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Abstract: Traumatic brain injury (TBI) represents a significant public health issue, causing
long-term disabilities and imposing considerable socioeconomic and healthcare challenges.
While advancements in acute care have improved survival rates, the demand for effective
neurorehabilitation is increasing. This narrative review explores the evidence on neu-
rorehabilitation strategies for TBI, focusing on interventions targeting cognitive, motor,
and psychological recovery. A total of 32 studies were included and categorized into six
approaches: non-invasive brain stimulation, virtual reality (VR), computer-based training,
telerehabilitation, robot-assisted therapy (RAT), and mixed approaches. Non-invasive brain
stimulation techniques, such as transcranial direct current stimulation (tDCS) and repeti-
tive transcranial magnetic stimulation (rTMS), showed variable effectiveness in improving
cognitive outcomes. VR-based therapies enhanced attention and executive functions, while
RAT, such as Lokomat and exoskeletons, improved gait symmetry and functional mobility.
Computer-assisted programs demonstrated benefits in rehabilitating social cognition and
executive functions. Telerehabilitation and telephone-based treatments provided short-
term gains but lacked sustained effects. Overall, cognitive improvements were better
described and represented, while several motor improvements lacked consistency. Despite
the promising results, significant gaps remain, including heterogeneity in methodologies,
small sample sizes, and limited long-term outcome data.

Keywords: traumatic brain injury; TBI; neurorehabilitation; motor rehabilitation; cognitive
rehabilitation; virtual reality; VR; telemonitoring; non-invasive brain stimulation; robotic device

1. Introduction

Traumatic brain injury (TBI) is a significant public health concern, described as alter-
ations in brain function resulting from an external force [1]. TBI ranges from mild, with a
brief loss of consciousness or confusion, to severe, involving prolonged unconsciousness,
amnesia, or long-term neurological impairment. It is a significant cause of fatalities or severe
physical and mental dysfunction, resulting in social and economic costs [2]. Globally, TBI
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incidence is increasing due to urbanization, motorization, and aging populations. Recent
research indicates that over 40% of individuals hospitalized with moderate to severe TBI
experience long-term effects and chronic disabilities, including headaches, memory loss, ir-
ritability, and depression. This condition contributes to approximately 69 million new cases
worldwide annually, creating significant socioeconomic and healthcare challenges [3,4].
Few studies have reported age-standardized incidence rates, which are essential for com-
paring countries with different population structures. However, the available data indicate
significant regional variations in the incidence of TBI. Central Europe, Eastern Europe, and
Central Asia show notably higher TBI incidence rates compared to other regions, with some
of the highest rates observed in Syria, Slovenia, and the Czech Republic [5]. Adults over
65 years old have the highest TBI hospitalization rates, followed by children and teenagers.
This pattern indicates an increase in TBI in older adults that is frequently brought on by
falls, which raises the likelihood of post-recovery decline and causes more severe cognitive
and functional deficits, which might affect personal or social life (walking and feeding
difficulties, leading up to the inability to perform self-care) [6-8].

TBI is a complex neurological condition with far-reaching consequences beyond phys-
ical impairments. In recent years, there has been a growing body of research focusing on
cognitive impairment and rehabilitation [9-11]. However, despite the abundance of studies
on cognitive rehabilitation [10], translating this evidence into routine clinical practice re-
mains challenging [12]. Cognitive and emotional aspects—such as memory impairment,
concentration difficulties, and executive dysfunction—are often under-addressed in clinical
settings that prioritize physical recovery. Traditional interventions such as balance and
strength training and functional electrical stimulation may be less effective in these cases,
as they do not inherently enhance patient motivation or engagement. However, innovative
approaches like robot-assisted therapy (RAT) and virtual reality (VR)-based rehabilita-
tion have shown promise in overcoming these barriers by increasing patient motivation,
engagement, and therapy adherence, ultimately improving rehabilitation outcomes [13].
Emotional disturbances, including melancholy, anxiety, and mood swings, can further
affect motivation and participation in rehabilitation programs aimed at improving gait [14].

Cognitive and psychological recovery varies widely among TBI patients. While many
individuals show significant improvement within the first year post-injury, residual deficits
may persist, particularly in severe cases. The clinical diversity and broad spectrum of TBI
make both early therapy and rehabilitation extremely difficult [15]. However, the overall
survival rate for individuals with severe TBI has risen due to advancements in healthcare
technology for initial recovery and acute treatment, and so has the demand for long-term
treatment [16].

Neurorehabilitation is an interdisciplinary approach aimed at improving recovery,
functionality, and quality of life for individuals with neurological disorders or injuries. Ad-
ditionally, the currently available information suggests that rehabilitation is more effective
when it is started shortly after injury and maintained over time [17]. However, only a small
percentage of those impacted received rehabilitation that targeted cognitive and psycholog-
ical impairments, even though about one-third of TBI patients reported having deficits [18].
The CENTER-TBI trial included 1206 TBI patients who experienced moderate to severe
impairment 6 months after the event, with about 90% of patients requiring rehabilitation.
However, a mere 30% obtained inpatient rehabilitation, and only 15% obtained outpatient
rehabilitation [19].

The development of advanced technologies has created new opportunities to help TBI
sufferers regain their mobility and improve their general quality of life [20]. Growing re-
search indicates that patients with neurological diseases could benefit from robotics, virtual
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reality, and other technologies, despite certain obstacles that may limit the application of
novel technology in clinical practice [21,22].

The aim of this review is to provide an overview of current neurorehabilitation ap-
proaches for patients with TBI, focusing on their cognitive, motor, and psychological
outcomes. Innovative technologies in the field of neurorehabilitation encourage repetition,
longer therapy sessions, and increased motivation. These factors promote neuroplasticity,
which in turn leads to functional recovery and, consequently, an improved quality of life.
By examining innovative interventions such as non-invasive brain stimulation, virtual
reality-based therapies, telerehabilitation, RAT, and computer-assisted training, this review
offers insight into the range of rehabilitation options available for TBI patients.

2. Materials and Methods
2.1. Study Design and Scope

This narrative review aims to provide a comprehensive overview of the existing
literature on neurorehabilitation interventions for TBI, focusing on cognitive, motor, and
psychological recovery. The review summarizes findings from primary research studies,
clinical trials, and case reports on non-invasive brain stimulation, virtual reality, computer-
based interventions, telerehabilitation, robotic therapy, and mixed approaches.

2.2. Literature Search Strategy

Two independent authors identified relevant studies by searching for articles available
in scientific journals. The sources included multiple electronic databases such as PubMed,
Scopus, Google Scholar, and Web of Science, as well as references from key articles and
reviews. We used the following search terms: “traumatic brain injury”, or “TBI”, and
“neurorehabilitation” followed by “virtual reality”, or “VR”, or “robot”, or “innovative
approach”, or “exoskeleton”, or “computer-based”, or “non-invasive brain stimulation”,
or “telemonitoring”, or “telephone-based” for studies published in the last ten years (last
search: 20 January 2025). Boolean operators were used to combine the terms (“AND”,
“OR”). Additionally, article titles and abstracts, containing search term synonyms were also
screened. The initial selection involved screening titles and abstracts for eligibility. Full-text
articles were then assessed according to the inclusion and exclusion criteria. Articles were
included if they (1) investigated at least one group of patients with TBI diagnosis (with or
without a control group), (2) described interventions for TBI rehabilitation, (3) reported
or measured outcomes related to cognitive, motor, or psychological recovery, (4) were
published in English, and (5) were published in a peer-reviewed journal. Studies were
excluded if they (1) assessed groups of patients with other diagnoses, (2) were abstracts,
reviews, letters to editor, or (3) were published in other languages. Experimental studies,
case reports, and feasibility studies with an experimental component were considered. The
final selection included primary research studies, clinical trials, feasibility studies, and
case reports that specifically addressed neurorehabilitation tools and their effectiveness in
cognitive, motor, and psychological recovery for TBI patients.

2.3. Data Extraction

Data were manually extracted from included articles and summarized based on author
and year of publication, study design, intervention type, sample size, duration and intensity
of the intervention, and key findings. Specific outcomes such as improvements in cognitive
scores, motor function, or quality of life measures were highlighted where available.

Given the heterogeneity of study designs, interventions, and outcome measures, a
direct comparison through the meta-analysis of all neurorehabilitation tools is not feasible;
therefore, a narrative synthesis approach was used approach allowed for the descriptive
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comparison of interventions and their reported effectiveness without conducting formal
meta-analytical techniques. Common themes, gaps in knowledge, and patterns between
treatments were discovered and discussed.

3. Neurorehabilitation Approaches
3.1. Summary of Selected Studies

A total of 40 studies were included in this review since they matched our inclusion
criteria. Given the many techniques and approaches they described, the results were
separated into eight categories: twelve studies focused on non-invasive brain stimulation
(out of which two were case studies), six on virtual reality interventions (out of which
two were case studies), three on computer-based interventions, four on telerehabilitation,
six on robotics (out of which two were case studies), six on laser therapy (out of which
two were case studies), two on sensory stimulation, and one on a mixed approach. The
majority of the studies, regardless of the tool used, described at least one cognitive outcome.
The studies included in this review can be found in Supplementary Files S1. We excluded
case reports and feasibility studies from this table because they either lacked statistical
power or assessed the practicality of interventions rather than their efficacy. These were,
however, included in the narrative review. Figure 1 represents an overview of non-invasive
approaches described in this review.
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Figure 1. Graphical illustration of neurorehabilitation approaches for TBI patients. Created with
https:/ /www.biorender.com/ (accessed on 2 March 2025).

3.2. Non-Invasive Brain Stimulation

Non-invasive brain stimulation (NIBS) approaches have been developed as novel
tools for neurorehabilitation (Table 1). These treatments attempt to modify brain activity
and induce neuroplasticity, therefore aiding in the recovery of physical, cognitive, and
psychological functions in TBI patients [23,24]. A systematic review by Korupolu et al.
highlighted the current state of research on vagus nerve stimulation (VNS) for motor
recovery in animal models and humans. Among the 19 studies identified, most were
conducted in animal models of stroke, with only one study involving TBI and none in
human TBI populations. However, the TBI study in animals demonstrated the potential
of VNS paired with rehabilitation to enhance motor recovery compared to rehabilitation
alone [25]. Chen et al. suggested that rTMS combined cognitive training is a promising


https://www.biorender.com/

Life 2025, 15, 503

5o0f 27

strategy to improve cognition and functional outcomes in TBI patients. Their systematic
review and meta-analysis demonstrated that rTMS combined with cognitive training
significantly improved cognitive function in patients with post-traumatic brain injury
cognitive disorder. Fourteen studies showed that rTMS + CT improved global cognitive
outcomes and showed enhancements in memory and daily living abilities. Additionally,
rTMS + CT reduced P300 latency, reflecting improved cognitive processing speed [26].

The study by Schiff et al. explored the use of deep brain stimulation targeting the
central lateral thalamus and its associated dorsal tegmental tract in patients with moderate-
to-severe TBI. All participants showed significant improvements in executive function,
with an average 31.7% improvement in Trail Making Test-Part B performance and enhance-
ments in attention and quality-of-life measures. Electrophysiological recordings confirmed
cortical activation, suggesting that this technique facilitates recovery in frontal-striatal
networks [27]. Another study introduced the brain-machine interface (nrBMI) which
leverages high-gamma neural signals acquired through EEG or hemicraniectomy-adapted
hEEG to decode continuous, proportional motor intent, providing precise haptic feedback
to simulate sensory experiences of successful motor execution. Participants achieved suc-
cessful control, with TBI participants using high-gamma signals demonstrating an average
success rate of 62% across trials. Over time, participants exhibited learning, with improved
performance [28].

Eight articles, out of which two were case studies, discussed the possibility of using
tDCS as a tool in neurorehabilitation. In the study by Secco, an experimental group
received tDCS over the dorsolateral prefrontal cortex combined with divided attention
(DA) training. The group showed significant post-treatment improvements in reaction
times and omission errors during DA tasks, which were stable at a one-month follow-
up. Apathy scores also improved in the experimental group, but no significant changes
were observed in depression scores [29]. In another study, the tDCS group demonstrated
significant improvements in depression, anxiety, and post-concussive symptoms, as well as
in complex attention and executive function tasks. MRI analysis revealed that the active
tDCS group showed an increase in cerebral perfusion in the right inferior frontal gyrus
compared to reductions observed in the control group [30]. Li et al. employed tDCS paired
with a Stop Signal Task, which is used to assess cognitive and neural changes in moderate-
to-severe TBI patients. Anodal tDCS improved the response inhibition in healthy controls
but not in TBI participants [31]. Studies on tDCS also showed improved verbal retrieval
and episodic memory performance in the experimental group compared to controls [32,33].
O’Neil-Pirozzi et al. showed that both the control and TBI groups experienced significant
improvement in word recall following anodal tDCS compared to cathodal and sham
conditions, with no significant changes in the latter two. The P300 amplitude increased
significantly in the TBI group only after anodal tDCS, with no significant effects on latency
or EEG power across conditions [34].

Two additional studies described repetitive transcranial magnetic stimulation (rTMS),
a method used to induce neuroplastic changes in the brain, applied for the treatment of
neurological diseases, such as stroke, epilepsy, and movement disorders [35]. Lee et al.
applied low-frequency rTMS to the right dorsolateral prefrontal cortex in 13 patients with
moderate TBI. The experimental group showed significant improvements, including a
29.29% reduction in depression scores (MADRS), a 6.25% decrease in Trail Making Test
(TMT) time, and a 12.64% decrease in Stroop Color Word Test (SCWT) time. In contrast,
the control group showed minimal changes in all measures [36]. Another study found no
significant improvements in cognitive function in the real rTMS group compared to the
sham group [37].
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Two case-control studies described tDCS in the neurorehabilitation of TBI patients.
Both studies described the effectiveness of tDCS in facilitating cognitive recovery in indi-
viduals with moderate-to-severe TBI, but they differ in several key aspects. The first study
used high-definition tDCS (HD-tDCS) targeting the pre-supplementary motor area (pre-
SMA), delivering 10 sessions to a 39-year-old woman, leading to improvements in verbal
fluency, naming, working memory, and executive functions, with gains persisting for up to
14 weeks [38]. In contrast, the second study involved 20 sessions of remotely supervised
tDCS (RS-tDCS) combined with cognitive training, targeting broader cognitive domains
such as attention, semantic fluency, and processing speed in a 29-year-old man [39].

3.3. Virtual Reality

VR has become known as a promising approach to neurorehabilitation following
TBI [40]. VR offers unique opportunities for cognitive, motor, and social rehabilitation
because it generates realistic, dynamic, and personalized environments. VR-based inter-
ventions can simulate real-life situations that promote skill development, such as balance
training, memory enhancement, and executive function improvement in a safe and stimulat-
ing setting [41]. According to studies, VR can enhance neuroplasticity by combining sensory
feedback, task repetition, and real-time performance monitoring. Furthermore, VR’s gami-
fied components can boost patient motivation and compliance with therapy [41,42]. VR,
when combined with regular rehabilitation treatments or neuromodulatory methods such
as tDCS, may improve treatment outcomes [43,44]. Table 2 highlights studies regarding VR
in patients with TBI.

Liu et al. observed individuals who used a custom glove with VR-based augmented
sensory feedback during a grasp-and-place task. TBI participants showed significant
improvements in task performance (reduced motion pathlength and completion time) and
increased neural activity (EEG alpha and beta power) with multimodal feedback (audio
and visual) compared to unimodal. Additionally, neural-muscle coordination improved
with multimodal feedback [45]. Another study compared virtual reality-based attention
training using the VRRS system to conventional attention training. While both approaches
improved cognitive and mood outcomes, the first group showed significantly greater
improvements in attention-related subdomains, including visual attention, task switching,
and speed of processing, as well as reductions in depressive symptoms [46].

The NeuroDRIVE intervention, a virtual reality-based driving rehabilitation program,
was tested on 27 participants with a history of TBI. While VR driving performance did not
show significant differences between groups, the intervention group demonstrated signifi-
cantly greater improvements in working memory (p = 0.004) and visual search/selective
attention (p = 0.01). Additionally, physical functioning scores (p < 0.05) improved more in
the intervention group. However, other cognitive measures, neurobehavioral symptom:s,
and quality of life indicators did not show significant differences between groups [47]. Ad-
ditionally, when comparing the effects of VR home exercise programs (HEP) to traditional
HEP on balance and participation outcomes in individuals with chronic TBI, no significant
between-group differences were observed in any of the balance measures or secondary
outcomes, including balance confidence and community participation [48].

Two case studies evaluated the effectiveness of VR-based interventions for improving
balance and related functions in patients with TBI. Both interventions significantly im-
proved dynamic balance and functional mobility in TBI patients, with the CAREN system
normalizing vestibular function and enabling a return to active duty, while the Xbox Kinect
intervention enhanced cardiovascular fitness and community mobility [49,50].
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Table 1. Non-invasive brain stimulation in TBI neurorehabilitation.

Sample Size

Study Control/Experimental Method Cognitive Outcomes Duration Motor Outcomes Other
Group
Motor output (force
Flint et al Motor planning, learning, and production), thumb Differences in success rates
2023 28] i 3/3 High-y/pu—p signals adaptability improved in the N/A compliance, and between participants (T1:
experimental group. physical execution of 28% vs. T2: 99%)
tasks improved.
Global cerebral blood flow
Participants demonstrated significant decreased significantly
Computerized improvements in depression, anxiety, from baseline to
Quinn et al., 14/10 executive function post-concussive symptoms, complex 30-min sessions, N/A post-treatment visits
2020 [30] training combined attention, and executive functions from 10 weekdays (p = 0.02), with no
with tDCS baseline to post-treatment visits significant differences
(p <0.01). between mild and
moderate TBI participants.
The experimental group demonstrated
significant improvements in
. | Neurodevelopmental g/([)st-tinterven’iorg scogs for the Rati oo esd
eeetal, ontgomery-Asberg Depression Ratin, -min sessions 5 days
2018 [36] 6/7 Eﬁfgfye};tairéi rTMS Scale %MADYRS), Tra%l Mgking Test & per week for 2 weeksy N/A N/A
(TMT), and Stroop Color Word Test; the
control group showed no significant
changes in these measures.
Anodal tDCS did not improve response
inhibition in TBI patients; control
. showed significant improvement in . o
e ) 24/31 tDCS sessions SSRT under anodal tDCS. Single visit, three N/ N/A

TBI participants showed no significant
improvement in Stop Signal Delay
under any stimulation condition.
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Table 1. Cont.
Sample Size
Study Control/Experimental Method Cognitive Outcomes Duration Motor Outcomes Other
Group
Significant differences between the
active and sham groups in the changes
in the total score of the Rey Auditory Ten sessions of 20 min
lz\/écl)tges etal, 6/8 HD-tDCS sessions Verbal Learning Test (RAVLT), the.tlme of 1 mA anodal N/A N/A
(32] taken for the Delis-Kaplan Executive HD-tDCS
Function System (DKEFS) Inhibition
test, and the time taken for the DKEFS
Inhibition/Switching Test.
rTMS was applied 55 of thythmic No consistent
Neville et al., using a magnetic S1 . improvement in
2019 [37] 13/17 stimulator N/A }f11g}110frequ.ency daily executive function of N/A
(MagPro X100). or 11 sessions controls versus patients.

T Ty For the TBI group, word recall . . .
O'Neil-Pirozz . increased in the anodal condition for all ~ L1ree 90-min sessions, P300 latency increased
etal., 2017 4/4 tDCS sessions ticipants (43 to 46 ds) and in th a minimum of 48 h N/A across all conditions for
[34] participants ( 0 T words)and 1n the apart the TBI group.

group
sham condition for two participants.
Within the experimental group,
significant improvements were
observed between pre-training and
post-training, with faster reaction times
(p = 0.004) and fewer omission errors; Ten sessions, with each
the control group did not exhibit any session including
Sacco et al., 16/16 tDCS stimulation significant changes; there was 20 min of tDCS N/A N/A
2016 [29] (HDCstim device) borderline improvement in attention stimulation followed

performance (p = 0.057) within the
experimental group, although no
significant changes were found in
visual-spatial abilities, semantic fluency,
working memory, or long-term
memory.

by 30 min of cognitive
training

Legend: N/A—not applicable; rTMS—transcranial magnetic stimulation; TBI—traumatic brain injury; tDCS—transcranial direct current stimulation.
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Table 2. Virtual reality applications in TBI neurorehabilitation.

Sample Size

Study Control/Experimental Method Cognitive Outcomes Duration Motor Outcomes Other
Group
The VR group demonstrated significant 3 months standard
Standard . improvements in cognitive functions, n6eurorle<3{1ab1ht.at10n ¢
De L tal t;nb'? Cpgm\t}v ¢ 1 emotional well-being, and coping (60we_e) ¥ sessions o
20623 L[ISC?JQ o 10/10 ffezﬁitl lfgeti?a%/ﬂitg’ril;; strategies compared to the standard 3 mnour:}cﬂs advanced N/A N/A
Svst er¥1 rehabilitation group, particularly in rehabilitative
y attention, exe_cutive functioning, and (3 weekly sessions of
problem-solving. 60 min)
. The experimental group showed . o
Sting?? tCOg’I;l\t/lV f 1 significantly greater improvements in Flrs’i(pfhasse. 3 t111<n esa
Del tal rReeﬁi Lifation/ virtua global cognition, attention, and Xévee Cfr h weeks
€ Shca etal, 15/15 ty . depression compared to conventional econd phasc: . N/A N/A
2022 [46] Based-Attention p p 24 sessions of 60 min
Processes Training rehabilitation and significant each, 3 times a week
(VB_APT) improvemgnts in executi_ve, for 8 weeks
visual-spatial, and attention subtests.
Intervention group had greater No significant change Greater improvement in
improvement in in working memory betvgegg g.rO{iilgst tical intervention group
Ettenhofer et al VR driving simul (p = 0.004) and ix 90-mi i (p>0.05 in achca (p < 0.05) for physical
. g simulator . . . Six 90-min sessions, and operational scores. L
6/11 4 visual search/selective attention X functioning.
2019 [47] NEUROdrive (p =0.01) 4 weeks Scores remained No sienificant difference
I@o significant differences between “average” f:t both time p> 0.g05) for mental
groups in other cognitive measures. points in the I‘}ijctioning.

intervention group.
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Table 2. Cont.

Sample Size

Study Control/Experimental Method Cognitive Outcomes Duration Motor Outcomes Other
Group
Multimodal feedback
was effective in
enhancing neural
activity and improving
Partici t d motor performance in
, articipants use TBI participants, as
instrumented glove demonstrated b
on their dominant increased EEG yower
Liu et al., hand and performed a One single session, . P /
13/7 N/A . improved motion N/A
2023 [45] grasp-and-place three blocks of trials hleneth. and
maneuver; they also patiiength, and greater
ox eriencé d VR EMG-EEG coherence.
engironment Neu.r qtyplcal
' participants responded
better to unimodal
feedback, with faster
task completion and
reduced EMG coherence.
No statistically
significant difference
. 3—4 times per week for  between the two groups;
Teterfiller et al . p
2019 [48] ! 32/31 Xbox Kinect games N/A 12 weeks, lasting for both treatment groups N/A

30 min

showed improved
balance responses to
these therapies.

Legend: EEG—electroencephalography; EMG—electromyography; VR—virtual reality.
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3.4. Computer-Based Programs

Computer-based programs are becoming increasingly significant in TBI neuroreha-
bilitation, providing unique techniques for addressing cognitive, affective, and motor
challenges. These programs offer a controlled and adaptable setting for addressing specific
deficiencies such as memory, attention, executive functioning, and social cognition [52].
One significant advantage of computer-based programs is their capacity to personalize
therapy. Adaptive algorithms change the intensity of tasks in real time, ensuring that
patients are constantly being challenged but not overburdened. These systems also sup-
port the use of multimodal input, such as auditory, visual, and tactile cues, to improve
learning and engagement. Furthermore, the remote delivery of some computer-based
therapies improves access for patients who are unable to attend in-person rehabilitation
sessions [53]. Table 3 highlights research studies focused on computer-based programs in
the rehabilitation of patients with TBI

Rodriguez-Rajo et al. demonstrated that a computerized social cognition (SC) module
significantly improved SC measures in patients with moderate-to-severe TBI in the subacute
phase, particularly for the Reading the Mind in the Eyes Test (RMET). Combined treatment
(5C + non-SC) proved more effective for SC rehabilitation compared to non-SC treatment
alone [54]. Another study evaluated the effectiveness of computer-assisted cognitive reha-
bilitation (CACR) in improving cognitive function in patients with cognitive impairments
(CI) following TBI. The results indicated significant improvements in cognitive and func-
tional outcomes for the experimental group compared to the control group. Additionally,
the experimental group showed notable gains in social cognitive ability, self-care skills, and
overall functional independence. The study concluded that CACR is an effective tool for
cognitive rehabilitation in TBI patients, promoting recovery, enhancing quality of life, and
achieving better rehabilitation outcomes compared to traditional methods [55].

A qualitative study employed a user-centered design approach to develop and test a
Brain-Computer Interface (BCI) for cognitive rehabilitation in individuals with moderate-
to-severe TBI. Participants completed two cognitive tasks (“Find a Category” and “Memory
Card Game”) through the BCI system. Feasibility testing showed accuracy rates of 91.87%
for the control group and 78.13% for TBI participants, with all exceeding the 70% usability
threshold. Despite technical challenges, the system demonstrated potential for improving
cognitive engagement and rehabilitation accessibility for TBI patients [56].
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Table 3. Computer-based training in TBI neurorehabilitation.
Sample Size
Study Control/Experimental Method Cognitive Outcomes Duration Motor Outcomes Other
Group
Computer-assisted 'Slgmf?cantly l?gtter cqgnltlve scores
. cognitive in §9c1al cognitive ability, self-care
Liu et al., 2021 [55] 30/30 rehabilitation (CACR ability, sphlr}cter cpptrol, and N/A N/A N/A
system) comprehensive ability compared to
y the control group (p < 0.05).
Experimental group showed better
results for almost all measures.
. Improved ability to recognize facial
Computerized tasks . in th )
Rodriguez-Rajo et al module designed for emotions in the control group.
v 26/28 Experimental group demonstrated =~ Weekly sessions N/A N/A

2024 [54]

the rehabilitation of
social cognition

better ability to recognize emotions
or mental states from eyes
post-treatment compared to the
control group.
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3.5. Telerehabilitation

Telerehabilitation in TBI is a fast-growing strategy that uses technology to deliver
rehabilitation treatments remotely, eliminating geographical and logistical constraints to
care. It comprises a wide range of interventions, including cognitive, physical, speech, and
occupational therapy, which are provided via telecommunication platforms such as video
conferencing, smartphone apps, or web-based programs [57]. Telerehabilitation allows
for the ongoing assistance and monitoring of TBI patients, particularly those in remote or
underserved areas. It has demonstrated potential in enhancing cognitive outcomes such as
memory, attention, and executive function through structured cognitive training regimens.
Physical therapy, including balance and motor skill training, has also been successfully
applied using virtual environments and motion-sensing devices [58]. Furthermore, speech
treatment for communication problems can be delivered in real time with therapists [59].
Table 4 highlights studies focused on telerehabilitation for patients with TBI.

De Luca et al. assessed the feasibility and usability of a telerehabilitation system,
the Virtual Reality Rehabilitation System (VRRS), for patients with severe TBI and their
caregivers during a pre-discharge training phase. The study found promising results:
both patients and caregivers demonstrated positive motivation, reflected by high Intrinsic
Motivation Inventory scores, and good usability scores on the System Usability Scale.
Younger patients showed slightly higher usability scores than older ones. Training care-
givers alongside patients enhanced system usability and facilitated a smoother transition to
independent telerehabilitation at home [60]. Raso et al. also evaluated the effectiveness of a
telemonitoring system for patients with severe TBI requiring long-term care, comparing it to
traditional long-term hospital stays. The telemonitoring system utilized videoconferencing,
wearable devices, and remote consultations with caregivers trained to assist in daily care
tasks. Over a 4-year follow-up, both groups showed similar clinical outcomes in cognitive
function, responsiveness, and medical complications. However, the telemonitoring group
demonstrated a trend toward fewer complications, such as bedsores and infections, and
significantly reduced care costs [61].

Two studies investigated the effects of Problem-Solving Treatment (PST), a structured
intervention involving biweekly phone calls to address personal problems, compared to an
education-only (EO) group receiving informational brochures. The first study examined
psychological distress and post-concussive symptoms (PCS), finding that PST improved
psychological distress at 6 months but had no significant effect on PCS, with benefits fading
by 12 months. The second study focused on sleep quality, showing that PST significantly
improved sleep duration, latency, and efficiency at 6 months, though these gains did not
persist at 12 months [62,63].
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Table 4. Telerehabilitation in TBI rehabilitation.

Sample Size Cognitive

Study, Year Control/c];E;((ﬁf;imental Method Outcomes Duration Motor Outcomes Other
Experimental group had short-term Partici pantts in the
benefits for psychological distress, sleep exper;rréeﬁ‘ ahgroup

Bell et al Telephone-Delivered  quality, depression, PTSD symptoms, Baseline, 6 months lsr;e;l’;)i(s);aitiorllgx/s/ie’; the
2017 [62] ' 178/178 Problem-Solving and physical health compared to 12 montllls ' N/A intervention and perceived
Treatment control group (p < 0.05). However, these it as more helpful in
ilr;provte}rlnents were not sustained at addressing thIe)ir
months. challenges.
Higher mortality in the LSH program
(36%) compared to the telemonitoring
Scheduled group (18%). Bedsores (18% vs. 0%) 4-year intervention
videoconferences ; ; o o - : .
Raso et al,, comt-cling o and infections (36% vs. 18%) were more period, with monthly Lower daily health
11/11 patient-clinical unit; : N/A .
2021 [61] wearable monitorin common in the LSH group, but consultations for the care costs
devices & differences were not significant. telemonitoring group
No significant differences between
groups in neuropsychological scores.
Experimental group
showed significant
Control group: improvements in overall
Vuletic et al mailing of Biweekly over a Zleep qualll ty, sleep d
wetcetal, 178/178 educational brochures - y N/A uration, latency, an

2016 [63]

Experimental group:
telephone calls

6-month period

habitual sleep efficiency at
6 months.

Improvements in sleep
were not sustained at

12 months.

Legend: PTSD—post-traumatic stress disorder.
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3.6. Robot-Assisted Therapy
3.6.1. Robot-Assisted Motor Therapy

Programs for neurorehabilitation for patients recovering from TBI are increasingly
incorporating robotic devices. Through high-intensity, repeated, and task-oriented exer-
cises, these cutting-edge devices support neuroplasticity and early mobilization and gait
training [64]. Studies explicitly focusing on robotic neurorehabilitation for TBI patients are
rather rare, despite the promising applications. Standardized robotic therapy regimens that
are applicable to all patients are difficult to design since TBI involves a wide range of injury
severities and affected brain areas. Due to their more consistent and predictable patterns of
disability, diseases like stroke have historically been the main focus of robotic rehabilitation
research [65]. Table 5 highlights the studies focused on robot-assisted motor therapy for
patients with TBI.

Three studies included in the review utilized Lokomat as a tool for rehabilitation.
Esquenazi et al. investigated 22 individuals with chronic TBI who were assigned to one of
three locomotor training groups: Lokomat RAT, partial body weight—supported treadmill
training (PBWSTT), or G-EO end-effector robotic training. Significant gains in self-selected
walking velocity (SS5V) were noted in all groups during the research. Furthermore, the
maximal walking velocity (MV) of the Lokomat and PBWSTT groups increased significantly,
whereas the G-EO group did not exhibit a statistically significant change in MV. The groups
did not differ significantly in terms of changes in gait symmetry. Interestingly, fewer
employees were needed for the Lokomat than for the other approaches, indicating possible
benefits in clinical settings [66]. Maggio et al. compared Lokomat Pro, equipped with VR, to
Lokomat Nanos, without VR. While both groups reported increases in mood and physical
well-being, only the Lokomat Pro with VR group demonstrated significant improvements
in global cognitive functions, executive functions, attention processes, and general quality
of life [67]. A study of four male patients with disorders of consciousness caused by
TBI assessed robotic-assisted gait training with the Lokomat system. All individuals had
increased responsiveness, with three of them advancing to overground walking before
discharge [68]. These results show the adaptability of Lokomat in meeting both motor and
cognitive rehabilitation goals in individuals with TBI.

Two case studies highlight the use of robotic exoskeletons for gait rehabilitation in
young male TBI patients, demonstrating improvements in gait symmetry and motor control.
The first case demonstrated notable gains in functional independence and joint control,
though walking speed and step length decreased without the exoskeleton. Similarly, the
second case reported enhanced symmetry and reduced variability in movement patterns
but with reduced walking speed and distance [69,70].
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Table 5. Robot-assisted motor therapy in TBI neurorehabilitation.

Study, Year

Sample Size
Control/Experimental Group

Method

Cognitive
Outcomes

Duration

Motor Outcomes

Other

Esquenazi et al.,

7/8/7 (all experimental I: G-EO
system/Lokomat/PBWSTT

G-EO; Lokomat;
manual assisted

N/A

18 sessions of gait
training for 6 to
8 weeks, generally

Functional mobility
improved significantly

All three interventions
(G-EO, Lokomat, and
PBWSTT) significantly
improved self-selected
velocity, but only
Lokomat and PBWSTT

2017 [66 3 times per week. in the G-EO and improved maximal
(66l groups) BWSTT Each sespsion lasted PBWSTT groups. velocity; improvements
up to 75 min. in the stroke impact scale
mobility domain were
seen only in the Lokomat
and PBWSTT groups.
Significant improvement in
global cognitive function, Experimental group
cognitive flexibility and shifting showed significant ;
Maggio et al., 28,28 Iggﬁ%?zél;rgt’h a VR sl_(ills,1 select}i\v;. attention, and 4§) onei(hour sessions improyemfent ir} Eggfvlgdm:gilf?c?;p
2019 [67] screen/Lokomat visua_ search for ( weexs, executive functions. improvement in overall
Nanos. without VR experimental group. 5 times/week) Both groups showed ality of life
g Both groups showed significant significant improvement 4 y )
improvements in mood and in physical well-being.

well-being.

Legend: G-EO—end effector robot; PBWSTT—partial body weight-supported treadmill training.
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3.6.2. Robot-Assisted Cognitive Therapy

The Pepper robot has been modified to detect and react to patients’ facial expressions
in the context of neurorehabilitation for TBI patients. This improves social interactions and
aids in therapeutic procedures. In a study by Ilyas et al., a specific deep-trained model
called TBI-FER was presented. Its purpose was to use facial expression recognition (FER)
to properly identify the emotions of TBI patients. This concept was incorporated into the
Pepper robot, which allows it to perceive and react to patients’ emotional cues to help
with rehabilitation exercises. The performance of the TBI-FER model was compared with
Pepper’s integrated FER capabilities in order to assess its efficacy. According to the findings,
the TBI-FER model performed better at identifying the six fundamental emotions—neutral,
happy, angry, sad, tired, and surprised—especially when deciphering the complex and
sometimes subtle facial expressions of TBI patients. For example, Pepper’s built-in system
detected neutral expressions with 42% accuracy, but the TBI-FER model identified them
with 88% accuracy [71].

3.7. Photobiomodulation

Photobiomodulation (PBM) is an emerging therapy for TBI that uses red and near-
infrared light to stimulate cellular repair, reduce neuroinflammation, and enhance mito-
chondrial function. Lasers, light-emitting diodes (LEDs), and other light sources, typically
with wavelengths between 400 and 1100 nm, can be used to perform PMB, promoting
neuroprotection and neurogenesis [72]. Studies suggest that PBM can improve cognitive
function, reduce post-TBI depression, and enhance motor recovery. Its non-invasive nature
and minimal side effects make it a promising adjunctive treatment in neurorehabilitation
for TBI patients. Table 6 highlights the studies focused on photobiomodulation for patients
with TBL

Lin et al. found that PBM reduced cerebellar diaschisis in TBI patients by improving
cerebellar perfusion. Although there was no significant improvement in cognitive func-
tion compared to standard physical therapy, PBM showed potential in promoting brain
perfusion and reducing secondary injury associated with oxidative stress and mitochon-
drial dysfunction [73]. The research study of Carneiro et al. provides further evidence
for PBM-induced changes in patients with chronic TBI. Neuropsychological evaluation
demonstrated improvements in executive function, memory, and response time in several
tests, while depression scores decreased slightly after PBMT, and anxiety scores showed
minimal changes but remained in the mild-to-moderate range [74]. Henderson et al. also
reported significant improvements in depressive symptoms in 92% of the patients included
in the study [75]. Other studies have also shown significant improvements in cognitive
performance, including gains in memory, concentration, processing speed, and sleep qual-
ity [76].

In a case study, after 8 weeks of PBM therapy, the subject showed improvements
in verbal learning, executive function, attention, and processing speed. His headaches
improved, with the Headache Impact Test (HIT-6) score decreasing from 76 to 70. At a
14-month follow-up, the subject reported sustained improvement in headaches (HIT-6
score: 50), continued to use the PBM devices intermittently, and experienced no further
concussions [77]. Two adults suffering from TBI have been included in a case series. After
12 weeks of PBM treatments, significant improvements were observed in both of them.
Fatigue, pain, sleep, and mood-cognitive symptoms all improved, leading to a substantial
reduction in their overall Symptom Severity Index [78].
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Table 6. Photobiomodulation therapy in TBI neurorehabilitation.

Sample Size

Study, Year Control/c];E;((ﬁf;imental Method Sﬁ%?;;‘; Duration Motor Outcomes Other
Sustained gains in visuospatial ability
. . and planning, improved processing 18 sessions, delivered
g&rg Ef;iﬁ etal, 18(53“;}] experimental Transcranial PBM speed and divided attention, modest three times per week for N/A gﬂ,% 1;105153, cerebral
group improvement in inhibition and six weeks.
selective attention
. Significant improvement
Each session lasted :
Henderson et al., 39 (only experimental Multi-Watt 30 min, with 9-12 min of ::{;rr}(e)ggoar? g ﬁdlsgfxfs
2017 [75] M yexp Near-Infrared N/A application per target N/A é:’ tion i }f] t'p ’ d
group) Phototherapy area (8 to 34 sessions/ recuction mn fatigue, an
ici enhanced overall
participant). -
well-being
Significant improvement in symbol
Pulsed Transcranial search, coding, and processing speed; 20 min per session,
Hipskind etal., 12 (only experimental =~ Red/Near-Infrared six of the 15 neuropsychological scales 3 times per week for N/A N/A
2018 [76] group) Light Therapy showed significant improvement 6 weeks (total of
Using LED (p < 0.05), particularly in verbal 18 sessions)
memory and processing speed.
60 min session
Lin et al Improved short-term memory and performed on weekdays ~ No significant
2023 [731’ 15/15 Intravenous PBM attention, reduced confusion and over two consecutive change in motor N/A

disorganized behavior

weeks for each of the
three courses

outcomes

Legend: PBM—photobiomodulation.



Life 2025, 15, 503

19 of 27

3.8. Sensory Stimulation

Sensory stimulation is a non-invasive and simple therapeutic approach used in the
rehabilitation of patients with TBI, especially those in a minimally conscious or vegetative
state [79]. This technique includes the controlled presentation of stimuli that target several
sensory modalities—auditory, visual, tactile, olfactory, and proprioceptive—with the pur-
pose of improving neuronal responsiveness, boosting cognitive recovery, and increasing
arousal [80]. The simultaneous use of multiple sensory channels can have a profound im-
pact on recovery, particularly in individuals with impaired consciousness. This integrated
sensory approach activates different neural pathways, fostering a more holistic recovery
process. The combined effects positively influence cognitive functioning, emotional reg-
ulation, and autonomic processes [81,82]. The technique can be effectively facilitated by
nurses, therapists, and family members. Studies have shown that incorporating an affective
component into a family-centered stimulation strategy improves consciousness in comatose
patients [83]. Furthermore, these data suggest that sensory stimulation provided by family
members resulted in improved consciousness and cognitive function [84]. Furthermore,
personalized sensory stimulation, an advanced approach designed to optimize rehabilita-
tion in patients by tailoring stimuli to individual cognitive and emotional profiles, provides
notable advantages over conventional methods by utilizing recent discoveries on residual
cognitive function and brain connectivity. It employs structured, meaningful, and multisen-
sory stimuli, incorporating emotionally and autobiographically relevant content to enhance
attention and neural activation. Furthermore, it can integrate covert response detection
and task-based engagement, creating a more interactive rehabilitation process [85]. Table 7
highlights the studies focused on sensory stimulation for patients with TBI.

The study by Salmani et al. [83] assessed the effects of family-centered affective
stimulation on TBI patients. The intervention involved structured activities designed
to engage patients emotionally and cognitively through family interaction. The results
revealed significant differences in the Glasgow Coma Scale (GCS) scores among the groups
at various time points. The intervention group showed a notable increase in GCS scores
over time (p < 0.001). The placebo group also exhibited an increase in GCS scores, but their
improvement was less pronounced compared to the intervention group. The findings also
indicated that patients in the intervention group who received family-centered affective
stimulation showed significant improvements in cognitive function compared to those in
the placebo and control groups. Another study involving both nurses and family members
found that patients who received sensory stimulation from either option showed significant
improvements in consciousness and cognitive function compared to the control group [84].
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Table 7. Sensory stimulation therapy in TBI patients.
Sample Size s
Study, Year Control/Experimental Method Sﬂ%?;;‘; Duration Motor Outcomes Other
Group
20/20,/20(control/ Sensorv stimulation Gradual increase in cognitive function
(contro y Improved level of

Moattari et al.,
2016 [84]

experimental/placebo  (auditory, visual,

groups)

tactile, olfactory)

and basic cognitive sensory recovery
especially in family-conducted sensory
stimulation group (RLA scale, WNSSP)

7 days, 2 times per day
(30 min) N/A

consciousness (GCS)

Salmai et al.,
2017 [83]

Sensory stimulation

30/30/30 (family cen-  (auditory, sensory,
tered /nurse/control kinetic, affective-only

groups)

in the family centered
stimulation)

Enhanced patients’ responsiveness and
cognitive functions (CRS-R scores),
statistically significant after 4 days

7 days, 2 times per day
(30-45 min) N/A

Statistically significant
GCS improvement after
4 days

Legend: CRS-R—Coma Recovery Scale-Revised; GCS—Glasgow Coma Scale; RLA—Rancho Los Amigos; WNSSP—Western Neuro-Sensory Stimulation Profile.
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3.9. Combined Approaches

Mixed approaches in neurorehabilitation integrate many modalities to meet the varied
issues of recovery from TBI. By combining these modalities, patients benefit from increased
neuroplasticity due to the synergy of motor and cognitive therapies.

A study conducted by De Luca et al. investigated the effects of combining robotic
verticalization training (RVT) with personalized music stimulation in patients diagnosed
with chronic minimally conscious state (MCS) due to TBI. The experimental group received
music robotic verticalization (MRV) using the Erigo device along with a personalized music
playlist, while the control group received only RVT without music stimuli. According to
the study, the experimental group significantly improved on a number of measures, such as
the Trunk Control Test, Functional Independence Measure, Coma Recovery Scale-Revised,
Level of Cognitive Functioning, and Functional Communication Scale [86].

4. Discussion

The reviewed studies explored a variety of neurorehabilitation interventions for TBI
patients, highlighting cognitive, motor, and psychological outcomes. These interventions
included non-invasive brain stimulation techniques (tDCS, rTMS), VR-based therapies,
telerehabilitation, RAT, computer-assisted rehabilitation, and behavioral interventions.

Each TBI patient presents with a unique set of challenges, and treatment decisions
must be personalized, taking into account the stage of recovery, type, and severity of
cognitive or motor deficits, and the patient’s support system. Clinicians should carefully
assess these factors to determine the most suitable combination of neurorehabilitation
interventions for optimal outcomes. VR-based interventions for TBI patients have demon-
strated significant improvements in cognitive functions, particularly in attention, executive
function, and visuospatial abilities. VR driving simulations improved working memory
and selective attention. VR rehabilitation also led to improvements in balance and mobil-
ity. Importantly, VR interventions were well-tolerated, with no reported adverse effects,
and many participants maintained cognitive improvements for at least one month post-
treatment. Computer-assisted cognitive rehabilitation has significantly improved cognitive
function, self-care, and social cognition in moderate to severe TBI patients. Robot-assisted
motor therapy programs have shown significant potential in improving motor outcomes,
functional mobility, and, in some cases, cognitive outcomes for patients recovering from
TBI. Lokomat, one of the most studied robotic devices, demonstrated improvements in
walking velocity and gait training across different studies. Non-invasive brain stimulation
techniques, such as rTMS and tDCs, have shown varying outcomes in cognitive and motor
recovery for patients with TBI. These approaches have targeted executive function, work-
ing memory, response inhibition, and motor planning. rTMS studies demonstrated mild
improvements in executive function and cognitive processing speed, particularly in tasks
such as the Trail Making Test (TMT-B). However, long-term improvements were not consis-
tently observed across evaluations. Short-term cognitive gains were evident in attention
and memory, but between-group differences in executive function were not statistically
significant. tDCS studies revealed promising results in memory enhancement, working
memory and verbal recall. Cognitive improvements from tDCS and rTMS were generally
maintained over short follow-up periods, but evidence for sustained benefits beyond a
few months is limited. Some studies indicated that behavioral improvements in attention
and reaction time remained stable at one-month follow-up, whereas motor gains were less
consistent. Telemonitoring and telephone-based studies reported valuable improvements;
however, they were not sustained after several weeks Lastly, PBM is an emerging therapy
for TBI that uses red and near-infrared light. It shows potential for long-term benefits
in improving cognitive function, mood, and overall well-being, with sustained effects



Life 2025, 15, 503

22 of 27

observed in memory, attention, and emotional regulation beyond the treatment period.
Studies on sensory stimulation have shown that family-centered interventions, in particular,
led to significant improvements in TBI patients. However, these studies focused especially
on the Glasgow Coma Scale (GCS) scores of comatose TBI patients.

The duration and frequency of interventions varied significantly, ranging from single-
session pilot studies to extensive multi-week or even multi-year programs. Despite sig-
nificant methodological limitations, such as small sample sizes and variation in study
designs, these results show the possibility for multimodal neurorehabilitation techniques
to optimize recovery in TBI patients.

There are several systematic reviews available on rehabilitation for TBI; however, most
of these reviews focus exclusively on a single tool or intervention [26,87,88]. This restricted
empbhasis limits knowledge of the relative efficacy of various strategies and the possibility
of combining several methods to improve recovery results. Previous work by Bonanno et al.
highlighted the growing role of innovative technologies in the rehabilitation of patients
with TBI, emphasizing their positive impact on cognitive and motor outcomes. Their review
underlined the potential clinical benefits of integrating advanced tools into neurorehabili-
tation practice but called for further studies to establish clearer evidence, particularly in
severe TBI, to determine the extent to which these patients may benefit from such interven-
tions [40] This aligns with our aim to provide an updated synthesis of neurorehabilitation
strategies, focusing on innovative approaches and their potential for cognitive and motor
recovery in TBI populations. Aulisio et al. have discussed VR games as an important tool in
neurorehabilitation, focusing especially on movement and motor skills. All investigations
on gait and balance found moderate improvement for persons with TBI of various severity.
Additionally, studies on upper limb function neurorehabilitation provided mixed results
for TBI patients. Significant cognitive rehabilitation has also not been demonstrated in this
review [89]. The systematic review by Alashram et al. also investigated VR technology, with
a focus on cognitive enhancement. The primary results demonstrated that VR interventions
with different treatment protocols are beneficial in enhancing many elements of cognitive
function in TBI patients, including memory, executive function, and attention [87]. Another
systematic review investigated telerehabilitation as a tool for adult TBI patients. In four out
of five randomized controlled trials investigated, scheduled telephone support improved
outcomes for persons with mild and moderate-to-severe TBI compared to conventional
treatment. However, these studies did not demonstrate or analyze the long-term impacts.
There were also no important differences between the control and experimental treatments
in the studies that examined two distinct Internet-based therapies that addressed memory
and fatigue [90].

There are still a number of gaps in the literature, despite the increased interest in
neurorehabilitation for TBI. First, the reliability of the results is constrained by the diversity
of intervention methods, small sample sizes, and research design heterogeneity. Second,
while many studies demonstrate short-term benefits, there is a lack of evidence on the long-
term efficacy and sustainability of these interventions. Furthermore, few studies examine
multimodal therapy or directly compare interventions, making it difficult to determine the
relative efficacy of various neurorehabilitation techniques. Finally, the lack of consistent
outcome measures across research makes it difficult to fully comprehend their effects,
especially in the cognitive and psychological domains, which are crucial for TBI recovery.

5. Conclusions

This review describes the potential applications of diverse neurorehabilitation strate-
gies in supporting cognitive, motor, and psychological rehabilitation for TBI patients.
Various technological innovations and non-invasive approaches have been explored, with
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reported cognitive benefits related to attention, executive function, and memory. In con-
trast, motor rehabilitation outcomes demonstrated variability, with some studies reporting
limited or inconsistent improvements. While these approaches hold promise, important
gaps remain to be discussed, including the lack of long-term data, small sample sizes,
and inconsistent outcome measures, reinforcing the importance of conducting additional
studies to develop and improve these interventions for the best possible patient recovery.
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mdpi.com/article/10.3390/1ife15030503 /s1, Table S1: Overview of the included studies.

Author Contributions: Conceptualization, C.B.; methodology, L.A.G.; software, L.A.G.; validation,
D.A,; investigation, D.A; resources, A.C.F,; writing—original draft preparation, A.L.M. and D.A.;
writing—review and editing, C.B. and A.C.F,; visualization, A.L.M.; supervision, A.C.E. All authors
have read and agreed to the published version of the manuscript.

Funding: We would like to acknowledge “Victor Babes” University of Medicine and Pharmacy
Timisoara for their support in covering the costs of publication for this research paper.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data created.

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

References

1.

10.

11.

Dewan, M.C.; Rattani, A.; Gupta, S.; Baticulon, R.E.; Hung, Y.-C.; Punchak, M.; Agrawal, A.; Adeleye, A.O.; Shrime, M.G;
Rubiano, A.M.; et al. Estimating the Global Incidence of Traumatic Brain Injury. J. Neurosurg. 2019, 130, 1080-1097. [CrossRef]
[PubMed]

Min, ].H.; Shin, Y.-I. Treatment and Rehabilitation for Traumatic Brain Injury: Current Update. Brain Neurorehabilit. 2022, 15, e14.
[CrossRef]

Oberholzer, M.; Miiri, RM. Neurorehabilitation of Traumatic Brain Injury (TBI): A Clinical Review. Med. Sci. 2019, 7, 47.
[CrossRef]

Naik, A.; Bederson, M.M.; Detchou, D.; Dharnipragada, R.; Hassaneen, W.; Arnold, PM.; Germano, I.M. Traumatic Brain Injury
Mortality and Correlates in Low- and Middle-Income Countries: A Meta-Epidemiological Study. Neurosurgery 2023, 93, 736-744.
[CrossRef]

James, S.L.; Theadom, A.; Ellenbogen, R.G.; Bannick, M.S.; Montjoy-Venning, W.; Lucchesi, L.R. GBD 2016 Traumatic Brain Injury
and Spinal Cord Injury Collaborators. Global, regional, and national burden of traumatic brain injury and spinal cord injury,
1990-2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 56-87, Erratum in Lancet
Neurol. 2021, 20, €7. https:/ /doi.org/10.1016/51474-4422(21)00383-5. [CrossRef] [PubMed] [PubMed Central]

Gardner, R.C.; Dams-O’Connor, K.; Morrissey, M.R.; Manley, G.T. Geriatric Traumatic Brain Injury: Epidemiology, Outcomes,
Knowledge Gaps, and Future Directions. J. Neurotrauma 2018, 35, 889-906. [CrossRef]

Dams-O’Connor, K.; Ketchum, ].M.; Cuthbert, J.P; Corrigan, J.D.; Hammond, EM.; Haarbauer-Krupa, J.; Kowalski, R.G.; Miller,
A.C. Functional Outcome Trajectories Following Inpatient Rehabilitation for TBI in the United States: A NIDILRR TBIMS and
CDC Interagency Collaboration. J. Head Trauma Rehabil. 2020, 35, 127-139. [CrossRef]

Devi, Y;; Khan, S.; Rana, P.; Deepak, D.; Dhandapani, M.; Ghai, S.; Gopichandran, L.; Dhandapani, S. Cognitive, Behavioral, and
Functional Impairments among Traumatic Brain Injury Survivors: Impact on Caregiver Burden. J. Neurosci. Rural Pract. 2020, 11,
629-635. [CrossRef]

Kumar, K.S.; Samuelkamaleshkumar, S.; Viswanathan, A.; Macaden, A.S. Cognitive rehabilitation for adults with traumatic brain
injury to improve occupational outcomes. Cochrane Database Syst. Rev. 2017, 6, CD007935. [CrossRef] [PubMed] [PubMed Central]
Cicerone, K.D.; Goldin, Y.; Ganci, K.; Rosenbaum, A.; Wethe, ].V.; Langenbahn, D.M.; Malec, J.E; Bergquist, T.E,; Kingsley, K,;
Nagele, D.; et al. Evidence-Based Cognitive Rehabilitation: Systematic Review of the Literature From 2009 Through 2014. Arch.
Phys. Med. Rehabil. 2019, 100, 1515-1533. [CrossRef] [PubMed]

Jeon, H.; Kim, D.Y.; Park, SW.; Lee, B.S.; Han, HW.,; Jeon, N.; Kim, M.; Kang, M.; Kim, S. A systematic review of cognitive
telerehabilitation in patients with cognitive dysfunction. Front. Neurol. 2025, 15, 1450977. [CrossRef] [PubMed] [PubMed Central]


https://www.mdpi.com/article/10.3390/life15030503/s1
https://www.mdpi.com/article/10.3390/life15030503/s1
https://doi.org/10.3171/2017.10.JNS17352
https://www.ncbi.nlm.nih.gov/pubmed/29701556
https://doi.org/10.12786/bn.2022.15.e14
https://doi.org/10.3390/medsci7030047
https://doi.org/10.1227/neu.0000000000002479
https://doi.org/10.1016/S1474-4422(21)00383-5
https://doi.org/10.1016/S1474-4422(18)30415-0
https://www.ncbi.nlm.nih.gov/pubmed/30497965
https://pmc.ncbi.nlm.nih.gov/articles/PMC6291456
https://doi.org/10.1089/neu.2017.5371
https://doi.org/10.1097/HTR.0000000000000484
https://doi.org/10.1055/s-0040-1716777
https://doi.org/10.1002/14651858.CD007935.pub2
https://www.ncbi.nlm.nih.gov/pubmed/28631816
https://pmc.ncbi.nlm.nih.gov/articles/PMC6481568
https://doi.org/10.1016/j.apmr.2019.02.011
https://www.ncbi.nlm.nih.gov/pubmed/30926291
https://doi.org/10.3389/fneur.2024.1450977
https://www.ncbi.nlm.nih.gov/pubmed/39882355
https://pmc.ncbi.nlm.nih.gov/articles/PMC11774910

Life 2025, 15, 503 24 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

Cicerone, K.D.; Dahlberg, C.; Kalmar, K.; Langenbahn, D.M.; Malec, ].E; Bergquist, T.F,; Felicetti, T.; Giacino, ]J.T.; Harley, ].P;
Harrington, D.E.; et al. Evidence-based cognitive rehabilitation: Recommendations for clinical practice. Arch. Phys. Med. Rehabil.
2000, 81, 1596-1615. [CrossRef] [PubMed]

Bland, D.C.; Zampieri, C.; Damiano, D.L. Effectiveness of Physical Therapy for Improving Gait and Balance in Individuals with
Traumatic Brain Injury: A Systematic Review. Brain Inj. 2011, 25, 664-679. [CrossRef]

Cumplido-Trasmonte, C.; Barquin-Santos, E.; Gor-Garcia-Fogeda, M.D.; Plaza-Flores, A.; Garcia-Varela, D.; Ibafiez-Herran, L.;
Gonzalez-Alted, C.; Diaz-Valles, P.; Lépez-Pascua, C.; Castrillo-Calvillo, A.; et al. STELO: A New Modular Robotic Gait Device
for Acquired Brain Injury—Exploring Its Usability. Sensors 2023, 24, 198. [CrossRef] [PubMed]

Lippert, J.; Guggisberg, A.G. Diagnostic and Therapeutic Approaches in Neurorehabilitation after Traumatic Brain Injury and
Disorders of Consciousness. Clin. Transl. Neurosci. 2023, 7, 21. [CrossRef]

Maas, A.LR.; Menon, D.K.; Manley, G.T.; InTBIR Participants and Investigators. Traumatic Brain Injury: Progress and Challenges
in Prevention, Clinical Care, and Research. Lancet Neurol. 2022, 21, 1004—-1060. [CrossRef]

Andelic, N.; Ye, J.; Tornas, S.; Roe, C.; Lu, J.; Bautz-Holter, E.; Moger, T.; Sigurdardottir, S.; Schanke, A.-K.; Aas, E. Cost-
Effectiveness Analysis of an Early-Initiated, Continuous Chain of Rehabilitation after Severe Traumatic Brain Injury. J. Neurotrauma
2014, 31, 1313-1320. [CrossRef]

Jacob, L.; Cogné, M.; Tenovuo, O.; Ree, C.; Andelic, N.; Majdan, M.; Ranta, J.; Ylen, P.; Dawes, H.; Azouvi, P; et al. Predictors
of Access to Rehabilitation in the Year Following Traumatic Brain Injury: A European Prospective and Multi-center Study.
Neurorehabil. Neural Repair 2020, 34, 814-830. [CrossRef]

Ponsford, J.; Harrison-Felix, C.; Ketchum, ].M.; Spitz, G.; Miller, A.C.; Corrigan, ].D. Outcomes 1 and 2 Years After Moderate to
Severe Traumatic Brain Injury: An International Comparative Study. Arch. Phys. Med. Rehabil. 2021, 102, 371-377. [CrossRef]
Turner-Stokes, L.; Pick, A.; Nair, A.; Disler, P.B.; Wade, D.T. Multi-Disciplinary Rehabilitation for Acquired Brain Injury in Adults
of Working Age. Cochrane Database Syst. Rev. 2015, 12, CD004170. [CrossRef]

Truijen, S.; Abdullahi, A.; Bijsterbosch, D.; Van Zoest, E.; Conijn, M.; Wang, Y.; Struyf, N.; Saeys, W. 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. Neurol. Sci. 2022, 43, 2995-3006. [CrossRef] [PubMed]

Nascimento, A.S.; Fagundes, C.V.; Mendes, EA.D.S.; Leal, ].C. Effectiveness of Virtual Reality Rehabilitation in Persons with
Multiple Sclerosis: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Mult. Scler. Relat. Disord. 2021, 54,
103128. [CrossRef] [PubMed]

Kesikburun, S. Non-Invasive Brain Stimulation in Rehabilitation. Turk. J. Phys. Med. Rehabil. 2022, 68, 1-8. [CrossRef] [PubMed]
Hara, T.; Shanmugalingam, A.; McIntyre, A.; Burhan, A.M. The Effect of Non-Invasive Brain Stimulation (NIBS) on Executive
Functioning, Attention and Memory in Rehabilitation Patients with Traumatic Brain Injury: A Systematic Review. Diagnostics
2021, 11, 627. [CrossRef]

Korupoluy, R.; Miller, A.; Park, A.; Yozbatiran, N. Neurorehabilitation with Vagus Nerve Stimulation: A Systematic Review. Front.
Neurol. 2024, 15, 1390217. [CrossRef]

Chen, J.; Dong, Y.; Guo, H.; Zhao, T.; Zhang, D.; Jin, S. Efficacy of rTMS Combined with Cognitive Training in TBI with Cognition
Disorder: A Systematic Review and Meta-Analysis. Neurol. Sci. 2024, 45, 3683-3697. [CrossRef]

Schiff, N.D.; Giacino, J.T.; Butson, C.R.; Choi, E.Y.; Baker, ].L.; O’Sullivan, K.P,; Janson, A.P.; Bergin, M.; Bronte-Stewart, H.M.;
Chua, J.; et al. Thalamic Deep Brain Stimulation in Traumatic Brain Injury: A Phase 1, Randomized Feasibility Study. Nat. Med.
2023, 29, 3162-3174. [CrossRef]

Flint, R.D.; Li, Y.; Wang, P.T.; Vaidya, M.; Barry, A.; Ghassemi, M.; Tomic, G.; Brkic, N.; Ripley, D.; Liu, C.; et al. Noninvasively
Recorded High-Gamma Signals Improve Synchrony of Force Feedback in a Novel Neurorehabilitation Brain-Machine Interface
for Brain Injury. . Neural Eng. 2022, 19, 036024. [CrossRef]

Sacco, K.; Galetto, V.; Dimitri, D.; Geda, E.; Perotti, F.; Zettin, M.; Geminiani, G.C. Concomitant Use of Transcranial Direct Current
Stimulation and Computer-Assisted Training for the Rehabilitation of Attention in Traumatic Brain Injured Patients: Behavioral
and Neuroimaging Results. Front. Behav. Neurosci. 2016, 10, 57. [CrossRef]

Quinn, D.K,; Upston, J.; Jones, T.; Brandt, E.; Story-Remer, J.; Fratzke, V.; Wilson, J.K.; Rieger, R.; Hunter, M.A; Gill, D.; et al.
Cerebral Perfusion Effects of Cognitive Training and Transcranial Direct Current Stimulation in Mild-Moderate TBI. Front. Neurol.
2020, 11, 545174. [CrossRef]

Li, L.M,; Violante, LR.; Zimmerman, K.; Leech, R.; Hampshire, A.; Patel, M.; Opitz, A.; McArthur, D.; Jolly, A.; Carmichael, D.W,;
et al. Traumatic Axonal Injury Influences the Cognitive Effect of Non-Invasive Brain Stimulation. Brain 2019, 142, 3280-3293.
[CrossRef] [PubMed]

Motes, M.A; Spence, ].S.; Yeatman, K.; Jones, PM.; Lutrell, M.; O’Hair, R.; Shakal, S.; DeLaRosa, B.L.; To, W.; Vanneste, S.; et al.
High-Definition Transcranial Direct Current Stimulation to Improve Verbal Retrieval Deficits in Chronic Traumatic Brain Injury. J.
Neurotrauma 2020, 37, 170-177. [CrossRef] [PubMed]


https://doi.org/10.1053/apmr.2000.19240
https://www.ncbi.nlm.nih.gov/pubmed/11128897
https://doi.org/10.3109/02699052.2011.576306
https://doi.org/10.3390/s24010198
https://www.ncbi.nlm.nih.gov/pubmed/38203060
https://doi.org/10.3390/ctn7030021
https://doi.org/10.1016/S1474-4422(22)00309-X
https://doi.org/10.1089/neu.2013.3292
https://doi.org/10.1177/1545968320946038
https://doi.org/10.1016/j.apmr.2020.09.387
https://doi.org/10.1002/14651858.CD004170.pub3
https://doi.org/10.1007/s10072-021-05855-2
https://www.ncbi.nlm.nih.gov/pubmed/35175439
https://doi.org/10.1016/j.msard.2021.103128
https://www.ncbi.nlm.nih.gov/pubmed/34280679
https://doi.org/10.5606/tftrd.2022.10608
https://www.ncbi.nlm.nih.gov/pubmed/35949977
https://doi.org/10.3390/diagnostics11040627
https://doi.org/10.3389/fneur.2024.1390217
https://doi.org/10.1007/s10072-024-07530-8
https://doi.org/10.1038/s41591-023-02638-4
https://doi.org/10.1088/1741-2552/ac7004
https://doi.org/10.3389/fnbeh.2016.00057
https://doi.org/10.3389/fneur.2020.545174
https://doi.org/10.1093/brain/awz252
https://www.ncbi.nlm.nih.gov/pubmed/31504237
https://doi.org/10.1089/neu.2018.6331
https://www.ncbi.nlm.nih.gov/pubmed/31354040

Life 2025, 15, 503 25 of 27

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

De Freitas, D.].; De Carvalho, D.; Paglioni, V.M.; Brunoni, A.R.; Valiengo, L.; Thome-Souza, M.S.; Guirado, V.M.P,; Zaninotto, A.L.;
Paiva, W.S. Effects of Transcranial Direct Current Stimulation (tDCS) and Concurrent Cognitive Training on Episodic Memory
in Patients with Traumatic Brain Injury: A Double-Blind, Randomised, Placebo-Controlled Study. BMJ Open 2021, 11, e045285.
[CrossRef] [PubMed]

O'Neil-Pirozzi, TM.; Doruk, D.; Thomson, ].M.; Fregni, F. Inmediate Memory and Electrophysiologic Effects of Prefrontal Cortex
Transcranial Direct Current Stimulation on Neurotypical Individuals and Individuals with Chronic Trau-matic Brain Injury: A
Pilot Study. Int. ]. Neurosci. 2017, 127, 592—-600. [CrossRef]

Vallejo, P.; Cueva, E.; Martinez-Lozada, P.; Garcia-Rios, C.A.; Miranda-Barros, D.H.; Leon-Rojas, J.E. Repetitive Transcranial
Magnetic Stimulation in Stroke: A Literature Review of the Current Role and Controversies of Neurorehabilitation Through
Electromagnetic Pulses. Cureus 2023, 15, e41714. [CrossRef]

Lee, S.A.; Kim, M.-K. Effect of Low Frequency Repetitive Transcranial Magnetic Stimulation on Depression and Cognition of
Patients with Traumatic Brain Injury: A Randomized Controlled Trial. Med. Sci. Monit. 2018, 24, 8789-8794. [CrossRef]

Neville, 1.S.; Zaninotto, A.L.; Hayashi, C.Y.; Rodrigues, P.A.; Galhardoni, R.; Ciampi De Andrade, D.; Brunoni, A.R.; Amorim,
R.L.O.; Teixeira, M.J.; Paiva, W.S. Repetitive TMS Does Not Improve Cognition in Patients with TBI: A Randomized Double-Blind
Trial. Neurology 2019, 93, €190-e199. [CrossRef]

Chiang, H.-S.; Shakal, S.; Vanneste, S.; Kraut, M.; Hart, J. Case Report: Improving Verbal Retrieval Deficits With High Definition
Transcranial Direct Current Stimulation Targeting the Pre-Supplementary Motor Area in a Patient With Chronic Traumatic Brain
Injury. Front. Neurol. 2021, 12, 678518. [CrossRef]

Eilam-Stock, T.; George, A.; Charvet, L.E. Cognitive Telerehabilitation with Transcranial Direct Current Stimulation Improves
Cognitive and Emotional Functioning Following a Traumatic Brain Injury: A Case Study. Arch. Clin. Neuro Psychol. 2021, 36,
442-453. [CrossRef]

Bonanno, M.; De Luca, R.; De Nunzio, A.M.; Quartarone, A.; Calabro, R.S. Innovative Technologies in the Neurorehabilitation of
Traumatic Brain Injury: A Systematic Review. Brain Sci. 2022, 12, 1678. [CrossRef]

Nieto-Escamez, F.; Cortés-Pérez, I.; Obrero-Gaitan, E.; Fusco, A. Virtual Reality Applications in Neurorehabilitation: Current
Panorama and Challenges. Brain Sci. 2023, 13, 819. [CrossRef] [PubMed]

Voinescu, A.; Sui, J.; Stanton Fraser, D. Virtual Reality in Neurorehabilitation: An Umbrella Review of Me-ta-Analyses. J. Clin.
Med. 2021, 10, 1478. [CrossRef] [PubMed]

Kim, W.-S;; Lee, K; Kim, S.; Cho, S.; Paik, N.-J. Transcranial Direct Current Stimulation for the Treatment of Motor Impairment
Following Traumatic Brain Injury. J. Neuroeng. Rehabil. 2019, 16, 14. [CrossRef] [PubMed]

Llorens, R.; Fuentes, M. A ; Borrego, A.; Latorre, ].; Alcafiiz, M.; Colomer, C.; Noé, E. Effectiveness of a Combined Transcranial
Direct Current Stimulation and Virtual Reality-Based Intervention on Upper Limb Function in Chronic Individuals Post-Stroke
with Persistent Severe Hemiparesis: A Randomized Controlled Trial. . Neuroeng. Rehabil. 2021, 18, 108. [CrossRef]

Liu, M.; Wilder, S.; Sanford, S.; Glassen, M.; Dewil, S.; Saleh, S.; Nataraj, R. Augmented Feedback Modes during Functional Grasp
Training with an Intelligent Glove and Virtual Reality for Persons with Traumatic Brain Injury. Front. Robot. Al 2023, 10, 1230086.
[CrossRef]

De Luca, R.; Bonanno, M; Rifici, C.; Pollicino, P.; Caminiti, A.; Morone, G.; Calabro, R.S. Does Non-Immersive Virtual Reality
Improve Attention Processes in Severe Traumatic Brain Injury? Encouraging Data from a Pilot Study. Brain Sci. 2022, 12, 1211.
[CrossRef]

Ettenhofer, M.L.; Guise, B.; Brandler, B.; Bittner, K.; Gimbel, S.I.; Cordero, E.; Nelson Schmitt, S.; Williams, K.; Cox, D.; Roy, M.].;
et al. Neurocognitive Driving Rehabilitation in Virtual Environments (NeuroDRIVE): A Pilot Clinical Trial for Chronic Traumatic
Brain Injury. NeuroRehabilitation 2019, 44, 531-544. [CrossRef]

Tefertiller, C.; Hays, K.; Natale, A.; O'Dell, D.; Ketchum, J.; Sevigny, M.; Eagye, C.B.; Philippus, A.; Harrison-Felix, C. Results
From a Randomized Controlled Trial to Address Balance Deficits After Traumatic Brain Injury. Arch. Phys. Med. Rehabil. 2019, 100,
1409-1416. [CrossRef]

Chanpimol, S.; Seamon, B.; Hernandez, H.; Harris-Love, M.; Blackman, M.R. Using Xbox Kinect Motion Capture Tech-nology
to Improve Clinical Rehabilitation Outcomes for Balance and Cardiovascular Health in an Individual with Chronic TBI. Arch.
Physiother. 2017, 7, 6. [CrossRef]

Gottshall, K.R.; Sessoms, P.H. Improvements in Dizziness and Imbalance Results from Using a Multi Disciplinary and Multi
Sensory Approach to Vestibular Physical Therapy—A Case Study. Front. Syst. Neurosci. 2015, 9, 106. [CrossRef]

De Luca, R.; Bonanno, M.; Marra, A.; Rifici, C.; Pollicino, P.; Caminiti, A.; Castorina, M.V.; Santamato, A.; Quartarone, A.; Calabro,
R.S. Can Virtual Reality Cognitive Rehabilitation Improve Executive Functioning and Coping Strategies in Traumatic Brain
Injury? A Pilot Study. Brain Sci. 2023, 13, 578. [CrossRef] [PubMed]

Alt Murphy, M.; Pradhan, S.; Levin, M.F,; Hancock, N.]J. Uptake of Technology for Neurorehabilitation in Clinical Practice: A
Scoping Review. Phys. Ther. 2024, 104, 140. [CrossRef] [PubMed]


https://doi.org/10.1136/bmjopen-2020-045285
https://www.ncbi.nlm.nih.gov/pubmed/34446480
https://doi.org/10.1080/00207454.2016.1216415
https://doi.org/10.7759/cureus.41714
https://doi.org/10.12659/MSM.911385
https://doi.org/10.1212/WNL.0000000000007748
https://doi.org/10.3389/fneur.2021.678518
https://doi.org/10.1093/arclin/acaa059
https://doi.org/10.3390/brainsci12121678
https://doi.org/10.3390/brainsci13050819
https://www.ncbi.nlm.nih.gov/pubmed/37239291
https://doi.org/10.3390/jcm10071478
https://www.ncbi.nlm.nih.gov/pubmed/33918365
https://doi.org/10.1186/s12984-019-0489-9
https://www.ncbi.nlm.nih.gov/pubmed/30683136
https://doi.org/10.1186/s12984-021-00896-2
https://doi.org/10.3389/frobt.2023.1230086
https://doi.org/10.3390/brainsci12091211
https://doi.org/10.3233/NRE-192718
https://doi.org/10.1016/j.apmr.2019.03.015
https://doi.org/10.1186/s40945-017-0033-9
https://doi.org/10.3389/fnsys.2015.00106
https://doi.org/10.3390/brainsci13040578
https://www.ncbi.nlm.nih.gov/pubmed/37190543
https://doi.org/10.1093/ptj/pzad140
https://www.ncbi.nlm.nih.gov/pubmed/37856528

Life 2025, 15, 503 26 of 27

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Van Den Berg, M.; Sherrington, C.; Killington, M.; Smith, S.; Bongers, B.; Hassett, L.; Crotty, M. Video and Comput-er-Based
Interactive Exercises Are Safe and Improve Task-Specific Balance in Geriatric and Neurological Rehabilitation: A Randomised
Trial. J. Physiother. 2016, 62, 20-28. [CrossRef] [PubMed]

Rodriguez-Rajo, P.; Garcia-Rudolph, A.; Sdnchez-Carrién, R.; Aparicio-Lépez, C.; Ensefiat-Cantallops, A.; Garcia-Molina, A.
Computerized Social Cognitive Training in the Subacute Phase after Traumatic Brain Injury: A Quasi-Randomized Controlled
Trial. Appl. Neuropsychol. Adult 2024, 31, 540-553. [CrossRef]

Liu, B.; Lu, H. Research on Computer Assisted Cognitive Rehabilitation for Cognitive Dysfunction after Traumatic Brain Injury. J.
Phys. Conf. Ser. 2021, 1915, 032025. [CrossRef]

Martin, S.; Armstrong, E.; Thomson, E.; Vargiu, E.; Sola, M.; Dauwalder, S.; Miralles, F.; Daly Lynn, J. A Qualitative Study
Adopting a User-Centered Approach to Design and Validate a Brain Computer Interface for Cognitive Rehabilitation for People
with Brain Injury. Assist. Technol. 2018, 30, 233-241. [CrossRef]

Del Pino, R.; Diez-Cirarda, M.; Ustarroz-Aguirre, I.; Gonzalez-Larragan, S.; Caprino, M.; Busnatu, S.; Gand, K.; Schlieter,
H.; Gabilondo, I.; Gémez-Esteban, ]J.C. Costs and Effects of Telerehabilitation in Neurological and Cardiological Diseases: A
Systematic Review. Front. Med. 2022, 9, 832229. [CrossRef]

Federico, S.; Cacciante, L.; Cieslik, B.; Turolla, A.; Agostini, M.; Kiper, P.; Picelli, A. Telerehabilitation for Neurolog-ical Motor
Impairment: A Systematic Review and Meta-Analysis on Quality of Life, Satisfaction, and Acceptance in Stroke, Multiple
Sclerosis, and Parkinson’s Disease. J. Clin. Med. 2024, 13, 299. [CrossRef]

Simmich, J.; Ross, M.H.; Russell, T. Real-Time Video Telerehabilitation Shows Comparable Satisfaction and Simi-lar or Better
Attendance and Adherence Compared with in-Person Physiotherapy: A Systematic Review. J. Physiother. 2024, 70, 181-192.
[CrossRef]

De Luca, R.; Maggio, M.G.; Naro, A.; Portaro, S.; Cannavo, A.; Calabro, R.S. Can Patients with Severe Traumatic Brain Injury
Be Trained with Cognitive Telerehabilitation? An Inpatient Feasibility and Usability Study. J. Clin. Neurosci. 2020, 79, 246-250.
[CrossRef]

Raso, M.G.; Arcuri, F; Liperoti, S.; Mercurio, L.; Mauro, A.; Cusato, F; Romania, L.; Serra, S.; Pignolo, L.; Tonin, P; et al.
Telemonitoring of Patients With Chronic Traumatic Brain Injury: A Pilot Study. Front. Neurol. 2021, 12, 598777. [CrossRef]
[PubMed]

Bell, K.R.; Fann, ].R.; Brockway, J.A.; Cole, W.R; Bush, N.E.; Dikmen, S.; Hart, T.; Lang, A.].; Grant, G.; Gahm, G.; et al. Telephone
Problem Solving for Service Members with Mild Traumatic Brain Injury: A Randomized, Clinical Trial. J. Neurotrauma 2017, 34,
313-321. [CrossRef] [PubMed]

Vuletic, S.; Bell, K.R,; Jain, S.; Bush, N.; Temkin, N.; Fann, J.R,; Stanfill, K.E.; Dikmen, S.; Brockway, ].A.; He, F; et al. Telephone
Problem-Solving Treatment Improves Sleep Quality in Service Members With Combat-Related Mild Traumatic Brain Injury:
Results From a Randomized Clinical Trial. . Head Trauma Rehabil. 2016, 31, 147-157. [CrossRef] [PubMed]

Ona, E.D.; Cano-de La Cuerda, R.; Sanchez-Herrera, P.; Balaguer, C.; Jardén, A. A Review of Robotics in Neurorehabilitation:
Towards an Automated Process for Upper Limb. J. Healthc. Eng. 2018, 2018, 9758939. [CrossRef]

Chang, W.H.; Kim, Y.-H. Robot-Assisted Therapy in Stroke Rehabilitation. J. Stroke 2013, 15, 174. [CrossRef]

Esquenazi, A.; Lee, S.; Wikoff, A.; Packel, A.; Toczylowski, T.; Feeley, J. A Comparison of Locomotor Therapy Interventions:
Partial-Body Weight—Supported Treadmill, Lokomat, and G-EO Training in People With Traumatic Brain Injury. PMR 2017, 9,
839-846. [CrossRef]

Maggio, M.G.; Torrisi, M.; Buda, A.; De Luca, R.; Piazzitta, D.; Cannavo, A.; Leo, A.; Milardi, D.; Manuli, A.; Calabro, R.S. Effects
of Robotic Neurorehabilitation through Lokomat plus Virtual Reality on Cognitive Function in Patients with Traumatic Brain
Injury: A Retrospective Case-Control Study. Int. J. Neurosci. 2020, 130, 117-123. [CrossRef]

Williams, K.; Christenbury, J.; Niemeier, ].P.; Newman, M.; Pinto, S. Is Robotic Gait Training Feasible in Adults With Disorders of
Consciousness? |. Head Trauma Rehabil. 2020, 35, E266-E270. [CrossRef]

Nolan, K.J.; Karunakaran, K.K.; Ehrenberg, N.; Kesten, A.G. Robotic Exoskeleton Gait Training for Inpatient Rehabilitation
in a Young Adult with Traumatic Brain Injury. In Proceedings of the 2018 40th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), Honolulu, HI, USA, 17-21 July 2018; IEEE: Piscataway, NJ, USA, 2018;
pp. 2809-2812.

Ander], E.R.; Trammell, H.J. Facilitating Walking Recovery with Use of a Wearable Robotic Exoskeleton in an Individual with
Traumatic Brain Injury and Ataxia: A Case Study. In Proceedings of the 2017 International Symposium on Wearable Robotics and
Rehabilitation (WeRob), Houston, TX, USA, 5-8 November 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 1-2.

Ilyas, C.M.A.; Schmuck, V.; Haque, M.A.; Nasrollahi, K.; Rehm, M.; Moeslund, T.B. Teaching Pepper Robot to Recognize Emotions
of Traumatic Brain Injured Patients Using Deep Neural Networks. In Proceedings of the 2019 28th IEEE International Conference
on Robot and Human Interactive Communication (RO-MAN), New Delhi, India, 14-18 October 2019; IEEE: Piscataway, NJ, USA,
2019; pp. 1-7.


https://doi.org/10.1016/j.jphys.2015.11.005
https://www.ncbi.nlm.nih.gov/pubmed/26701163
https://doi.org/10.1080/23279095.2022.2042693
https://doi.org/10.1088/1742-6596/1915/3/032025
https://doi.org/10.1080/10400435.2017.1317675
https://doi.org/10.3389/fmed.2022.832229
https://doi.org/10.3390/jcm13010299
https://doi.org/10.1016/j.jphys.2024.06.001
https://doi.org/10.1016/j.jocn.2020.07.063
https://doi.org/10.3389/fneur.2021.598777
https://www.ncbi.nlm.nih.gov/pubmed/33868141
https://doi.org/10.1089/neu.2016.4444
https://www.ncbi.nlm.nih.gov/pubmed/27579992
https://doi.org/10.1097/HTR.0000000000000221
https://www.ncbi.nlm.nih.gov/pubmed/26959668
https://doi.org/10.1155/2018/9758939
https://doi.org/10.5853/jos.2013.15.3.174
https://doi.org/10.1016/j.pmrj.2016.12.010
https://doi.org/10.1080/00207454.2019.1664519
https://doi.org/10.1097/HTR.0000000000000523

Life 2025, 15, 503 27 of 27

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Hamblin, M.R.; Huang, Y.Y.; Heiskanen, V. Non-Mammalian Hosts and Photobiomodulation: Do All Life-Forms Respond to
Light? Photochem. Photobiol. 2019, 95, 126-139. [CrossRef]

Lin, Y.P; Ku, C.H,; Chang, C.C.; Chang, S.T. Effects of Intravascular Photobiomodulation on Cognitive Impairment and Crossed
Cerebellar Diaschisis in Patients with Traumatic Brain Injury: A Longitudinal Study. Lasers Med. Sci. 2023, 38, 108. [CrossRef]
Carneiro, A.M.C.; Poiani, G.C.; Zaninnoto, A.L.; Lazo Osorio, R.; Oliveira, M.L.; Paiva, W.S.; Zangaro, R.A. Transcranial
Photobiomodulation Therapy in the Cognitive Rehabilitation of Patients with Cranioencephalic Trauma. Photobiomodul. Photomed.
Laser Surg. 2019, 37, 657-666. [CrossRef] [PubMed]

Henderson, T.A.; Morries, L.D. Multi-Watt Near-Infrared Phototherapy for the Treatment of Comorbid Depression: An Open-
Label Single-Arm Study. Front. Psychiatry 2017, 8, 187. [CrossRef] [PubMed]

Hipskind, S.G.; Grover, EL., Jr.; Fort, T.R.; Helffenstein, D.; Burke, T.J.; Quint, S.A.; Bussiere, G.; Stone, M.; Hurtado, T. Pulsed
Transcranial Red/Near-Infrared Light Therapy Using Light-Emitting Diodes Improves Cerebral Blood Flow and Cognitive
Function in Veterans with Chronic Traumatic Brain Injury: A Case Series. Photomed. Laser Surg. 2018, 37, 77-84. [CrossRef]
Chao, L.L.; Barlow, C.; Karimpoor, M.; Lim, L. Changes in Brain Function and Structure After Self-Administered Home
Photobiomodulation Treatment in a Concussion Case. Front. Neurol. 2020, 11, 952. [CrossRef]

Chao, L.L. Improvements in Gulf War Illness Symptoms After Near-Infrared Transcranial and Intranasal Photobiomodulation:
Two Case Reports. Mil. Med. 2019, 184, e568-e574. [CrossRef]

Zuo, J.; Tao, Y.; Liu, M,; Feng, L.; Yang, Y.; Liao, L. The effect of family-centered sensory and affective stimulation on comatose
patients with traumatic brain injury: A systematic review and meta-analysis. Int. ]. Nurs. Stud. 2021, 115, 103846. [CrossRef]
Park, S. Effectiveness of direct and non-direct auditory stimulation on coma arousal after traumatic brain injury. Int. J. Nurs.
Pract. 2016, 22, 391-396. [CrossRef]

Norwood, M.E; Lakhani, A.; Watling, D.P.; Marsh, C.H.; Zeeman, H. Efficacy of Multimodal Sensory Therapy in Adult Acquired
Brain Injury: A Systematic Review. Neuropsychol. Rev. 2023, 33, 693-713. [CrossRef] [PubMed] [PubMed Central]

De Luca, R.; Lauria, P.; Bonanno, M.; Corallo, F; Rifici, C.; Castorina, M.V,; Trifiro, S.; Gangemi, A.; Lombardo, C.; Quartarone, A,;
et al. Neurophysiological and Psychometric Outcomes in Minimal Consciousness State after Advanced Audio-Video Emotional
Stimulation: A Retrospective Study. Brain Sci. 2023, 13, 1619. [CrossRef]

Salmani, F.; Mohammadi, E.; Rezvani, M.; Kazemnezhad, A. The effects of family-centered affective stimulation on brain-injured
comatose patients’ level of consciousness: A randomized controlled trial. Int. J. Nurs. Stud. 2017, 74, 44-52. [CrossRef]
Moattari, M.; Alizadeh Shirazi, F.; Sharifi, N.; Zareh, N. Effects of a Sensory Stimulation by Nurses and Families on Level
of Cognitive Function, and Basic Cognitive Sensory Recovery of Comatose Patients With Severe Traumatic Brain Injury: A
Randomized Control Trial. Trauma Mon. 2016, 21, €23531. [CrossRef] [PubMed]

Abbate, C.; Trimarchi, P.D.; Basile, I.; Mazzucchi, A.; Devalle, G. Sensory stimulation for patients with disorders of consciousness:
From stimulation to rehabilitation. Front. Hum. Neurosci. 2014, 8, 616. [CrossRef] [PubMed] [PubMed Central]

De Luca, R.; Bonanno, M.; Vermiglio, G.; Trombetta, G.; Andidero, E.; Caminiti, A.; Pollicino, P,; Rifici, C.; Calabro, R.S. Robotic
Verticalization plus Music Therapy in Chronic Disorders of Consciousness: Promising Results from a Pilot Study. Brain Sci. 2022,
12,1045. [CrossRef] [PubMed]

Alashram, A R.; Annino, G.; Padua, E.; Romagnoli, C.; Mercuri, N.B. Cognitive Rehabilitation Post Traumatic Brain Injury: A
Systematic Review for Emerging Use of Virtual Reality Technology. J. Clin. Neurosci. 2019, 66, 209-219. [CrossRef]

Suarilah, I.; Zulkarnain, H.; Saragih, 1.D.; Lee, B.O. Effectiveness of Telehealth Interventions Among Traumatic Brain Injury
Survivors: A Systematic Review and Meta-Analysis. J. Telemed. Telecare 2024, 30, 781-794. [CrossRef]

Aulisio, M.C.; Han, D.Y.; Glueck, A.C. Virtual Reality Gaming as a Neurorehabilitation Tool for Brain Injuries in Adults: A
Systematic Review. Brain Inj. 2020, 34, 1322-1330. [CrossRef]

Ownsworth, T.; Arnautovska, U.; Beadle, E.; Shum, D.H.K.; Moyle, W. Efficacy of Telerehabilitation for Adults With Traumatic
Brain Injury: A Systematic Review. |. Head Trauma Rehabil. 2018, 33, E33-E46. [CrossRef]

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.


https://doi.org/10.1111/php.12951
https://doi.org/10.1007/s10103-023-03764-8
https://doi.org/10.1089/photob.2019.4683
https://www.ncbi.nlm.nih.gov/pubmed/31647777
https://doi.org/10.3389/fpsyt.2017.00187
https://www.ncbi.nlm.nih.gov/pubmed/29033859
https://doi.org/10.1089/pho.2018.4489
https://doi.org/10.3389/fneur.2020.00952
https://doi.org/10.1093/milmed/usz037
https://doi.org/10.1016/j.ijnurstu.2020.103846
https://doi.org/10.1111/ijn.12448
https://doi.org/10.1007/s11065-022-09560-5
https://www.ncbi.nlm.nih.gov/pubmed/36056243
https://pmc.ncbi.nlm.nih.gov/articles/PMC10769951
https://doi.org/10.3390/brainsci13121619
https://doi.org/10.1016/j.ijnurstu.2017.05.014
https://doi.org/10.5812/traumamon.23531
https://www.ncbi.nlm.nih.gov/pubmed/28180120
https://doi.org/10.3389/fnhum.2014.00616
https://www.ncbi.nlm.nih.gov/pubmed/25157226
https://pmc.ncbi.nlm.nih.gov/articles/PMC4127462
https://doi.org/10.3390/brainsci12081045
https://www.ncbi.nlm.nih.gov/pubmed/36009107
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1177/1357633X221102264
https://doi.org/10.1080/02699052.2020.1802779
https://doi.org/10.1097/HTR.0000000000000350

	Introduction 
	Materials and Methods 
	Study Design and Scope 
	Literature Search Strategy 
	Data Extraction 

	Neurorehabilitation Approaches 
	Summary of Selected Studies 
	Non-Invasive Brain Stimulation 
	Virtual Reality 
	Computer-Based Programs 
	Telerehabilitation 
	Robot-Assisted Therapy 
	Robot-Assisted Motor Therapy 
	Robot-Assisted Cognitive Therapy 

	Photobiomodulation 
	Sensory Stimulation 
	Combined Approaches 

	Discussion 
	Conclusions 
	References

