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Introduction
Balance and gait deficits are a major health prob-
lem that compromise quality of life and inde-
pendence in activities of daily living.1–3 Amongst 
the various medical conditions commonly associ-
ated with balance and gait deficits, neurological 
diseases represent a major subgroup, including 
disorders such as Parkinson’s disease (PD),4 mul-
tiple sclerosis (MS), and poststroke (PS).5 Clinical 
interventions adopted for the rehabilitation of 

balance and gait usually rely on principles of neu-
roplasticity and motor learning, sometimes 
referred as motor learning strategies.6,7 These 
interventions aim to promote personalized train-
ing tailoring individual impairments in order to 
improve sensory, motor, and cognitive skills 
through intensive, task-oriented repetitive train-
ing.8 In particular, enhanced motor-cognitive 
dual-task ability appears to improve balance, gait, 
and cognition.9,10 Clinicians make use of different 
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tools and training methods to facilitate the incor-
poration of motor learning strategies and to opti-
mize the rehabilitation process. Virtual reality 
(VR) is one such emerging tool that has proved to 
have additional benefits in the rehabilitation of 
balance and gait.11

A growing body of literature recognizes the 
advantages of VR-based rehabilitation in neuro-
logical conditions.10,11 Such advantages stem 
from the capacity of VR to increase motivation 
and enhance motor learning.12,13 For instance, 
VR has the ability to provide real-time intrinsic 
and extrinsic multisensory feedback, and facili-
tates task variation through the application of 
various virtual environments that simulate real 
and daily life tasks.12,13 Despite extensive research, 
the transition to clinical implementation of 
VR-based rehabilitation is still in its initial steps. 
To our knowledge, only one study has reported 
on the clinical experience of using VR in a medi-
cal center.14 Moreover, recent joint multicenter 
efforts are setting the basis for the clinical devel-
opment and advance of VR as a standardized 
approach.15 This indicates a need to understand 
and overcome the challenge surrounding the 
long-term implementation of VR in clinical prac-
tice. For instance, the suitability of VR as a thera-
peutic tool, the patients’ adaptability towards the 
technology, and clinician-selection of VR envi-
ronments and tasks for targeting individual thera-
peutic goals need to be developed.

To contribute to the accomplishment of this 
objective, this study gives a retrospective account 
of the initial 3 years of clinical experience using 
VR-based rehabilitation in a large medical center, 
by examining clinical records of patients with dis-
tinct neurological conditions, including PD, PS, 
MS, traumatic brain injury (TBI), myelopathy, 
and cerebral palsy. Here, we describe the design 
and methods of the VR-based interventions, and 
the instruments to measure balance and gait; the 
characteristics of the VR systems and virtual envi-
ronments used across interventions; the effects on 
balance and gait; and patient perception of the 
suitability of VR for their rehabilitation process. 
The main aim of this study is to provide clinicians 
and researchers with a critical examination of the 
challenges and outcomes involved with the imple-
mentation of VR in clinical practice. The study 
research questions were whether VR training is 
practicable in clinical routine, and whether it is 
effective for improving balance and gait.

Methods
This is a retrospective analysis of clinical records 
of patients who received routine VR-based reha-
bilitation in a large rehabilitation center. The 
study evaluated balance and gait outcomes from 
neurological and non-neurological (NN) patients 
exposed to VR-based rehabilitation treatments 
during 3 years (from November 2014 until March 
2018), in the Center of Advanced Technologies 
in Rehabilitation (CATR) at the Sheba Medical 
Center, Ramat Gan, Israel. The Sheba Medical 
Center Institutional Review Board (IRB) app
roved the collection and use of patients’ records 
according to regulations for clinical trials in 
humans (IRB approval No. 3962-17-SMC). The 
need for informed consent was waived by IRB, 
since the study was based on a retrospective 
charts review of clinical data.

VR-based rehabilitation and medical record 
analysis
The flow diagram of the 263 patients referred to 
VR-based rehabilitation is shown in Figure 1. As 
part of the routine health service, the patients self-
approached the VR facilities of CATR or were 
referred by health professionals. Referral sources 
were the various in- and out-patient clinics of the 
Sheba Medical Center, or external physicians with 
previous knowledge about the VR-based rehabili-
tation conducted in CATR. A team of four physi-
cal therapists that applied treatments and two 
technicians for operation of VR systems were 
involved at all stages of the VR-based treatments. 
Each rehabilitation treatment comprised 12 ses-
sions; a full assessment session (PRE) was per-
formed at session 1 and session 12 (POST). The 
number of treatments varied between patients.

Analysis of medical records for the present 
study
The flow diagram of medical records inclusion/
exclusion to analysis is summarized in Figure 2. 
In order to reach homogeneity for outcome anal-
ysis, inclusion/exclusion criteria for patient 
records to be analyzed were set as follows (Figure 
1): Inclusion criteria for records were: comple-
tion of at least one rehabilitation treatment (12 
sessions), and presence of a PRE–POST clinical 
evaluation. Exclusion criteria for records were: 
no completion of at least one rehabilitation treat-
ment, or already under additional, conventional, 
rehabilitation treatment. In order to detect those 
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records to be included/excluded, we first reviewed 
the medical records of all patients, focusing on 
the number of received treatments and presence 
of PRE/POST data in the records.

Included records were allocated to patient 
groups according to most frequent neurological 
conditions: PD, Parkinsonism, PS, MS, and 

TBI. Patients with PD and Parkinsonism formed 
a combined group: ‘PD’. A group of other neu-
rological (ON) conditions allocated patients 
with neurological conditions such as myelopathy 
and cerebral palsy. NN patients, for example, 
with lower limb injury, above-knee amputation, 
or low back pain, were included as additional 
group for comparison purposes.

Figure 1.  Flow diagram showing treatment steps as part of the routine health service. Each session starts and 
progresses from the point and achievement of any previous recorded session in each patient. Patients sit or 
stand when they need to rest during the session. Subjective assessment consists of chart review for medical 
history, interview patient/family: social history, level of functioning and personal needs, patient’s goals and 
concerns. Objective assessment comprises observation and examination, functional tests and questionnaires, 
identifying impairments contributing to loss of function and movement.
ICF: International Classification of Functioning, Disability and Health.

Figure 2.  Flow diagram showing medical record inclusion/exclusion for analysis. Of the 263 initially eligible 
persons, 44 did not proceed to treatment and 11 received additional treatments. Thus, only 208 patients 
initiated VR treatments, 41 of which were excluded because they did not complete at least one treatment.

https://journals.sagepub.com/home/taj
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Equipment
Four VR systems were used: the Computer 
Assisted Rehabilitation Environment (CAREN) 
High-End, or CAREN Dome, the CAREN Base, 
the V-Gait, and the C-Mill (all from Motekforce 
Link, Amsterdam, The Netherlands). Clinicians 
had 23 rehabilitative applications (virtual environ-
ments) available to apply in each treatment ses-
sion according to therapeutic goals. Table e1 
summarizes the characteristics of the virtual envi-
ronments applied most frequently during the 
reported VR treatments. A motion capture system 
(Vicon, Oxford, UK) tracked the movement of 
passive markers located in body regions relevant 
for the function of each virtual environment.

Exposure
Each rehabilitation treatment comprised 12 ses-
sions: a full assessment session (PRE) and 11 tai-
lored training sessions of 30–45 min each (Figure 
1). Each session focused on balance and gait 
rehabilitation, and on the application of cognitive 
load. Treatment sessions could include more 
than one VR environment. A reassessment took 
place after session 12 of treatment (POST). Only 
outcomes from the first treatment were used for 
data analysis (some patients had more than one 
rehabilitation treatment, as detailed in Results).

Treatments were personalized and intended to 
promote motor learning. Irrespective of the VR 
system or virtual environment, clinicians aimed to 
exploit the advantages of VR for promoting task-
oriented repetitive training and other motor 
learning principles such as sensory feedback, task 
variation, and progression (Table e1).

Outcome measures
To evaluate the effects of the treatments, we 
report on standardized gait and balance assess-
ments performed both before (PRE) and after 
(POST) treatment as part of clinical monitoring. 
These included the 10 Meter Walk Test 
(10MWT);16 the Timed Up and Go (TUG);17 
the Four Square Step Test (FSST);18 the Berg 
Balance Scale (BBS),19 and the Mini Balance 
Evaluation systems Test (Mini BESTest).20

To evaluate the effect of cognitive load, single-
task (ST) and motor-cognitive dual-task (DT) 
modalities of the TUG and 10MWT were used. 

During the 10MWT assessment, using body-worn 
sensors, the APDM Opal wireless system (APDM, 
Portland, OR, USA)21 evaluated spatiotemporal 
gait parameters in both ST and DT conditions. 
The dual-task cost was calculated according to the 
equation DT-cost = 100*(ST outcome – DT 
outcome)/ST outcome.22

To evaluate changes in confidence on perform-
ing balance and locomotion tasks and the suita-
bility of VR systems in the rehabilitation of 
balance and gait, the Activities-Specific Balance 
Confidence Scale (ABC Scale)23 and the 
Suitability Evaluation Questionnaire (SEQ),24,25 
respectively, were used.

To recognize the most frequently applied virtual 
tasks among neurological cohorts, we counted the 
VR systems and the virtual environments per-
formed per patient during treatment sessions.

Statistical analysis
Statistical analysis was performed on data obtained 
from the first 12 training sessions (i.e. first treat-
ment) for each patient. We computed one-way 
ANOVA for comparison of outcome change [i.e. 
100*(POST – PRE)/PRE] among groups, and 
paired two-tailed t-tests for comparisons PRE 
versus POST treatment. Data are presented as 
mean ± standard deviation unless otherwise stated. 
We conducted analyses for all combined groups as 
well as for each subgroup. To evaluate clinically 
significant changes, we followed previously pub-
lished values of Minimal Detectable Change or 
Minimal Clinically Important Difference (MCID) 
(Table e2). Statistical tests were performed using 
a numerical computing software (Matlab; The 
Mathworks, Natick, MA). Statistical significance 
was set to p < 0.05.

Results
The demographic data of patients whose records 
were included in the analysis (see Figures 1 and 2) 
are depicted in Table 1. The neurological group 
included 128 patients (allocated to five groups). 
The non-neuroloical group (NN) included 39 per-
sons with increased risk of falls (n = 15), cancer 
(n = 11), non-neurological gait abnormality (n = 5), 
lower limb injury (n = 3), above-knee amputation 
(n = 3), low back pain (n = 1), and polymyalgia 
rheumatica (n = 1) (Table 1).

https://journals.sagepub.com/home/taj
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Efficacy of VR-based treatments
For all patients combined, VR-based rehabilita-
tion significantly improved gait speed during sin-
gle and dual-task conditions (10MWT-ST, 
p = 0.0011 and 10MWT-DT, p = 0.0025), func-
tional mobility with cognitive load (TUG-DT, 
p = 0.0142), dynamic balance and risk of falling 
(BBS, p = 0.0003 and Mini BESTest, p = 0.0000) 
(Table 2). No differences were observed in 
TUG-ST and FSST in the comparison PRE 
versus POST treatment.

Table 3 shows the PRE and POST treatment out-
comes for each variable within each subgroup. 
There were no statistically significant differences 
of change among groups (p > 0.05, one-way 
ANOVA). Figure 3 depicts the treatment effects 
as score changes PRE versus POST treatment for 
each subgroup for analysis of clinical outcomes. 
Thresholds for minimal detectable change or 
MCID were taken from references published in 
the literature for each measure, and were found 
only for some measures and only for PD, PS, and 

Table 1.  Demographic characteristics of the patients.

Cohort N Age mean ± SD Male/Female Patients (%)

Parkinson’s disease and Parkinsonism 36 72.1 ± 8.8 26/10 22

Poststroke 31 68.2 ± 14.1 24/7 19

Multiple Sclerosis 9 53.1 ± 12.2 2/7 5

Traumatic Brain Injury 10 40.3 ± 20.1 6/4 6

Other neurological 42 65.1 ± 18.2 23/19 25

Non-neurological 39 65.5 ± 21.0 18/21 23

Total 167 63.8 ± 18.9 99/68 100

Data analysis was based only on initial treatments for each patient (167, highlighted). Other neurological conditions 
included patients with myelopathy (n = 19), polyneuropathy (n = 5), cerebral palsy (n = 4), polio (n = 4), Guillain-Barre 
syndrome (n = 2), vertigo (n = 3), ataxia (n = 2), cerebellar ataxia (n = 1), vestibular Schwannoma (n = 1), and hyperekplexia 
(n = 1). Non-neurological conditions included patients with recurrent falls (n = 15), cancer (n = 11), non-neurological 
gait abnormality (n = 5), lower limb injury (n = 3), above-knee amputation (n = 3), low back pain (n = 1), and polymyalgia 
rheumatica (n = 1).

Table 2.  Balance and gait measures PRE and POST treatments.

Measure No. patients PRE-treatment POST-treatment p*

10MWT-ST Gait speed (m/s) 155 0.88 ± 0.36 0.93 ± 0.38 0.0011

10MWT-DT Gait speed (m/s) 127 0.78 ± 0.29 0.83 ± 0.30 0.0025

TUG - ST (s) 157 19.56 ± 28.84 18.72 ± 31.77 0.3753

TUG - DT (s) 124 19.24 ± 11.55 17.87 ± 12.10 0.0142

FSST (s) 118 13.63 ± 6.99 13.65 ± 8.47 0.5863

BBS (score)   31 33.52 ± 14.74 37.48 ± 15.29 0.0003

Mini BESTest (score) 120 16.48 ± 4.94 18.38 ± 5.34 0.0000

Values and statistical analysis relate to patients in which each measure was assessed both PRE and POST. *: significant 
(p<0.05) values are shown in bold.
10MWT, 10 Meter Walk Test; BBS, Berg Balance Scale; DT, dual task; FSST, Four Square Step Test; Mini BESTest, Mini 
Balance Evaluation systems; ST, single task; TUG, Timed Up and Go.
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TBI (for threshold values and references, see 
Table e2). Comparison of balance and gait meas-
ures showed that most PD, PS, and TBI patients 
had gains after treatments. For example, 60% of 
TBI, 33% of PS, and 20% of PD patients sur-
passed MCID in BBS. Additionally, TUG scores 
improved in 28% and 26% among patients with 
PD and PS, respectively, while the rate of clinical 
improvement in measures of 10MWT ranged 
from 10% to 14%.

Table 4 reports on cognitive dual-task cost exam-
ined in 32 patients who completed the OPAL 
assessment. PS patients successfully decreased 
cognitive DT-cost while walking at POST versus 
PRE treatment for stride time (p = 0.0229) and 
for step time (p = 0.0053). There has been a sta-
tistically marginal (p = 0.0936) decrease in 
DT-cost within patients with PD post-treatment 
as well for stride time. No significant reduction in 
DT-cost for step time or stride time was observed 
in other populations.

All patients presented an overall improvement in 
the confidence for performing balance and 
ambulatory activities PRE and POST VR  
treatment (ABC scores: 68.82 ± 20.38 versus 
72.04 ± 20.56, p = 0.0002) and 29% of PD 
patients surpassed MCID (Figure 4). Perception 
on VR suitability (Table e3) was particularly 
positive for levels of enjoyment (e.g. median = 5 
in the response to question 1; i.e. highest score) 
and immersion (e.g. median = 5 and 4 in 
response to question 2 and 5, respectively; i.e. 
highest and second highest scores). On the other 
hand, suitability perception was less conclusive 
in regards to perception on task difficulty and 
successfulness in the system (questions 3 and 
12; median = 3 in each).

Figure 3.  Treatment effects on balance and 
gait. Boxplots represent subgroup data. The 
central red line in each box indicates the median, 
and the upper and lower edges third and first 
quartile, respectively. Horizontal dashed lines 
indicate clinical thresholds, that is, MCID or MDC. 
Thresholds were taken from references published 
in the literature for each measure, and were found 
only for some measures and only for PD, PS, and 
TBI (for threshold values and references see Table 
e2). Percentages accompanying boxplots indicate 

the number of patients that, over completing the 
first treatment, successfully surpassed clinical 
thresholds. Values >0 indicate improvements for 
10MWT, BBS, and miniBEST. Values <0 indicate 
improvements for TUG and FSST.
10MWT, 10 Meter Walk Test; BBS, Berg Balance Scale; 
FSST, Four Square Step Test; MiniBESTest, Mini Balance 
Evaluation Systems Test; MDC, minimal detectable 
change; MCID, minimal clinically important difference; 
MS, Multiple Sclerosis; NN, non-neurological conditions; 
ON, other neurological; PD, Parkinson Disease; PS, 
Poststroke; TBI, Traumatic Brain Injury; TUG, Timed Up 
and Go.

(continued)

Figure 3. (continued)
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Use of VR systems and environments
We observed heterogeneity in the use of VR sys-
tems and choices of treatments. The most-used 
VR systems were the CAREN Base and CAREN 
Dome, followed by the V-Gait, and, to a lesser 
extent, the C-mill (Table 5). However, the C-mill 
was unavailable to the clinical team during large 
extent of the assessed period, and, to a lesser 
extent, the CAREN Dome was unavailable dur-
ing some periods. Moreover, VR environments 
more frequently used were Boat, Road walk, Road 
obstacle, Road stand, and Cradle reach. They repre-
sented 78.9% of all VR environments applied 
during sessions (Table 5). Table e1 describes the 
most relevant VR environments and their thera-
peutic goals.

For informative purposes, we report on the num-
ber of received treatments. Included patients 
underwent one rehabilitation treatment (n = 114) 
or more treatments: two (n = 28), three (n = 9), 
four (n = 6), five (n = 3), six (n = 3), seven (n = 1), 
eight (n = 1), or nine (n = 2). In total, 287 treat-
ments were conducted. Exceptionally, 10 patients 
conducted five or more treatments, with 2 patients 
with PD and polio having nine treatments within 
3 years. Among neurological cohorts, patients 
with PS and PD had the highest number of 

treatments (62 and 52, respectively), while 18 
and 26 treatments were conducted in patients 
with MS and TBI. ON and NN patients under-
went 73 and 56 treatments, respectively. As men-
tioned in the Methods, PRE and POST evaluations 
relate to the first treatment only.

Discussion
This study reports on the use of advanced VR 
technologies in routine clinical practice and 
describes the implementation of VR-based reha-
bilitation of balance and gait across patients with 
different neurological conditions, and patients 
without neurological diagnosis as well. Our results 
suggest that using VR is viable and effective when 
implemented in a clinical routine manner. This 
builds upon a large body of literature concluding 
that VR-based rehabilitation brings advantages 
over conventional rehabilitation for incorporating 
motor learning principles.11 There are many chal-
lenges related to the incorporation of VR technol-
ogy as a routine therapeutic tool,15 mainly due to 
the relatively large number of degrees of freedom 
that the technology allows, for example, types of 
VR environments and feedback scenarios. In light 
of this heterogeneity, this naturalistic study 
reports on the effects of VR-based treatments on 
balance and gait, the design and application of 
these clinical treatments, the use of VR as a reha-
bilitation tool, and patients’ perception of VR 
usability and effectiveness.

Effects on balance and gait
Our results suggest that VR-based rehabilitation 
led to improvements in balance and gait. In par-
ticular, walking speed (with and without cognitive 
load) and functional mobility with (BBS, Mini 
BESTest) and without cognitive dual tasks 
(TUG-DT) (Table 2). In the latter case, we 
observed a significant post-treatment reduction in 
DT-cost while walking among patients with PS 
(Table 4). Patients with PD showed a tendency to 
decrease DT-cost as well.

We observed clinically significant progress in 
patients with TBI (e.g. BBS and FSST assess-
ments), PD (e.g. BBS, miniBESTest and TUG), 
and PS (e.g. BBS and TUG) (Figure 3). Due to 
the unavailability of clinical thresholds, we were 
unable to determine specific rates of significant 
clinical changes for the remaining neurological 

Figure 4.  Treatment effects on the Activities-Specific 
Balance Confidence (ABC) Scale. The central red 
line in each box indicates the median, and the upper 
and lower edges third and first quartile, respectively. 
Subgroups include MS, multiple sclerosis; NN, non-
neurological conditions; ON, other neurological; PD, 
Parkinson disease; PS, poststroke; TBI, traumatic 
brain injury. The horizontal dashed line represents 
the minimal detectable change (MDC) in PD. 
Percentages accompanying PD boxplot indicate 
patients that, over completing the first treatment, 
successfully surpassed clinical threshold (MDC); 
29% of PD patients surpassed the clinical threshold 
of 13% (for cohorts with known MCID/MDC, for 
published values see Table e2).
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Table 4.  Comparison of single-task, cognitive dual-task and dual-task cost while walking PRE and POST treatment.

Parameter ST PRE ST POST DT PRE DT POST DT-cost PRE DT-cost POST p*

Stride time (s)

PD and Parkinsonism 1.17 ± 0.09 1.14 ± 0.11 1.32 ± 0.16 1.25 ± 0.17 –13.41 ± 11.69 –8.77 ± 8.25 0.0936

Poststroke 1.27 ± 0.16 1.26 ± 0.23 1.38 ± 0.15 1.32 ± 0.20 –9.13 ± 5.51 –4.86 ± 3.73 0.0229

Other neurological 1.21 ± 0.21 1.24 ± 0.22 1.39 ± 0.31 1.43 ± 0.38 –13.82 ± 12.99 –14.34 ± 13.36 0.7997

Non-neurological 1.25 ± 0.15 1.17 ± 0.12 1.41 ± 0.17 1.31 ± 0.17 –13.11 ± 5.86 –11.75 ± 8.39 0.8309

Step time (s)

PD & Parkinsonism 0.59 ± 0.05 0.58 ± 0.05 0.66 ± 0.07 0.63 ± 0.08 –12.43 ± 11.26 –8.27 ± 8.45 0.1957

Poststroke 0.63 ± 0.12 0.62 ± 0.13 0.69 ± 0.12 0.63 ± 0.12 –10.16 ± 9.44 –3.90 ± 5.73 0.0053

Other neurological 0.60 ± 0.13 0.61 ± 0.13 0.67 ± 0.17 0.70 ± 0.18 –11.52 ± 9.97 –14.90 ± 14.12 0.3154

Non-neurological 0.62 ± 0.08 0.58 ± 0.06 0.71 ± 0.10 0.65 ± 0.08 –13.51 ± 5.93 –11.64 ± 7.04 0.7638

*Significant (p<0.05) values are shown in bold. p values refer to DT-cost (PRE versus POST). DT-cost = 100×(ST outcome – DT outcome)/ST outcome.
Parkinson Disease (PD) and Parkinsonism (n = 9 patients), Poststroke (n = 9), ‘Other neurological’ conditions (n = 10; comprising four with 
myelopathy, two with multiple sclerosis, one with traumatic brain injury, one with cerebral palsy, one with vertigo, and one with vestibular 
Schwannoma) and non-neurological conditions (n = 4).

Table 5.  Virtual reality systems and environments per group.

Group PD PS MS TBI ON NN Total

VR System (percentage within population, %)

Base 25.9 30.0 45.2 31.1 39.5 44.4 35.7

Dome 39.0 37.2 27.1 41.3 27.9 28.4 33.3

V-gait 28.7 26.6 24.0 22.3 31.4 24.5 26.9

CMILL 6.4 6.2 3.7 5.3 1.2 2.7 4.1

VR Environment (percentage within VR environment, %)

Boat 14.6 17.9 28.8 18.3 19.9 21.5 19.5

Road walk 17.1 22.0 11.5 22.6 18.2 16.1 18.4

Road obstacle 26.1 15.4 15.8 14.5 16.8 13.6 16.8

Road stand 13.0 17.3 19.7 8.7 10.8 14.1 13.8

Cradle reach 11.0 9.2 8.8 9.4 11.2 11.2 10.4

Surf 0.7 1.7 0.6 11.2 8.7 2.5 4.2

Cradle balls 3.6 3.9 2.7 2.7 3.2 5.6 3.9

Forest 3.0 4.2 1.2 2.2 3.8 4.8 3.6

Active balance 1.6 2.0 3.3 2.7 2.1 2.1 2.2

 (Continued)
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and NN conditions; however, most patients had 
positive treatment effects marked by an overall 
improvement (over 50%) in functional meas-
ures (see Median values in Figure 3). Our find-
ings also suggest that VR-based rehabilitation 
increases patients’ confidence to perform bal-
ance and gait tasks (Figure 4). Nearly one-third 
of patients with PD had a clinical significant 
change after treatment.

The biological plausibility of VR-based rehabili-
tation lies in the ability to induce cortical reor-
ganization (e.g. in chronic PS),26 and to enhance 
experience-dependent neural plasticity through 
the incorporation of such motor learning princi-
ples as real-time feedback, focus of attention and 
implicit learning.8,13,27 VR also facilitates objec-
tive progression and task variation and specificity, 
subsequently better allowing the application of 
motor learning strategies during rehabilitation 
treatments.7,12 However, small samples could 
compromise finding statistically significant differ-
ences in some cases. For instance, although no 
difference PRE versus POST was seen in TBI 
patients for changes in BBS and FSST (Table 3), 
60% and 100% of these patients, respectively, 
showed clinically significant results for these out-
comes after treatment (Figure 3).

There might be several reasons to find no outcome 
differences within some subgroups. For instance, 
muscle weakness and fatigue are known to affect 
walking speed (and gait in general) during reha
bilitation treatments in PD patients.28 Variables 
including age and disease severity highly influence 
balance and gait rehabilitation in TBI patients.29 
Similarly, there are also PS conditions in which bal-
ance outcomes such as TUG tend to deteriorate.30 
In MS patients, other studies using VR-based reha-
bilitation did not find significant differences in BBS 
outcomes,31 and one study concluded that VR (i.e. 
Nintendo Wii Fit) does not provide significant 
improvements.32 Moreover, the high heterogeneity 
of the sample could have hindered the finding of 
statistically significant differences in the compari-
son of outcomes among groups.14 We deem VR as 
a rehabilitation tool that can be complemented 
with other methods of treatment. Therefore, we 
suggest having a rigorous individualized evaluation, 
seeking to incorporate the best possible motor 
learning strategy prior to rehabilitation, regardless 
of the method of treatment.

Our findings are mostly consistent with a recent 
systematic review that evaluated 97 studies 
reporting the efficacy of VR-based rehabilitation 
in improving balance and gait in patients with 

Group PD PS MS TBI ON NN Total

Counter balance 0.9 0.3 3.3 3.4 0.9 2.8 1.5

Cradle shape 2.1 0.7 1.8 2.2 1.4 1.1 1.4

Endless road 1.8 1.0 0.6 0.0 0.8 1.7 1.1

CMILL* 1.4 2.3 1.2 1.1 0.0 0.0 1.0

Cradle feet balls 0.3 0.8 0.0 0.0 0.5 2.2 0.8

Road avoid 0.4 0.1 0.6 0.7 1.0 0.7 0.6

Road obstacle hide 0.0 0.9 0.0 0.0 0.7 0.2 0.4

Corridor 1.6 0.3 0.0 0.2 0.0 0.0 0.3

Pert Train 0.4 0.1 0.0 0.0 0.2 0.0 0.1

Road gain 0.1 0.1 0.0 0.0 0.0 0.0 0.0

The count represents the ratio percent in which each VR system/environment was used.
*VR environments performed in the C-Mill (Stepping-stones, Obstacles, Track, Tandem, Slalom).
MS, multiple sclerosis; NN, non-neurological conditions; ON, other neurological; PD, Parkinson’s disease; PS, poststroke; TBI, traumatic brain 
injury; VR, virtual reality.

Table 5. (Continued)
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neurological conditions, especially regarding spe-
cific gains observed in BBS, TUG, and 10MWT. 
11 It is important to highlight that (unlike the 
treatments reported here) some of those studies 
complemented VR with conventional and alter-
native therapies. Thus, the present study rein-
forces the potential of VR alone for rehabilitation 
in clinical settings. Our results are comparable 
with those of another clinical study, which found 
significant improvements in TUG and FSST 
measures after 5 weeks of treadmill training com-
bined with VR.14 However, the authors did not 
find differences in gait speed or TUG change 
among subgroups with different pathologies, and 
further reported no significant improvements on 
gait speed (i.e., with reference to the comparison 
before and after training). Our study further con-
tributes to the literature by providing tools for the 
design and planning of theory-driven VR-based 
rehabilitation.

Design and planning of VR-based 
interventions
A major objective of this study was to identify the 
main characteristics involved in the design and 
methods used for VR-based rehabilitation. We 
observed a wide spectrum of treatment choices 
and a lack of standardized VR subprotocols. Key 
aspects for a therapeutically valid rehabilitation 
approach are theoretically driven planning of train-
ing intensity, and a personalized treatment plan 
adapted for each individual.11,33 Thus, in the first 
session of the reported VR-based treatments, clini-
cians conduct a meticulous evaluation of the sen-
sory, motor, and cognitive abilities and deficits of 
each individual (Figure 1). The evaluation consid-
ers prior clinical diagnoses, previous treatments, 
recent falls, medication, and physical activity. 
Familiarization activities also take place in the VR 
facilities. Based on this first (evaluation) session, 
intervention parameters are defined and determine 
the specific contextual needs of the patient: the 
content of the VR-based intervention (e.g. suitable 
VR environments, dosage); and training compo-
nents that will be adjusted during and between 
sessions as part of the treatment progression.34 
Therapeutic goals are also set before treatment 
and based on the International Classification of 
Functioning, Disability and Health (ICF),35 
according to impaired activity and participation. 
Setting the right training intensity should incorpo-
rate at least two variables: progression (i.e. adjust-
ments on the level of difficulty) and motivation.11 

Such strategy is in accordance with the flow chan-
nel theory, in which the right challenge in a thera-
peutic session is considered a balance to avoid 
frustration (challenges that are too hard) or bore-
dom (challenges that are too easy).36

Clinicians have a battery of instruments to measure 
balance and gait. Selecting a proper measure 
depends on the clinical condition of the patient and 
the therapeutic goal of the VR-based intervention. 
The measures mostly used in the reported VR-based 
interventions are consistent with those commonly 
found in the literature to assess balance (e.g. TUG, 
BBS) and gait (e.g. 10MWT).11 However, we 
observed a lack of homogeneity in applied balance 
and gait measures (Table 2). The fact that applied 
balance and gait measures were inconsistent among 
patients and treatments may suggest a lack of 
standardization of the clinical assessment protocol. 
This is not surprising since most of these functional 
measures are commonly used in clinical research 
protocols rather than in the physician’s office. 
However, given the complexity involved in plan-
ning and designing personalized VR-based treat-
ment protocols, we call on the community to 
standardize the assessments and tests according to 
the personalized interventions. Longitudinal fol-
low-ups at patient level, as well as at the level of the 
healthcare provider, will also benefit from stand-
ardization of assessments to monitor clinical effi-
cacy within and across centers.

Prior to each VR-based intervention and addi-
tional to treatment steps (see Figure 1), a high-
level protocol for the incorporation of theory-driven 
VR-based rehabilitation11 should be designed. The 
protocol should follow the therapeutic validity 
requirements general to exercise interventions,33 
and should be specific to VR, to comprise (but not 
be limited to) the following work items:

(1)		� Identifying both clinician and patients’ 
acceptability to VR: to examine the risk 
of cybersickness (e.g. dizziness) and the 
level of visual dependency.37,38

(2)		� Recognizing VR tools: to determine the 
therapeutic and motor learning character-
istics offered by the VR systems and envi-
ronments available for treatment (e.g. see 
Table e1).39

(3)		� Matching VR tools with individual reha-
bilitation goals: to identify suitable VR 
systems/environments for the treatment 
of each individual. If no suitable VR tool 
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is identified, consider rehabilitation alter-
natives (e.g. conventional therapy).

(4)		� Regulating VR intensity/dosage: we rec-
ommend following the flow theory and 
balance task difficulty according to 
patients’ motivation.40,41 Such VR prop-
erties as objective progression and exter-
nal feedback (e.g. see Table e1) are 
particularly useful for this aim.11

(5)		� Adherence: to evaluate patients’ satisfac-
tion with VR-based rehabilitation at the 
end of each session. Compare suitability 
with that of other rehabilitation tools 
(e.g. conventional therapy).

VR systems and environments
We aimed to describe the application of VR. 
Medical centers or laboratories intending to 
undergo clinical implementation of VR-based 
rehabilitation should have a precise understand-
ing of the systems and environments available, 
and their functionality.15 Both clinical and 
research teams periodically analyze the VR sys-
tems and environments reported here (see Tables 
5 and e1), and discuss their characteristics and 
suitability for rehabilitation according to thera-
peutic goals. For example, one VR environment 
may address specific gait deficits and be suitable 
to conduct obstacle negotiation tasks (e.g. ‘road 
obstacle’), another can be useful for weight-shift-
ing tasks (e.g. ‘boat’, ‘surf’), and other may focus 
on visual-spatial training (e.g. ‘road stand’). Our 
clinical team has access to four VR systems and 
23 VR environments, certainly permitting a large 
number of degrees of freedom. While it is imprac-
tical to design a priori ‘algorithms’ that refer to all 
possibilities, a rationalized outlined approach is 
encouraged. It is possible to use a spectrum of 
‘small’ VR tasks aimed at specific deficits, and to 
use their different combinations to individually 
tailor the algorithm according to affected neuro-
logical systems. For example, let us consider the 
case of a person with balance deficits evidenced 
by a history of falls. A potential therapeutic goal is 
improving the control of center-of-mass varia-
tions. Virtual tasks from the environments ‘road 
stand’, ‘boat’ or ‘cradle reach’ may be assigned to 
such patient. Another example is a patient with 
difficulties for sorting obstacles out; in such a case 
the patient may be assigned to environments such 
as ‘road walk’, ‘road obstacle’ or ‘forest’ (or a 
combination thereof).

As the benefits of VR rely on its capacity to facili-
tate incorporation of motor learning principles,12,13 
we recommend recognizing and evaluating the 
characteristics of the VR systems and environ-
ments that can potentially promote such principles 
as extrinsic and intrinsic feedback, task variation, 
and implicit learning. Another important VR char-
acteristic is immersion. For example, owing to its 
360° room-size shaped screen, the CAREN Dome 
allows a more enhanced level of immersion than 
the rest of VR systems in our facilities. Hence, 
taking therapeutically valid and theoretically driven 
choices in VR-based rehabilitation relies on under-
standing the potential of VR for exploiting motor 
learning. Thus, one of the recommendations of the 
present study is that professional specialization is 
needed to those clinicians treating with VR-based 
interventions. Further research is needed to better 
understand the effects of specific VR systems and 
environments on individual outcome measures.

Patients’ perception of VR usability and effects
One interesting finding is that some patients 
enrolled to multiple VR-based rehabilitation 
treatments (Table 1). We interpret this as an indi-
cation of acceptability. For instance, between 
40% and 50% of patients with PS, TBI, and other 
neurological conditions (i.e. the ON group) 
attended more than one full treatment, while 
among patients with PD, MS, and NN condi-
tions, it was between 17% and 23%.

On the other hand, while the reasons for not com-
pleting at least 12 sessions (i.e. one treatment) 
were not available in the records, the fact that 
41 persons out of the 208 who initiated VR 
(41/208, 19%), did not complete at least one 
treatment may point to a subgroup that may not 
be suitable for VR-treatments for clinical/accept-
ability bias. Further studies should also focus on 
reasons for such drop-outs in order to remediate 
possible bias.

The SEQ24,25 questionnaire is particularly relevant 
since it evaluates the perception of every individ-
ual towards VR as a rehabilitation tool, and the 
effect of VR in the rehabilitation process. The 
most positive feedback obtained was in regards to 
topics such as enjoyment, immersion, clarity, and 
easiness of the VR system, and lack of discomfort 
or adverse events (e.g. dizziness) (Table e3). Some 
aspects identified to be insufficient were, namely, 
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feeling of successfulness and of difficulty in com-
pleting the task in the VR environment.

These findings are pertinent given the novelty of 
VR in clinical routine for rehabilitation, and for 
a successful transition to clinical implementation 
of VR.

Strengths and limitations
The strength of our study is the large number of 
VR treated patients and our vast experience in a 
variety of clinical conditions and treatments. This 
study analyzed the implementation of VR-based 
rehabilitation of balance and gait in 167 patients 
with different neurological and NN conditions. 
Our additional strength stems from our focus on 
VR-related rehabilitation, which represents a rel-
evant and timely theme in the world scenario of 
chronic diseases, and the increase of therapeutic 
options for the rehabilitation of neurological 
dysfunctions.

Indeed, VR-based rehabilitation in ecologically 
valid environments has been suggested to be more 
effective than conventional training, for example, 
for cognitive training in stroke patients.42 However, 
one technical limitation observed stems from the 
fact that the VR system does not exactly expose 
patients to real life situations (i.e. VR tasks are still 
game-like and not realistic enough). This affects 
the ability to treat actual patients’ goals. We 
believe that with the advance and development of 
computer science, more realistic and oriented VR 
environments and tasks will be possible in the 
short term.

Several limitations relate to the study design and 
data analyses. While randomized controlled trials 
and cross-sectional studies may present with a 
rigorous design and control of experimental 
stages, routine clinical practice is subject to hospi-
tal organization and patient availability.

The retrospective nature of the present study pre-
sents limitations. Ideally, subjects should be 
recruited to VR treatments according to inclusion 
criteria posed before treatments, thus generating 
homogenous clinical groups for outcome meas-
ures. In the present study, we analyzed retrospec-
tive data on heterogeneous patients.

To overcome the fact that the number of treat-
ments was unequal between patients, we opted to 

analyze only the first completed 12 sessions (first 
treatment) for each patient. We also observed 
some heterogeneity of the treatments themselves, 
for example, the combination of different VR 
environments, a fact that may influence out-
comes. Nevertheless, the reported VR-based 
rehabilitation treatments followed therapeutic 
validity methodologies based on a-priori aims and 
intentions, having a rationale for the content and 
intensity (which can be monitored and adjusted 
when necessary), and, maybe most importantly, 
being personalized and contextualized to the indi-
viduals.33 This implies that therapeutic valid 
treatments (i.e. VR-based or others) will be het-
erogeneous in many cases; particularly, in routine 
clinical practice in which interventions are not 
bound to specific procedures and methodologies.

For an effective transition to (and understanding 
of) implementing VR in a clinical routine man-
ner, we advocate a fully detailed report on the 
clinical aspects occurring during (and between) 
sessions as well as adverse events such as falls, 
which were not monitored in the present study.

Another deficient aspect concerns the lack of 
quantification for feasibility. Our conclusion con-
cerning the practicability of VR refers mainly on 
the demonstration that (based on our experience 
described in the present study) VR-based reha-
bilitation is clinically practicable and might be 
incorporated within routine interventions in hos-
pital rehabilitation units. Future studies using 
protocols including quantifiable methods of feasi-
bility will be contributory.

Based on clinical trials, cohort studies and case 
reports, a recent systematic review suggests that 
an optimal use of VR for rehabilitation might be 
in combination with conventional therapies.11 
The review included studies that failed to prove 
strong methodological quality and did not incor-
porate theory-driven protocols to promote motor 
learning. Still, the results of the present study 
suggest that the implementation of VR alone in 
routine clinical practice is viable and effective for 
the rehabilitation of balance and gait. We found 
that a variety of VR systems and environments 
facilitates personalized and contextualized treat-
ments because it allows simulating different tasks 
with specific therapeutic goals. Furthermore, 
through intrinsic characteristics such as multisen-
sory feedback and task variation, VR-based reha-
bilitation can promote motor learning and enables 
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a meticulous control of progression within, and 
among, rehabilitation sessions.

This study can serve as reference for clinicians 
willing to incorporate VR as part of their clinical 
service, and is oriented to contribute to the transi-
tion from short-term VR application (e.g. in 
research studies) to long-term VR implementa-
tion in the clinical area.
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