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The knowledge from basic neuroscience studies on mechanisms of motor recovery
and the development of theoretical models of learning and recovery has favoured the
development and implementation of neurophysiologically sounded rehabilitative interven-
tions. Even if no clear conclusions have been made, the influence of relevant ingredients
on functional and global outcomes has been proposed, such as the treatment dose, inten-
sity, repetition, specificity of the functional task proposed, motivation, engagement, and
feedback used. Highly repetitive, task-specific training is necessary to induce cortical reor-
ganization and promote neural plasticity [1]. However, even if repetitions matter, they are
not enough to be effective. Another critical element of motor recovery is the motivation and
cognitive engagement of a patient receiving rehabilitation [2]. Finally, the learning process
can also depend on the feedback provided (implicit or explicit) and its frequency. For
this reason, a theoretical decalogue in rehabilitation is available to induce neural plasticity
with interventions [3].

Since the 1990s, technology has been increasingly introduced in clinical settings as a
tool to augment the intensity of neurorehabilitation and foster motor recovery. Moreover,
technologies might permit manipulating recovery’s key ingredients, delivering an assisted,
massed practice in an enriched environment. A clear example of translating basic neuro-
science principles into clinical practice is the mirror neuron system-based rehabilitation
techniques, such as action observation therapy (AOT), motor imagery, and mirror therapy.
Activating specific brain areas during action observation has been seen as a potentially
powerful rehabilitation target to foster motor recovery [4].

Robot-assisted therapy (RAT) is one of the most widely used technologies in clinical
settings for restoring gait and arm function. It can increase the amount of therapy, providing
an enriched therapeutic scenario using gaming or virtual reality systems. Robotic devices
can be classified as end-effectors or exoskeletons. Other classifications, mainly focusing
on gait rehabilitation, can attempt their portable or not-portable characteristics. The end-
effectors control only the distal part of the limb, whereas the exoskeletons with actuators
can handle multiple joints and train an increased complexity of movements [5]. So far,
international guidelines for stroke patients have included RAT for promoting recovery. For
upper limb robotics, activities of daily living, arm function, and arm muscle strength might
improve in stroke patients [6].

Concerning gait rehabilitation, patients who received electromechanical-assisted gait
training in combination with physiotherapy after stroke were more likely to walk indepen-
dently than patients who received gait training without these devices [7].

However, the applicability of these indications is still minimal, with little information
on the proper training protocol, dosage, and profile of the responders [8,9]. Moreover, a
longer step has to be taken to develop a new generation of devices with a clear neurophysi-
ological and biomechanical rationale of use [10], estimating the costs (or savings) due to
electromechanically assisted training and for how long the benefits last.

Among technology-assisted interventions, the gamification of therapy is one of the
most relevant strategies conceptualized in the last decade to promote the enjoyment and
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reward of neurological patients. So far, gaming has been combined with robotics or
utilised alone with exergaming platforms or, more recently, creating specific virtual reality
(VR) scenarios [11].

Relevant elements related to VR are immersion and interaction, which refers to the
level of presence, plausibility, and embodiment achieved during training. Specifically,
immersion is the ability to elicit in the patient a perception of “being real” and to be part of
the training received. High variability in the degree of immersion is present in the available
systems, ranging from immersive VR with a head-mounted display to semi-immersive
with a single-screen projection and non-immersive using a pad or computer desktop. The
interaction between the patient and the VR scenario, as well as the level of physical activity
generated, depends on the hardware and software of the VR system that can be very simple
(i.e., joystick) or more complex (i.e., sensors, haptic feedback devices). [12]. VR also might
add key elements for motor learning in stroke patients (but not exclusively) as specific
practice, explicit or implicit feedback, increasing difficulty, variable practice and forced
use [13]. Scientific evidence demonstrates that when virtual reality is used in addition to
usual care or rehabilitation in stroke patients to increase the amount of time the person
spends in therapy, there are improvements in function [14]. Above all, semi-immersive
and immersive VR systems seem promising for tailoring rehabilitation to the patient’s
specific needs and outcomes, even at home [15]. Given the limited resources for healthcare
and the window of opportunities for recovery, developing solutions available remotely
(telerehabilitation) is timely and meaningful. Indeed, more recently, technology has become
even more digital (e.g., mobile applications or wearable sensors), opening the door to a
new treatment scenario encompassing the patient’s home and the community for a more
sustainable rehabilitation model. Regarding mobile applications, several apps have been
done with the aim of promoting real-time communication, remote assessment, and training
of specific domains (i.e., balance, healthy lifestyle). However, this scientific field is still in
its infancy with limited validity and applicability in clinical practice [16].

Contemporary neurorehabilitation would consider all the potential contributors to
the recovery process, including the long-term management of motor disabilities and the
promotion of self-management and empowerment of patients and caregivers.

Author Contributions: Conceptualization, S.S. and R.C.-d.-1.-C.; writing—original draft preparation,
S.S.and R.C.-d.-1.-C. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Biernaskie, J.; Corbett, D. Enriched rehabilitative training promotes improved forelimb motor function and enhanced dendritic
growth after focal ischemic injury. J. Neurosci. 2001, 21, 5272-5280. [CrossRef] [PubMed]

2. Opyake, K,; Suzuki, M.; Otaka, Y.; Momose, K.; Tanaka, S. Motivational Strategies for Stroke Rehabilitation: A Delphi Study. Arch.
Phys. Med. Rehabil. 2020, 101, 1929-1936. [CrossRef] [PubMed]

3.  Kleim, J.A.; Jones, T.A. Principles of experience-dependent neural plasticity: Implications for rehabilitation after brain damage. J.
Speech Lang. Hear. Res. 2008, 51, 5225-S239. [CrossRef] [PubMed]

4. Buccino, G.; Solodkin, A.; Small, S.L. Functions of the Mirror Neuron System: Implications for Neurorehabilitation. Cogn. Behav.
Neurol. 2006, 19, 55-63. [CrossRef] [PubMed]

5. Gandolfi, M.; Vale, N.; Posteraro, F.; Morone, G.; Dell’orco, A.; Botticelli, A.; Dimitrova, E.; Gervasoni, E.; Goffredo, M.;
Zenzeri, ].; et al. Italian Consensus Conference on Robotics in Neurorehabilitation (CICERONE). State of the art and challenges
for the classification of studies on electromechanical and robotic devices in neurorehabilitation: A scoping review. Eur. J. Phys.
Rehabil. Med. 2021, 57, 831-840. [CrossRef] [PubMed]

6.  Mehrholz, J.; Pohl, M,; Platz, T.; Kugler, ].; Elsner, B. Electromechanical and robot-assisted arm training for improving activities of
daily living, arm function, and arm muscle strength after stroke. Cochrane Database Syst. Rev. 2018, 9, CD006876. [CrossRef] [PubMed]

7. Mehrholz, J.; Thomas, S.; Kugler, J.; Pohl, M.; Elsner, B. Electromechanical-assisted training for walking after stroke. Cochrane
Database Syst. Rev. 2020, 10, CD006185. [PubMed]

8. Morone, G.; Palomba, A.; Martino Cinnera, A.; Agostini, M.; Aprile, I.; Arienti, C.; Paci, M.; Casanova, E.; Marino, D.; LA Rosa, G.; et al.

“CICERONE” Italian Consensus Conference on Robotic in Neurorehabilitation. Systematic review of guidelines to identify recom-
mendations for upper limb robotic rehabilitation after stroke. Eur. ]. Phys. Rehabil. Med. 2021, 57, 238-245. [CrossRef] [PubMed]


http://doi.org/10.1523/JNEUROSCI.21-14-05272.2001
http://www.ncbi.nlm.nih.gov/pubmed/11438602
http://doi.org/10.1016/j.apmr.2020.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32753111
http://doi.org/10.1044/1092-4388(2008/018)
http://www.ncbi.nlm.nih.gov/pubmed/18230848
http://doi.org/10.1097/00146965-200603000-00007
http://www.ncbi.nlm.nih.gov/pubmed/16633020
http://doi.org/10.23736/S1973-9087.21.06922-7
http://www.ncbi.nlm.nih.gov/pubmed/34042413
http://doi.org/10.1002/14651858.CD006876.pub5
http://www.ncbi.nlm.nih.gov/pubmed/30175845
http://www.ncbi.nlm.nih.gov/pubmed/33091160
http://doi.org/10.23736/S1973-9087.21.06625-9
http://www.ncbi.nlm.nih.gov/pubmed/33491943

J. Clin. Med. 2023, 12, 2752 30f3

10.

11.

12.

13.

14.

15.

16.

Calabro, R.S.; Sorrentino, G.; Cassio, A.; Mazzoli, D.; Andrenelli, E.; Bizzarini, E.; Campanini, I.; Carmignano, S.M.; Cerulli, S.;
Chisari, C.; et al. Italian Consensus Conference on Robotics in Neurorehabilitation (CICERONE). Robotic-assisted gait rehabilita-
tion following stroke: A systematic review of current guidelines and practical clinical recommendations. Eur. J. Phys. Rehabil.
Med. 2021, 57,460-471. [CrossRef] [PubMed]

Turolla, A.; Kiper, P.; Mazzarotto, D.; Cecchi, F.; Colucci, M.; D’Avenio, G.; Facciorusso, S.; Gatti, R.; Giansanti, D.; Iosa, M.; et al.
Italian Consensus Conference on Robotics in Neurorehabilitation (CICERONE). Reference theories and future perspectives on
robot-assisted rehabilitation in people with neurological conditions: A scoping review and recommendations from the Italian
Consensus Conference on Robotics in Neurorehabilitation (CICERONE). NeuroRehabilitation 2022, 51, 681-691. [PubMed]
Tosto-Mancuso, J.; Tabacof, L.; Herrera, ].E.; Breyman, E.; Dewil, S.; Cortes, M.; Correa-Esnard, L.; Kellner, C.P,; Dangayach, N.;
Putrino, D. Gamified Neurorehabilitation Strategies for Post-stroke Motor Recovery: Challenges and Advantages. Curr. Neurol.
Neurosci. Rep. 2022, 22, 183-195. [CrossRef] [PubMed]

Cano-Manas, M ].; Collado-Vazquez, S.; Rodriguez Hernandez, J.; Mufioz-Villena, A.J.; Cano-de la Cuerda, R. Effects of video-
game based therapy on balance, postural control, functionality and quality of life of patients with subacute stroke: A randomized
controlled. J. Healthc. Eng. 2020, 2020, 5480315. [CrossRef] [PubMed]

Maier, M.; Rubio Ballester, B.; Duff, A.; Duarte Oller, E.; Verschure, PEM.]. Effect of Specific Over Nonspecific VR-Based
Rehabilitation on Poststroke Motor Recovery: A Systematic Meta-analysis. Neurorehabil. Neural Repair 2019, 33, 112-129.
[CrossRef] [PubMed]

Laver, K.E.; Lange, B.; George, S.; Deutsch, J.E.; Saposnik, G.; Crotty, M. Virtual reality for stroke rehabilitation. Cochrane Database
Syst. Rev. 2017, 11, CD008349. [CrossRef] [PubMed]

Fregna, G.; Schincaglia, N.; Baroni, A.; Straudi, S.; Casile, A. A novel immersive virtual reality environment for the motor
rehabilitation of stroke patients: A feasibility study. Front. Robot. AI 2022, 9, 906424. [CrossRef] [PubMed]

Sénchez Rodriguez, M.T.; Collado Vazquez, S.; Martin Casas, P.; Cano de la Cuerda, R. Neurorehabilitation and apps: A systematic
review of mobile applications. Neurologia 2018, 33, 313-326. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.23736/S1973-9087.21.06887-8
http://www.ncbi.nlm.nih.gov/pubmed/33947828
http://www.ncbi.nlm.nih.gov/pubmed/36530100
http://doi.org/10.1007/s11910-022-01181-y
http://www.ncbi.nlm.nih.gov/pubmed/35278172
http://doi.org/10.1155/2020/5480315
http://www.ncbi.nlm.nih.gov/pubmed/32148744
http://doi.org/10.1177/1545968318820169
http://www.ncbi.nlm.nih.gov/pubmed/30700224
http://doi.org/10.1002/14651858.CD008349.pub4
http://www.ncbi.nlm.nih.gov/pubmed/29156493
http://doi.org/10.3389/frobt.2022.906424
http://www.ncbi.nlm.nih.gov/pubmed/36105763
http://doi.org/10.1016/j.nrl.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26703120

	References

