providing quality 
TNR with focus on the pre- and post-COVID-19 pandemic era. 

Wearables 
Wearable or wearable devices are the electronic devices that can be worn on the body or incorporated into clothing or 

body-worn accessories by individuals, and are used for tracking, measuring, and analysing different activities, parameters and 
indictors (Smuck et al., 2021). One of the primary uses of wearable devices is in the field of healthcare. They occur in various 
domains, such as biomedical research, clinical care, and personalized medicine (Canali et al., 2022). Wearable sensors are 
important for objective and continuous measurement of motor activities, such as lying, sitting, standing, and walking; and these 
devices are valuable in home care as well as in clinical research (Adams et al., 2017). Smart wearable mechatronic systems, 
that measure and display body signals, provide haptic, vibro, and electro feedback stimulation (Atashzar et al., 2021). A 
wearable device with multiple small accelerometers and gyroscope sensors captures and wirelessly transmits data to assess 
the health of the patients affected by movement disorders. These wearable accelerometers have been successfully used in 
various studies for the assessment of gait performance and long-term measurements of mobility in patients with multiple 
sclerosis (MS) in clinical settings, especially for those with mild to moderate disability in the past two decades (Motl et al., 
2013; Neven et al., 2016; Ng & Kent-Braun, 1997; Pau et al., 2016; Pearson et al., 2004; Sosnoff et al., 2012). Unobtrusive 
wearable inertial measurement units (IMUs) have been used for the objective evaluation and long-term monitoring of motor 
symptoms in patients with Parkinson’s disease (PD) (Suppa et al., 2017; Weiss et al., 2015). Due to these features, the clinical 
demand for use of wearables to objectively collect and quantitatively analyse the data has been on rise (Jeon et al., 2017; 
Maetzler et al., 2013). Linear and axial speeds and falls, gross and fine motor movements, gait, balance, bradykinesia, tremor, 
rigidity, and non-motor symptoms can be measured with these devices (Asakawa et al., 2019). Instrumented insoles are 
connected wirelessly to a 4G / 5G ready tablet, PC, a server, and a web-interface for experts. Movement parameters are 
delivered to a health platform (Jagos et al., 2015). Wearable wireless inertial sensors on ankles communicate with 
smartphones. Type, quantity and quality of domiciliary activities are collated using signal processing algorithms that can be 
reviewed on a weekly basis. Accelerometer based motion sensing technologies have been used. Xbox 360® and Kinect 
console have been used in management of MS patients. Remote step count monitoring using a consumer-friendly 
accelerometer (Fitbit Flex) enhances MS disability assessment. Lower average daily step count is associated with greater MS 
disability (Block et al., 2017). Custom-built Inertia Measurement sensors with video cameras estimating posture improve 
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patients’ coverage (Paloschi et al., 2021). Cloud database exergames on smart phones are deployed in TNR (Burgos et al., 
2020). Tele-assessment systems acquire kinematic data of forward reaching movements in stroke patients. Correlation 
coefficients of reaching displacement, velocity and acceleration measurements are obtained (Rau et al., 2013). Wearable 
sensors allow quantitative monitoring of a patient’s performance. Remote signal processing from wearables assists in the 
prediction of long-term dynamics of patient recovery. Brain computer interfaces (BCIs) have been extensively used for patients 
with a variety of neuromuscular disorders and their effectiveness in the recovery of neural functions has been confirmed, 
especially for stroke patients in different studies (Mansour et al., 2022; Padfield et al., 2022; Prasad et al., 2010). Similarly, 
several studies have demonstrated benefits of motor-imagery-based systems for patients having a variety of neurological 
diseases (Lee & Hwang, 2019; López-Larraz et al., 2015). Being safe and economical for home based therapy, motor imagery 
based BCIs provide a novel rehabilitation paradigm by substituting or supplementing current therapy protocols with the support 
of several training sessions (Arpaia et al., 2023). 

Robotics 
In the recent past, robots have contributed substantially by providing novel tools to the clinician for patient treatment. AI 

enabled tele, autonomous, collaborative, hand-held, social and exoskeleton robots facilitate interaction between an in-home 
patient and in-clinic therapies. There are two general configurations of TR robotic systems: the first one is unilateral, and used 
most commonly, in which only the patient can interface with the robots; the second is bilateral wherein both patients and 
therapists can use the robots and interact with each other using a shared virtual environment. TNR assisted by robotics 
provides innovative, interactive, and reproducible therapies for a longer time and can be implemented site-to-site (Carignan & 
Krebs, 2006). Socially assistive robots provide psychological support and benefit elderly patients with autism, mild cognitive 
impairments, and dementia (Tulsulkar et al., 2021). Conventional robotic rehabilitation enables vibrotactile and haptic 
feedback. The wearable robotics (i.e., exoskeletons) have been used for various VR applications, and provide a natural haptic 
interface for patient interaction and a surround feel environment for the training (Carignan & Krebs, 2006).  

Existing robotic rehabilitation systems are expensive, bulky, and have safety concerns (Atashzar et al., 2021). However, 
various studies have shown the efficacy of therapy robots in neurological rehabilitation thus proving the usefulness of these 
robots as an alternative system or an integrative one with classical methods (Hidler & Sainburg, 2011; Huang & Krakauer, 
2009; Iandolo et al., 2019; Kuo et al., 2021; Ona et al., 2018; Semprini et al., 2018). These robots can be easily controlled from 
remote locations via different telecommunication systems that makes them suitable for home therapy and a prolonged 
rehabilitation process (Mobini et al., 2013). The transfer of the new technology from the rehabilitation hospital to a patient’s 
home is a major challenge of current technological and clinical research (Johnson & Schmidt, 2009).  

The use of robotics and other similar interactive devices has great opportunities to widen treatment options and improve 
outcomes of patients with neurological disabilities and impairments, and their advantages are proven through the clinical trials 
(Fazekas & Tavaszi, 2019). These advantages signify that the potential usefulness of robots can be further improved by 
upcoming technical developments within targeted rehabilitation settings. Long-term evaluation of social robotic platforms in 
TNR could confirm beneficial effects. Because these robots might pose hazards for patients, therefore safety considerations 
and precautions must be considered before their deployment. 

Virtual Reality 
VR is another novel intervention of digital technology that can recreate realistic environments in which patients may bodily 

operate and improve balance. Depending on the intensity and quality of emotions elicited in the computer generated world 
(Mancuso et al., 2023), different types of VR can be differentiated including: Non-Immersive VR (Ventura et al., 2019), Fully 
Immersive VR (Bohil et al., 2011; Matthews, 2018; Sanchez-Vives & Slater, 2005), Augmented Reality (Porter & Heppelmann, 
2017), Mixed Reality (Park et al., 2019), and Extended Reality (Georgiev et al., 2021).  Incorporation of VR is one of the widely 
used methods for TR to make the treatment as safe as a conventional rehabilitation method. Some of the key applications of 
VR in NR include: motor rehabilitation, cognitive rehabilitation, emotional rehabilitation, and sensory rehabilitation (Georgiev et 
al., 2021). VR environments coupled with robotic systems, visual, haptic, and auditory cues can be fused with kinesthetic cues 
enabling multimodal goal-oriented sensorimotor tasks. Multisensory stimulation in a realistic environment motivates and 
ensures adherence and better clinical results (Burgos et al., 2020). The literature has numerous studies in which VR is 
effective in training balance and gait in patients with stroke, PD, MS, cerebral palsy and neurological or vestibular diseases 
(Feintuch et al., 2014; Garg & Dhamija, 2020; Goffredo et al., 2023; Maldonado-Díaz et al., 2021; Nieto-Escamez et al., 2023; 
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Saladino et al., 2023; Truijen et al., 2022). Due to augmented feedback for the performance with various inputs, VR balance 
training gives an edge by stimulating both motor and cognitive processes as compared to traditional balance training (Li et al., 
2016; Phu et al., 2019). VR therapy satisfies the criteria of an effective treatment method by providing cognitive motor training, 
motivational activities, and empowerment techniques consistent with evidence-based neuroscience principles. VR and robotic 
systems provide motivation by making exercises comfortable, safe, engaging and entertaining, hence boosting the self-
confidence, self-management, self-efficacy, self-reliance, and improved quality of life for the patients (Maldonado-Díaz et al., 
2021; Mumford et al., 2012; Perez-Marcos et al., 2018; Ustinova et al., 2014). Recent meta-analysis, bibliometric analysis, and 
review reports of VR in NR highlight the benefits of VR in neurological disorder management and improvements in motor 
function, fine motor skills, mobility, balance, and upper limb function, hence bringing improvements to the quality of life of 
patients (Georgiev et al., 2021; Guo et al., 2022; Massetti et al., 2018; Montana et al., 2020; Truijen et al., 2022; Voinescu et 
al., 2021). Clinicians can now immerse their patients in different virtual worlds to reduce pain and anxiety and encourage them 
to move by playing games. However, when developing VR systems that provide effective and safe interventions that improve 
patients’ outcomes, there must be an understanding of the patients’ characteristics and the clinical criteria of physiotherapy 
(Glegg et al., 2013; Landis & Koch, 1977). VR based TNR is an excellent approach for the continuity of patient treatment that 
can be used widely due to its support for clinical decision making in the rehabilitation process (Maldonado-Díaz et al., 2021). 
Acceptance of VR implies familiarity and confidence in the technology.  

Summary of Key Digital Technology Enablers of Tele-Neurorehabilitation 
Table 1 below provides a brief summary of selected studies and shows their characteristics, i.e., type of devices that 

enable TNR, reasons for their use, and study population.  

Table 1 

Summary of Key Digital Technology Enablers of Tele-Neurorehabilitation 

S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

1 (Gutiérrez et 
al., 2013) 

A telerehabilitation program improves 
postural control in multiple sclerosis 
patients: A Spanish preliminary study 

Video game 
consoles 

Motor 
rehabilitation 

People with MS 

2 (Dobkin, 2016) Behavioral self-management 
strategies for practice and exercise 
should be included in neurologic 
rehabilitation trials and care 

Smart chatbots and 
future-generation 
machine learning 
enabled Siri 

Intelligent 
engagement 

People with 
disabilities 

3 (Lambercy et 
al., 2021) 

Neurorehabilitation from a distance: 
Can intelligent technology support 
decentralized access to quality 
therapy? 

• USB based wrist 
blood pressure 
cuff, mat with 
contact sensitive 
switches, gaming 
driving wheel 
with a special 
gripper, and 
joysticks 

• Socially assistive 
humanoid robots 

Video/audio 
support 

 

 

 

 

Emotional 
support 

People with 
stroke  

 

 

 

 

Remote 
patients 

4 (Nijenhuis et 
al., 2017) 

Effects of training with a passive 
hand orthosis and games at home in 
chronic stroke: A pilot randomized 
controlled trial 

Passive hand 
orthosis and games 

Arm and hand 
function 
improvements 

People with 
stroke  
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S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

5 (Smuck et al., 
2021) 

The emerging clinical role of 
wearables: Factors for successful 
implementation in healthcare 

Body-worn wearable 
devices and 
accessories 

Tracking, 
measuring and 
analyzing 
different 
activities, 
parameters and 
indictors 

All populations 

6 (Adams et al., 
2017) 

Multiple wearable sensors in 
Parkinson and Huntington disease 
individuals: A pilot study in clinic and 
at home 

Multiple wearables 
sensors 

Objective and 
continuous 
measurement of 
motor features 

People with PD 
or Huntington 
disease  

7 (Atashzar et 
al., 2021) 

Review: How can intelligent robots 
and smart mechatronic modules 
facilitate remote assessment, 
assistance, and rehabilitation for 
isolated adults with neuro-
musculoskeletal conditions? 

Smart wearable 
mechatronic 
systems 

Measuring and 
displaying body 
signals 

Adults with 
neuro-
musculoskeletal 
conditions 

8 (Motl et al., 
2013; Neven et 
al., 2016; Ng & 
Kent-Braun, 
1997; Pau et 
al., 2016; 
Pearson et al., 
2004; Sosnoff 
et al., 2012) 

• Accelerometry as a measure of 
walking behavior in multiple 
sclerosis 

• Understanding walking activity in 
multiple sclerosis: Step count, 
walking intensity and uninterrupted 
walking activity duration related to 
degree of disability 

• Quantification of lower physical 
activity in persons with multiple 
sclerosis 

• Clinical assessment of gait in 
individuals with multiple sclerosis 
using wearable inertial sensors: 
Comparison with patient-based 
measure 

• Quantification of walking mobility 
in neurological disorders 

• Falls and physical activity in 
persons with multiple sclerosis 

Wearable devices, 
accelerometers, and 
gyroscope sensors 

Assessment of 
gait performance 
and long-term 
measurements of 
mobility 

People with 
movement 
disorders, 
neurological 
disorders, or 
MS  

9 (Suppa et al., 
2017; Weiss et 
al., 2015) 

• L-dopa and freezing of gait in 
Parkinson's disease: Objective 
assessment through a wearable 
wireless system 

• New evidence for gait 
abnormalities among Parkinson's 
disease patients who suffer from 
freezing of gait: insights using a 
body-fixed sensor worn for 3 days 

Wearable inertial 
measurement units 
(IMUs) 

Objective 
evaluation and 
long-term 
monitoring of 
motor symptoms 

People with PD  
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S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

10 (Jeon et al., 
2017; Maetzler 
et al., 2013) 
(Asakawa et 
al., 2019) 

• Automatic classification of tremor 
severity in Parkinson's disease 
using a wearable device 

• Quantitative wearable sensors for 
objective assessment of 
Parkinson's disease 

• Can the latest computerized 
technologies revolutionize 
conventional assessment tools 
and therapies for a neurological 
disease? The example of 
Parkinson's disease 

Wearable devices 
and wearable 
sensors 

Objective 
collection and 
quantitative 
analysis of the 
data; 
measurements of 
linear and axial 
speeds and falls, 
and gross and 
fine motor 
movements, and 
non-motor 
symptoms 

People with PD  

11 (Jagos et al., 
2015) 

A framework for (tele-) monitoring of 
the rehabilitation progress in stroke 
patients 

Instrumented 
insoles 

Delivery of 
movement 
parameters 

People with 
stroke 

12 (Block et al., 
2017) 

Continuous daily assessment of 
multiple sclerosis disability using 
remote step count monitoring 

Wireless inertial 
sensors, Xbox 360® 
and Kinect 
consoles, and Fitbit 
Flex 

Accelerometry 
based motion 
sensing, remote 
step count 
monitoring, and 
disability 
assessment 

People with MS  

13 (Paloschi et al., 
2021) 

Validation and assessment of a 
posture measurement system with 
magneto-inertial measurement units 

Inertia Measurement 
sensors 

Improving 
patients’ 
coverage 

People with 
lower back pain 
(LBP) 

14 (Burgos et al., 
2020) 

Exergames and telerehabilitation on 
smartphones to improve balance in 
stroke patients 

Exergames and 
sensors 

Estimating 
posture, 
improving 
patients’ 
coverage, 
adherence, and 
clinical results 

People with 
stroke 

15 (Mansour et al., 
2022; Padfield 
et al., 2022; 
Prasad et al., 
2010) 

• Efficacy of brain–computer 
interface and the impact of its 
design characteristics on 
poststroke upper-limb 
rehabilitation: A systematic review 
and meta-analysis of randomized 
controlled trials 

• A comprehensive review of 
endogenous EEG-based BCIs for 
dynamic device control 

• Applying a brain-computer 
interface to support motor imagery 
practice in people with stroke for 

Brain computer 
interfaces (BCIs) 

Recovery of 
neural functions 

People with a 
variety of 
neuromuscular 
disorders, and 
people with 
stroke 
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S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

upper limb recovery: A feasibility 
study 

16 (Lee & Hwang, 
2019; López-
Larraz et al., 
2015) 

• Motor imagery on upper extremity 
function for persons with stroke: A 
systematic review and meta-
analysis 

• Evolution of EEG motor rhythms 
after spinal cord injury: A 
longitudinal study 

Motor-imagery-
based BCIs / 
systems 

Screening, 
selecting and 
monitoring 
patients in 
rehabilitation 

People having 
a variety of 
neurological 
diseases and 
people with 
stroke 

17 (Tulsulkar et 
al., 2021) 

Can a humanoid social robot 
stimulate the interactivity of 
cognitively impaired elderly? A 
thorough study based on computer 
vision methods 

Socially assistive 
robots 

Providing 
psychosocial 
support and 
interventions 

Older adults 
with cognitive 
impairments 

18 (Carignan & 
Krebs, 2006) 

Telerehabilitation robotics: bright 
lights, big future? 

Wearable robotics 
(exoskeletons) 

Providing natural 
haptic interface 
for patient 
interaction and 
surround feel 
environment for 
the training 

Older adults 

19 (Hidler & 
Sainburg, 
2011; Huang & 
Krakauer, 
2009; Iandolo 
et al., 2019; 
Kuo et al., 
2021; Ona et 
al., 2018; 
Semprini et al., 
2018). 

• Role of Robotics in 
Neurorehabilitation 

• Robotic neurorehabilitation: A 
computational motor learning 
perspective 

• Perspectives and challenges in 
robotic neurorehabilitation 

• Prediction of robotic 
neurorehabilitation functional 
ambulatory outcome in patients 
with neurological disorders 

• A review of robotics in 
neurorehabilitation: Towards an 
automated process for upper limb 

• Technological approaches for 
neurorehabilitation: From robotic 
devices to brain stimulation and 
beyond 

Therapy robots Neurological 
rehabilitation, 
home therapy, 
and prolonged 
rehabilitation 
process 

People with 
neurological 
disorders, 
disabilities, and 
impairments 
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S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

20 (Feintuch et al., 
2014; Garg & 
Dhamija, 2020; 
Goffredo et al., 
2023; 
Maldonado-
Díaz et al., 
2021; Nieto-
Escamez et al., 
2023; Saladino 
et al., 2023; 
Truijen et al., 
2022) 

• Virtual reality applications in 
neurorehabilitation 

• Teleneurorehabilitation for 
Parkinson's disease: A panacea 
for the times to come? 

• Non-immersive virtual reality 
telerehabilitation system improves 
postural balance in people with 
chronic neurological diseases 

• Teleneurorehabilitation program 
(virtual reality) for patients with 
balance disorders: A descriptive 
study 

• Virtual reality applications in 
neurorehabilitation: Current 
panorama and challenges 

• Neuro rehabilitation effectiveness 
based on virtual reality and tele 
rehabilitation in people with 
multiple sclerosis in Argentina: 
Reavitelem study 

• Effect of home-based virtual reality 
training and telerehabilitation on 
balance in individuals with 
Parkinson disease, multiple 
sclerosis, and stroke: A systematic 
review and meta-analysis 

Immersive, semi-
immersive, or non-
immersive VR 
Systems / devices, 

personalized VR 
systems, bespoke 
VR systems, and 
commercial VR 
devices 

Training balance 
and gait, 
improving 
posture balance 
and posture 
control, 
improving 
functional 
mobility, 
management of 
acute and 
chronic pain, and 
promoting well-
being  

People with 
stroke, PD,  
MS,  cerebral 
palsy, 
dementia, and 
patients with 
neurological or 
vestibular 
diseases or 
balance 
disorders, and 
older adults 

21 (Li et al., 2016; 
Phu et al., 
2019) 

• Virtual reality for improving 
balance in patients after stroke: A 
systematic review and meta-
analysis 

• Balance training using virtual 
reality improves balance and 
physical performance in older 
adults at high risk of falls 

WiiFit, Balance 
Rehabilitation Unit 
(BRU), and other 
computer-based 
systems 

Falls prevention, 
balance control, 
and improving 
balance 

People with 
stroke and 
older adults 

22 (Maldonado-
Díaz et al., 
2021; Mumford 
et al., 2012; 
Perez-Marcos 
et al., 2018; 
Ustinova et al., 
2014) 

• Teleneurorehabilitation program 
(virtual reality) for patients with 
balance disorders: Descriptive 
study 

• Upper-limb virtual rehabilitation for 
traumatic brain injury: A 
preliminary within-group evaluation 
of the elements system 

• Virtual reality as a vehicle to 
empower motor-cognitive 
neurorehabilitation 

VR and robotic 
systems 

Empowering 
motor-cognitive 
NR, boosting the 
self-confidence, 
self-
management, 
self-efficacy, and 
self-reliance 

People with 
balance 
disorders and 
brain injury 
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S. No Author (Year 
of Study) 

Title of Study Digital Technology 
Enabler Devices 
(Wearables / VR / 
Robotics) 

Reason of 
Devices Used 

Study 
Population 

• Virtual reality game-based therapy 
for treatment of postural and co-
ordination abnormalities secondary 
to TBI: A pilot study 

23 (Georgiev et 
al., 2021; Guo 
et al., 2022; 
Massetti et al., 
2018; Montana 
et al., 2020; 
Truijen et al., 
2022; Voinescu 
et al., 2021). 

• Virtual reality for 
neurorehabilitation and cognitive 
enhancement 

• Virtual reality for 
neurorehabilitation: A bibliometric 
analysis of knowledge structure 
and theme trends 

• The clinical utility of virtual reality 
in neurorehabilitation: A systematic 
review 

• The benefits of emotion regulation 
interventions in virtual reality for 
the improvement of wellbeing in 
adults and older adults: A 
systematic review 

• Effect of home-based virtual reality 
training and telerehabilitation on 
balance in individuals with 
Parkinson’s disease, multiple 
sclerosis, and stroke: A systematic 
review and meta-analysis 

• Virtual reality in 
neurorehabilitation: An umbrella 
review of meta-analyses 

Interactive VR 
devices combined 
with computer 
assisted systems, 
VR-based treadmill, 
virtual objects, game 
platforms (such as 
Nintendo WII or 
Xbox Kinect etc.), 
interaction devices, 
sensory display 
systems, virtual 
environments, and 
custom-designed 
devices 

Motor 
rehabilitation, 
cognitive 
rehabilitation, 
emotional 
rehabilitation, 
sensory 
rehabilitation, 
and self-
enhancement 

People with 
traumatic brain 
injury (TBI), 
stroke, 
neurological 
disorders, 
tumor, and 
chronic 
conditions; and 
older adults 

Challenges in Implementing Tele-Neurorehabilitation 
Aside from the above strengths and benefits, TNR has various social and technical challenges along with the limitations 

(Ganapathy, 2021). Many TNR needs cannot be met in low resource settings. Access to smart phones and computers may not 
be universal. There could be difficulty in using devices and softwares effectively. Power, network, bandwidth issues, shortage 
of multimedia devices, licensing, liability, malpractice, affordability, reduced motivation, considering virtual consults as 
‘impersonal’, and lack of physical space at home are some of the practical challenges in implementing TNR. Usually, persons 
who are elderly require repeated instructions for TNR. Poor lighting, hearing impairments, call drop, difficulty in remembering 
procedures, lags during conversation, and difficulty in troubleshooting are additional concerns. The therapist often needs to 
see the whole person on the screen, which may not be possible due to the limitations of tele-services. On the other hand, in-
person services have several advantages, including socialization, building self-esteem, learning instrumental activities, 
mentorship, and hands-on training. Overall, there are multiple barriers associated with TNR practices, in which privacy, 
confidentiality, and safety are the main concerns (Khanna et al., 2018). Similarly, when dealing with advanced technological 
procedures, the acceptance of technology and the patients’ confidence in technology, especially in persons who are elderly, is 
another important factor that needs attention. Preliminary training of both patients and care providers is required to implement 
advanced tele-rehabilitative procedures, and continuous and supervised monitoring is required during the exercises for the 
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critically ill patients or patients with other comorbidities (Nuara et al., 2022). Not much research is done for the policy and 
license issues along with the cross-cultural acceptance of TNR services (McCue et al., 2010). Proper governance to 
strengthen the health care systems thorough surveillance, logistics, and service delivery is required. Strong IT infrastructure 
and compatible technologies are pivotal for sustainable and effective TR services. Ultimately, incorporating telemedicine 
infrastructures like TNR in the patient care domain ensures a pre-emptive, viable and robust approach that can withstand 
future global pandemics, if needed (Calabro, 2021).  

Conclusions 
The results from this article show that, with the latest trends and advancements in digital technology, TNR is becoming a 

part of the new norm for the long-term telecare practices. In the future, TNR will eventually be integrated with Smart Homes in 
Smart Cities. Functional monitoring with bed sensors, activity, motion sensors, and gait monitors will be possible. Creating a 
connected home with pressure-sensing floors, smart furniture, medical sensors, and integrating smart appliances needs to be 
contextual. Assistive robots, smart wheelchairs, prosthetic limb controls, home automation systems, and an AI Chatbot 
companion at home will add value, providing 'smarter care'. The latter would include medication reminders, contacting 
caregiver/children in emergencies, encouraging activities, and making appointments. Eventually, staying at home or aging in 
place will likely lead to better health outcomes.  

The COVID-19 pandemic has resulted in an exponential growth of TNR. Studies utilizing TNR for persons with stroke, PD, 
neurotrauma, and neurodegenerative disorders have been reported in the above-mentioned literature. Use of modern digital 
technologies that enable TNR will become common. Identifying specific use cases will help in achieving customized, well 
defined, and changing goals. Ultimately, what really matters is the patient’s goals; TNR is only a service to help achieve them. 
One needs to 'get into the mind' of the end user. 'Customer delight' is not a cliché used as a marketing ploy. TNR should not 
be a solution in search of a problem. In the evolving patient-centric approach, the patients’ role is changing. The ‘digitally 
engaged’ patient is now at the centre of self-care. Technology acceptance, behavioural modification, increasing digital 
infrastructure, and patients’ requirements are the key components that will trigger the paradigm shift in the delivery of TNR 
services in the future. Beyond the COVID-19 pandemic, due to the social distance constraints experienced by 
immunocompromised patients and distancing limits for infectious disease patients, there is a clear need to rethink current NR 
routines. The optimum solution seems to be a hybrid model of delivering with both in-person sessions along with TNR. 

Achieving technical success is different from demonstrating a clinical difference in health care outcomes. Evidence-based, 
thorough, and systematic evaluations are required for TNR. Like other disruptive technologies, the potential of TNR to cause a 
profound impact should not be underestimated. Technology deployment for clinical NR presupposes a thorough understanding 
of the technology - who will use it, when, where, why, and how it will help achieve pre-set goals.  
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