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Abstract 

Objectives. To critically identify studies that evaluate the effects of cueing in virtual motor 

rehabilitation in patients having different neurological disorders and to make recommendations 

for future studies.  

Methods. Data from MEDLINE®, IEEExplore, Science Direct, Cochrane library and Web of 

Science was searched until February 2015. We included studies that investigate the effects of 

cueing in virtual motor rehabilitation related to interventions for upper or lower extremities using 

auditory, visual,  and tactile cues on motor performance in non-immersive, semi-immersive, or 

fully immersive virtual environments. These studies compared virtual cueing with an alternative 

or no intervention.  

Results. Ten studies with a total number of 153 patients were included in the review. All of them 

refer to the impact of cueing in virtual motor rehabilitation, regardless of the pathological 

condition. After selecting the articles, the following variables were extracted: year of publication, 

sample size, study design, type of cueing, intervention procedures, outcome measures, and 

main findings. The outcome evaluation was done at baseline and end of the treatment in most 

of the studies. All of studies except one showed improvements in some or all outcomes after 

intervention, or, in some cases, in favor of the virtual rehabilitation group compared to the 

control group.  

Conclusions. Virtual cueing seems to be a promising approach to improve motor learning, 

providing a channel for non-pharmacological therapeutic intervention in different neurological 

disorders. However, further studies using larger and more homogeneous groups of patients are 

required to confirm these findings.  

Keywords: virtual cueing, virtual motor rehabilitation, human computer interaction, disorders  

1 Introduction 

In the last few years, the main causes of neurological disorders in the world are Acquired Brain 

Injury (ABI) [1], Parkinson’s disease (PD) [2], and Multiple Sclerosis disease (MS) [3]. ABI is an 

acute injury in the encephalon which leads to permanent neurological impairment in the subject 

and produces a detriment to functional abilities and quality of life [4]. Based on initial diagnosis, 

ABI is classified by traumatic (Traumatic Brain Injury (TBI) [5]) or non-traumatic (Stroke [6]) 

incidents. This type of injury leads to motor disabilities such as postural control impairments, 

balance disorders, patient mobility, and upper extremity functionality [7]. From 1997 to 2007, the 

number of deaths from TBIs in the US was around 53,014 patients, with an average incidence 

of 18.4 per 1,000,000 individuals [8], 1.1 million emergency department visits, 235,000 

hospitalizations, and 50,000 deaths [9].  

The incidence of stroke is considerable in the US and EU countries (France, Italy, Spain, UK, 

and Germany). Based on the data collected by Zhang et al. [10], the incidence of stroke in the 

six countries of interest ranges between 114 cases per 100,000 people per year in France for 
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first ever stroke to 350 cases per 100,000 people per year in Germany for all stroke, while 

prevalence estimates ranged from 1.5% in Italy and 3% in the UK and the US. The incidence in 

Northeastern China was between 441 and 486 cases per 1,000,000, and in Southern China it 

was between 81 and 136 cases per 1,000,000 [11]. 

PD is a progressive degenerative disorder that produces motor disturbances showing 

dyskinesia and motor fluctuations [2]. Due to neural damage in the brain [12], the motor 

symptomatology of PD patients is resting temblor [13], muscle rigidity [14], bradykinesia [15], 

postural control [16], and balance disorder [17]. The non-motor disturbances of PD patients are 

cognitive impairments [18] (memory impairment) and sleep and mood disorders [19]. According 

to Dorsey et al. [20] the projected number of people with PD in the world's 10 most populous 

nations over age 50 will range between 8.7 and 9.3 million by 2030 (doubling 2005 figures). 

MS is an inflammatory disease of the central nervous system (CNS) with progressive 

neurodegeneration effects [21]. The physical disorders are fatigue, spasticity, weakness, 

impaired mobility [22], coordination, balance disorders, and vision problems [3], whereas the 

non-physical disorders are cognitive dysfunction (attention deficits, memory loss, information 

processing) [23], reducing the MS patients’ quality of life. The incidence of MS is based on 

latitude [24], with a standardized rate of 7.3 per 1,000,000 person-year in the US [25], an 

incidence in Canada of 298.3 per 1000,000 people per year [26] in 2005, an annual incidence in 

the Patagonia region of 1.4 per 100,000 people per year [27], and an incidence for both sexes 

in Europe from 1.14 to 7.93 per 100,000 people per year [28] in the period of 1985-2009. 

The purpose of this methodological review is to determine the effects of cueing in motor virtual 

rehabilitation in a broader sense, regardless of the pathology of patients.  

1.1 Cueing and Virtual Rehabilitation 

Cueing is defined as using external temporal or spatial stimuli to facilitate the initiation and 

continuation of movement (gait) [29]. Horstink et al. [30] distinguish between cues and stimuli, 

stating that ‘cues give information on how an action should be carried out and are hence more 

specific than simple stimuli’. According to Cools [31], cues are ‘contextual or spatial stimuli 

which are associated with behavior to be executed, through past experience’. Albiol et al. [32] 

proposed an alternative definition of Virtual Reality Motor Cues (VR Motor Cues), which 

includes ‘those mechanisms in a virtual environment designed with the specific purpose of 

inducing the user to perform a specific motor activity’.  

There are many types of external cues such as visual, auditory, and somatosensory cues. In 

traditional motor rehabilitation, visual cues have normally used a series of strips placed on the 

floor in a transverse line for the patients to walk over [33][34][35]. Auditory cues do not 

necessarily add realism to the scene, but they do increase the sense of presence [36].  

The field of Virtual Reality (VR) technologies has experienced great advances and benefits in 

Traditional Motor Rehabilitation (TMR) in patients with Neurological Diseases. Virtual 

rehabilitation introduces a new form of intervention that has many advantages over traditional 
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rehabilitation approaches. This technology provides the capability to create an environment in 

which the intensity of feedback and training can be systematically manipulated and enhanced in 

order to create the most appropriate, individualized motor learning paradigm [37]. The programs 

become more interesting and enjoyable than traditional tasks [38][39] and they are especially 

appropriate for systems targeted to non-clinic environments (e.g., a patient’s home). This 

reduces reducing the cost of providing care in remote areas while at the same time improving 

access to a higher quality of care in these remote areas. Different studies have demonstrated 

that virtual rehabilitation could be beneficial for patient rehabilitation [40][41][42][43][44][45]. 

The capacity of Virtual Motor Rehabilitation (VMR) to create customizable, interactive, and 

multisensory 3-D stimuli offers clinical intervention and assessment that are more accurate than 

TMR approaches [46]. VR has great potential to create very precise training environments that 

allow performance measurement, data analysis, and recording to monitor the progress of 

subjects. The practical advantages of using VMR include safety, time, space, equipment, cost 

efficiency, and enjoyable therapeutic sessions [47].  

One of the strengths of virtual reality as a training tool in clinical environments is related to the 

multi-sensory experience that it provides. The visual, auditory, and tactile cues that are added to 

the environment improve the virtual experience.  

1.2 Real versus Virtual Cueing 

Some studies on real cueing suggest that it can have an immediate and powerful effect on gait 

performance in people with Parkinson’s disease, showing improvements in walking speed, step 

length, and step frequency. [48][49]. Nevertheless, the influence of cueing has mainly been 

studied in single-session experiments in laboratory settings [50]. Results show a short-term 

correction of gait and gait initiation but generalization to activities of daily living (ADL) is limited. 

Willems et al. [51] also demonstrated that the use of rhythmical auditory cues improved stride 

length and walking velocity. Withall et al. [52] demonstrated that bilateral arm training with 

rhythmic auditory cueing improves motor function in the hemiparetic arm. Later, in a review 

about cueing applied to the Freezing of Gait in patients with Parkinson’s disease [53], the 

results showed that the immediate effects of cues have no consistent impact but that longer 

periods of cued training may be beneficial. Suteerawattananon et al. [35] conducted a study that 

showed that either visual or auditory cues significantly improved gait performance in PD, not 

only separately but also when combined. They conclude that cueing may be one of the 

strategies for reducing gait difficulties in patients with PD and should be incorporated in clinical 

scales to assess gait and balance difficulties. 

Nevertheless, in the literature, we find that cueing does not always improve motor functions 

such as gait [54][55][56], nor does a single type of cue improve gait for all the patients suffering 

from Parkinson’s Disease. In fact, the study conducted by Nieuwboer et al. [29] trained 

Parkinson Patients with their preferred modality of cue only. 
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Several studies have developed cue-based prototypes to enhance VR-based rehabilitation. The 

research presented by Park et al. [57] is a novel approach to the development of a body-weight 

supported treadmill interface (BWSTI) system associated with a VR system to investigate 

Freezing of Gait (FoG) in patients with Parkinson’s disease. The authors found that the system 

can safely and realistically reproduce real-world, overground walking conditions, being able to 

evoke FOG in the laboratory with the help of visual cues. Visual stimuli that might cause FOG 

were shown to them while the speed adaptation controller adjusted treadmill speed to follow the 

subjects’ intention. With regard to tactile cues, the sense of touch is indispensable for many 

routine tasks, working in close coordination with vision, hearing, and the motor control system. 

Real-time tactile feedback applied to the working arm could help patients correct motion errors 

during rehabilitation [58].  

There is little evidence in methodological reviews from the point of view of virtual motor cues. 

Cueing has mostly been studied in the rehabilitation of Parkinson Patients (traditional and/or 

virtual), mainly oriented to the problematic of gait and balance in this kind of pathology. The 

study performed by Lim et al. [49] focused on the effects of external rhythmical cueing on gait in 

patients with Parkinson’s Disease.  As a clinical message, the authors concluded that there was 

strong evidence that rhythmical auditory cueing enhances walking speed. However, 

generalization of reported effects measured in a gait laboratory to gait-related ADLs and 

patients’ own home situations remains unclear. Baram conducted a review focused on the 

improvement of gait in movement disorder patients with the help of virtual sensory feedback 

[59]. The author performed a series of studies including visual feedback, auditory feedback, and 

combined visual and auditory feedback for the following pathologies: Parkinson’s Disease, 

Senile Gait, Multiple Sclerosis, Cerebral Palsy and patients having had previous strokes. Even 

though certain studies found that open-loop sensory stimulation resulted in gain and balance 

improvement, other studies have questioned the effectiveness of monotone sensory cues.   

2.- Materials and methods 

2.1. Search Strategy. In order to gather all the information, we searched different databases 

electronically: (Medline through Pubmed, IEEE Electronic Library, Science Direct, Cochrane 

library) from inception until February 2015. The major search terms were virtual rehabilitation, 

cueing, and virtual cues. Depending on the search engine, subject headings and keywords 

based on the search terms were used to identify relevant articles). To summarize, we attempted 

to obtain publications that contain interventions based on virtual motor rehabilitation and that 

also used virtual cueing, rregarless of the type of cue (visual, auditory, or tactile/haptic). Some 

examples of search words were: virtual rehabilitation, virtual motor cues, virtual cueing, virtual 

reality motor cueing, and combinations of these terms. Fig. 1 presents some example search 

queries that we used for searching in Medline (using the PubMed interface). 
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 All fields Cueing [mh] 

AND All fields Virtual cues [majr] 

   

 All fields virtual motor cues 

OR All fields virtual motor cueing 

   

 All fields Virtual Rehabilitation 

AND All fields Virtual cueing 

   

 All fields Virtual Rehabilitation [mh] 

AND All fields Virtual cueing [majr] 

   

 All fields virtual motor cues/RH 

OR All fields virtual motor cueing/RH 

   

 All fields Virtual Cueing [mh] 

OR All fields Virtual cues [mh] 

AND All fields Motor rehabilitation 
 

Fig. 1. Sample search queries used for article retrieval from Medline. 

In an attempt to identify further relevant studies, we searched conference proceedings of 

international workshops on Virtual Reality/Rehabilitation. Reference lists from the identified 

publications were also reviewed to identify additional research articles of interest.  

2.2. Eligibility criteria. We included studies that investigate the effects of cueing in virtual motor 

rehabilitation. Interventions for upper or lower extremities using auditory, visual, or tactile cues 

on motor performance in non-immersive, semi-immersive, or fully immersive virtual 

environments were included. Interventions that met the definition introduced by Schultheis and 

Rizzo [60] were considered to be virtual reality: “an advanced form of human-computer interface 

that allows the user to interact with and become immersed in a computer-generated 

environment in a naturalistic fashion”. Studies were accepted when they were published in a 

peer-reviewed journal and they were written in English. 

We excluded interventions applied on healthy subjects as well as studies conducted for 

rehabilitation of cognitively disabled people. We also excluded studies intended for cognitive 

rehabilitation whether they use or not they used cueing for virtual rehabilitation. Studies related 

to traditional rehabilitation were also excluded as well as any kind of virtual-reality-based 

contribution developed for recreational or educational purposes.  

2.3. Data Collection. Two review authors (GP and SA) independently reviewed titles and 

abstracts retrieved from the search in order to determine if they met the predefined inclusion 

criteria. The full text was checked in cases of uncertainty. A third review author (IG) moderated 

any disagreement. The full text articles were analyzed in order to extract the type of sensory 

cue. 

3.4. Quality Assessment. The studies were assessed independently by GP and SA. Any 

disagreements in quality assessment were resolved in consensus meetings by the three 

authors. We tried to take into account the inclusion criteria stated in the Physiotherapy Evidence 
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Database (PEDro) [61]. The eligibility criteria were clearly satisfied in six studies 

[62][63][64][65][66][67]. Due to the nature of treatments, blinding of subjects and clinicians was 

impossible. That means that it is not possible to fit some of the items in the PEDro scale, such 

as concealed allocation. The same applies to the items 5, 6, and 7, referring to subject, 

clinician, and assessor blinding, respectively. With the exception of three studies [68][65][69], 

the interventions were carried out on a single group. Baseline comparability was achieved in all 

studies except two cases [65][68], where this criterion was unclear. Finally, due to the novelty of 

treatments, subject allocation was only randomly performed in two studies [68][69]. These two 

studies [68][69] were included in PEDro. 

3. Results 

3.1 Data synthesis. The initial search yielded 547 articles. After removing duplicates, 357 

potential articles that investigate the effects of cueing were identified. The authors 

independently evaluated titles and abstracts taking into account the inclusion and exclusion 

criteria. Whenever necessary, a more thorough study was carried out in order to discard articles 

that did not match the established criteria. Finally, the population of our study consisted of 10 

articles, with a total number of 153 patients included and selected for quantitative analysis. All of 

them refer to the impact of cueing in virtual motor rehabilitation, regardless of the pathological 

condition. After selecting the articles, the following variables were extracted: year of publication, 

sample size, study design, type of cueing, intervention procedures, outcome measures, and 

main findings. The details of the search result are summarized in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 2. Consort diagram of study selection. 
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3.2. Characteristics of included studies. Table 1 presents the general characteristics of the 

different studies: concerning year of publication, sample size, study design, type of cueing, 

intervention procedures, outcome measures, and main findings.  

(a) Population. The subjects in five studies were Parkinson’s Disease patients 

[62][63][64][70][71], four were related to Stroke [68][65][66][69], and one study dealt with 

Traumatic Brain Injury (TBI) patients [67]. The mean age of the subjects was comparable across 

studies (from 54.3 to 73.3) except the TBI study (37.8). None of the studies reported sample 

size calculation to achieve the necessary power to detect important differences. The sample 

sizes were small in all studies (<30). In most of them, the percentage of males was higher than 

the percentage of females.   

(b) Study design and type of cueing. Four studies were pre-post designed [63][66][68][71], two 

of them were designed as pilot studies [64][70], three were comparative studies [62][65][67], 

and one of them was a randomized control study [69]. Visual cueing was used in all studies. A 

mixed cueing (auditory and visual) was used in five studies [62][66][68][69][70], and only one 

study used haptic cueing [67].  

(c) Interventions. Different VR devices were used across studies. Seven studies conducted 

immersive o semi-immersive interventions [62][63][64][67][68][70][71], whereas three studies 

conducted non-immersive interventions [65][66][69]. Seven studies were focused on lower limb 

rehabilitation [62][63][64][66][69][70][71], and three of them were focused on upper limb 

rehabilitation [68][65][67]. Head-mounted displays or virtual reality glasses (VGR) were used in 

six studies [62][63][64][68][70][71]. Espay et al. [62] used a head-mounted micro display and 

earphones operating in an adaptative closed-loop mode and displaying a life-size 

checkedboard-tiled floor superimposed in the real world. Kaminsky et al. [64] used a prototype 

of virtual cueing spectacles (VCS) intended for simulating the kinesia paradoxa to improve gait 

in PD patients at home and in community settings. It was programmed in such a way that when 

the subjects looked directly at their feet, they would see stationary horizontal lines of light on the 

floor in front of them. Caudron et al. [70] used a semi-immersive binocular head-mounted 

display and 3D-wireless inertial sensors together with eight infrared-emitting cameras. Baram 

[71] used a head-mounted 3-axis rotational accelerometer, a body-mounted 3-axis translational 

accelerometer together with head-mounted display, all of which were connected to a wearable 

computer. Fischer [68] used a cable orthosis with a five-cable glove and a pneumatic hand 

orthosis containing a single chamber air bladder for the two experimental groups, respectively. 

The patients also used a PC Glasstron® head-mounted display (PLM-S700; SONY electronics, 

Inc). On the other hand, in the study of Mirelman et al. [69], the subjects were trained on the 

Rutgers Ankle Rehabilitation System. Walker et al [66] used a body weight–supported treadmill 

training (BWSTT) virtual reality system. Liebermann [65] used a 2-D IREX video-capture 

system, and Dvorkin designed a “virtually minimal” approach using robot-rendered haptics 

consisting of a three-dimensional haptics/graphics system and a 6-degree of freedom 

PHANToM [67].  
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The frequency and duration of interventions varied across studies: from two consecutive days 

[67] to six weeks [66][68]. Some of the studies did not specify a period of time but rather the 

number of performed tests [63][65][71]. As far as the experiment settings are concerned, four 

studies were carried out in clinical environments [62][67][70][71], four studies took place in 

research laboratories [63][65][66][68], and two studies were developed at home and in 

community environments [64][69].  

The interventions were successfully carried out in most cases. In the study of Griffin et al. [63], 4 

out of 26 participants were excluded either because of disagreement or because of their 

extremely impaired walking. Three out of 21 participants did not tolerate the interactive visio-

haptic environment in Dvorkin’s study [67]. One out of seven participants dropped out of the 

study conducted by Walker [66], and two participants out of 15 withdrew from Fischer’s study 

[68]. In the study conducted by Espay et al. [62], two patients did not feel comfortable using the 

glasses and did not train at home.  

 (d) Outcome measures. All of the studies included more than one outcome measure. Those 

studies related to Parkinson’s Disease patients showed measures related to gait functions and 

balance (freezing of gait frequency, fear of falling, loss of balance, etc.) as well as timing 

parameters to measure completion tasks (task completion time, velocity, cadence, stride length, 

etc.). The TBI study included spatial and temporal kinematic parameters (trial time, hand path, 

distance from target, and velocity). All of the studies except one [65] showed improvements in 

some or all outcomes after intervention, or, in some cases, in favor of the VR group compared 

to the control group.  

Outcomes in lower limb rehabilitation were good enough due to the introduction of cueing in 

virtual rehabilitation. Griffin et al. [63] demonstrated that, of the Virtual Reality Glasses (VRG) 

cues, only the visual-flow stimuli showed an improvement in task completion time with no 

amelioration of Freezing of Gait (FoG). In conclusion, their results suggest that the provision of 

visual-flow cues through the VRG can improve some aspects of walking without medication in 

mid-stage PD. However, no specific VRG stimulus emerged as being effective in the majority of 

patients. Virtual cueing spectacles (VCS) used in the study of Kaminsky et al. [64] appeared to 

improve the functional mobility of six idiopathic PD patients by counting the number of LOBs 

and freezes, as well as the completion of the PDQ-39 questionnaire pre- and post-intervention.     

On the other hand, Mirelman et al. [69] found that walking speed and distance walked in chronic 

hemiparesis patients improved and were retained for 3 months in the experimental group, 

whereas improvements in the control group were modest without transferring significant 

functional changes. Walker et al [66] showed that participants made significant improvements in 

their ability to walk by measuring reasonable increases in functional gait assessment (FGA), 

Berg balance scale (BBS), and overground walking speed.  

Espay et al. [62] demonstrated the effectiveness of interventions with devices using closed-loop 

sensory feedback. PD patients showed improvements in gait while decreasing freezing. In the 

same way, the Baram et al. study [71] showed that performance in the completion of a track, 
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speed and stride length was improved significantly when using a closed-loop display. These 

devices help the patient to regulate his/her gait since they respond to the patient’s own motion.   

Caudron et al. [70] measured instability and fall parameters by submitting patients to several 

sequences of pull test. Both visual and auditory cues were given, but only visual cues resulted 

in improvements in both stabilization and orientation. Auditory cues applied alone did not modify 

postural responses.  

Outcomes for upper limb rehabilitation were quite modest. The participants in the Fischer study 

[68] demonstrated a decrease in the time to perform some of the functional tasks, although the 

overall gains were slight. In the same way, in the Dvorkin study [84], patients exhibited attention 

loss both before and during a movement, but they benefitted from haptic nudge cues. 

Movement quality in the Lieberman study [65] was not good enough due to the virtual 

environment. 

 
Table 1. Characteristics of the different studies.  
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Author(s) 
Year of 
publication 

Pathology and 
sample size 

Age 
Mean 
(SD) 
years 

Gender 
(% male) 

Design of 
Study 

Type 
of 
cueing 

Type of 
VR 

VR Intervention Outcome measures Conclusions 

Espay et al. 
(2010) [62] 

PD/13 73.3 ± 
11.7  

6/15 Comparative 
study  

AV Immersive At-home training exercises to 
improve gait using virtual 
augmented reality goggles 
and earphones operating in 
an adaptative closed-loop 
mode 

Gait velocity, stride length, and 
cadence, FoGQ. 

Effectiveness of interventions with 
devices using closed-loop sensory 
feedback. Improvement of gait in 
patients with PD while decreasing 
freezing. 

Griffin et al. 
(2011) [63] 

PD/ 
26 

64.3 
(7.58) 

22/26 Pre-post V immersive VR walking exercises  with 
VRG to improve gait and 
reduce FoG 

Measures of gait (task completion 
time; velocity, cadence, stride length; 
FoG frequency) and self-rated FoF. 

Visual-flow cues through the VRG can 
improve some aspects of walking 
without medication in mid-stage PD. No 
particular VRG stimulus emerged as 
effective in a majority of the patients 

Kaminsky et 
al. (2007) 
[64] 

Idiopathic 
PD/6 

65.1±1
2.3 

4/6 A single-
subject pilot 
study 

V immersive Activities of Daily Living 
(ADL) with VCS 

Counts of LOBs and freezes, pre-
/post intervention completion of the 
PDQ-39, observation of baseline 
and intervention gait, and an 
interview regarding user satisfaction 
with VCS. 

VCS appeared to improve the 
functional mobility of all six participants 
in some way. 

Liebermann 
et al. (2012) 
[65] 

right-handed 
right 
-hemiparetic 
Stroke/16 

65.2±9
.8 

13/16 Comparative 
study (VR 
versus non 
VR conditions) 

V Non-
immersive 

Seated subjects made 14 
reaching movements towards 
each of three targets in two 
conditions, a physical 
environments and a 2-D 
Virtual environment, using 
the IREX video-capture 
system 

Motor performance variables: 
endpoint peak speed, path length, 
path straightness, movement 
precision: 3-D absolute root mean 
square (rms) directional errors; motor 
pattern variables: final angles of 
elbow extension and shoulder 
flexion, sagittal trunk displacement. 
 

Results describe a decrease in overall 
movement quality due to the Virtual 
environment in comparison with the 
physical environment.  
 

Walker et al. 
(2010) [66] 

Stroke/7 54,3 50% Pre-post VA Non- 
immersive 

Twelve treatment sessions of 
BWSTT with VR 
 

FGA score, BBS score, and 
overground walking speed. 
 

Participants made significant 
improvements in their ability to walk. 
Reasonable increase in FGA, BBS and 
overground scores. 
 

Dvorkin et al. 
(2013) [67] 

severe TBI/21 37.8 ± 
17.9 

17/21 Comparative 
study  

VH Immersive Exercises to reach targets 
appearing randomly at 
various locations in the 3D 
space.  

Spatial and temporal kinematic 
parameters (total trial time (s), from 
target appearance to trial completion, 
hand path, velocity (m/s), and 
distance from target (m). 

The interactive visuo-haptic 
environments were well-tolerated, but 
they exhibited attention loss both before 
(prolonged initiation) and during 
(pauses during motion) a movement. 
Compared to no haptic feedback, 
patients benefitted from haptic nudge 
cues but not break-through forces. 

Fischer et al. 
(2007) [68] 

Stroke-
Chronic upper 

60±14 9/15 Pre-post-
follow up 

VA Immersive Grasp-and-release training 
integrating 

Biomechanical assessments 
included grip strength, extension 

Participants demonstrated a decrease 
in time to perform some of the 
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extremity 
hemiparesis/1
5 

virtual reality with 
mechatronic devices to 
assist hand opening. 

range of motion and velocity, 
spasticity, and isometric strength. 
 

functional tasks, although the overall 
gains were slight.  
 

Mirelman et 
al. (2009) 
[69] 

chronic 
hemiparesis 
after stroke/18 

Exp. 
Group: 
61.8±9
.94  
Contro
l 
Group: 
61±8.3
2  

15/18 A single-blind, 
randomized, 
control study 

VA Non-
immersive 

Movements of  ankle into 
dorsiflexion, 
plantar flexion, inversion, 
eversion, and a combination 
of these movements on the 
Rutgers Ankle Rehabilitation 
System 

Distance (km in 7 Days), number of 
Steps/Day, average Speed (m/sec), 
step length (m) and top speed 
(m/sec). 

Walking speed and distance walked 
improved and were retained for 3 
months in the experimental group, 
whereas improvements in the control 
group were modest and did not transfer 
significant functional changes.  

Caudron et 
al. (2014) 
[70] 

Idiopatic 
PD/17 

61.9±8
.2 
 

10/17 Pilot study VA 
 

Semi-
immersive 

Patients were submitted to 
several sequences of pull 
tests. These tests were 
performed with eyes open, 
eyes closed and with visual 
biofeedback. Two verbal 
instructions were given  

Postural reaction peak, final 
orientation, fall parameter, instability 
parameter.  
 

Auditory cues did not modify postural 
responses. Stabilization and orientation 
improved with the visual cues. 

Baram et al. 
(2002) [71] 

PD/14 68.2±8
.17 

not 
specified 

Pre-post V 
 

Immersive Walking a straight track of 10 
meters four times, displaying 
a virtual tiled floor in 
perpetual motion towards the 
observer. 

The time to complete the track and 
the number of steps for each path, 
speed and stride length. 

The best effect can be achieved using a 
closed-loop display, which responds to 
the patient’s own motion and helps him 
regulate his gait. Performance was 
improved significantly. 
 
 

 
 
PD: Parkinson’s Disease, TBI: traumatic brain injury, A: Auditory cue, V: visual cue, T: tactile cue, H:haptic cue, VR: Virtual Reality, VRG: Virtual Reality 
Glasses, VCS: Virtual Cueing Spectacles, ADL: Activities of Daily Living, IADL: instrumental ADL, BWSTT= body weight–supported treadmill training, FoG: 
Freezing of Gait, FoGQ, Freezing Of Gait Questionnaire, FoF: fear of falling, FGA: Functional Gait Assessment, LOB: Loss of Balance, BBS: Berg Balance 
Scale, PDQ-39, Parkinson’s Disease Questionnaire. 
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4 Discussion 

This is the first methodological review carried out to explain the benefits of cueing in virtual 

motor rehabilitation. Several methodological reviews have been conducted in the field of 

traditional motor rehabilitation (not virtual cueing), such us the work of Lim et al. [49].  

In the literature, it has been shown that sensory cues of different modalities (lines on the floor, 

rhythmic music, vibratory cues, etc.) lead to improvement in motor problems in different 

neurodegenerative diseases. Several studies indicated improvements in stride length and 

walking speed when using visual cues on the floor [72][33], auditory cues [73][74], or vibratory 

cues [75]. Pongmala et al. [76] conclude that visual, auditory, and somatosensory can improve 

gait in Parkinson’s Disease patients. In [77], the results showed that on-demand cueing seems 

to be more effective in reducing the duration of freezing episodes than continuous cueing, but 

that it has little effect on the number of freezing episodes. Yoshizawa et al. [78] developed a 

virtual reality system for tests and rehabilitation of patients with hemispatial neglect in which a 

dynamic cue is effective in encouraging patients to their attention to the neglected side. 

Nevertheless, cueing does not always bring improvements [54][55][56]. 

Visual cueing has been broadly used in motor rehabilitation experiments. Specifically, visual 

flow in the direction of walking has mostly been used when using visual cueing in patients with 

gait impairment. Martin [79] was the first to suggest that the placement of visual cues 

perpendicular to the direction of gait spaced one step length apart was most effective in 

improving gait in patients with PD. Many subsequent open-loop studies confirmed this benefit 

[72][75][80][81]. Nevertheless, these open-loop feedback systems may not have long-term 

effects unless dedicated training programs are established [82]. Nevertheless, closed-loop 

feedback systems may lead to long-term learning of motor skills and enhancement of adaptative 

cerebral plasticity, in particular with the use of visual cueing [83]. Espay et al [62] demonstrated 

that patients with PD were able to improve gait while decreasing freezing by using closed-loop 

sensory feedback, through an at-home training program.   

The closed-loop system designed by Baram et al [71] responds to the patient’s own motion and 

helps the patient to regulate gait. This provided a great advantage over other systems [84]. In 

that study, the use of virtual reality cues (superimposed on the real world) helped PD patients to 

control their gait. Specifically, the best effect was achieved using a closed-loop display. The 

study revealed that the gait parameters that are most sensitive to anti-Parkinson medication and 

are improved by brain surgery (such us walking speed and stride length [85][86]) can also be 

manipulated to a similar extent and without some of the adverse effects by a closed-loop display 

of virtual visual cues. On average, the performance of PD patients using the device improved 

(higher speed, longer stride) by about 30%. 

In Kaminsky’s study [64], the participants reported finding VCS helpful. Its use decreased the 

length of freezes as well as the number of freezes for some of participants. This is in line with 
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the study by Griffin et al. [63], who demonstrated that the provision of visual-flow cues via virtual 

reality glasses (VRG) improves some aspects of walking without medication in mid-stage PD. 

Nevertheless, no particular VRG stimulus emerged as being effective in a majority of patients. 

In spite of that fact, VRG flexibility may be the strongest point, allowing people with PD to 

customize the stimuli to build a very effective rehabilitation treatment.  

As far as auditory cueing within virtual rehabilitation is concerned, we found that most of the 

studies provided this stimulus in conjunction with visual cueing. In their study, Mirelman et al. 

[69] demonstrated that patients belonging to the group trained with a robotic device coupled 

with the VR experienced greater changes in velocity and distance walked than those patients 

trained with the robot alone. Improvements did occur in both laboratory and community-based 

environments. The results obtained support earlier findings that lower extremity training using a 

robot coupled with VR can improve ambulation for individuals with chronic stroke [87]. Walker 

[66] also demonstrated that performance in post-stroke patients improved in walking speed and 

duration by using an auditory and visual cueing system in a treadmill training protocol. This is in 

line with the study of Yang et al. [88], who found that individuals with post-stroke hemiparesis in 

the VR treadmill groups improved their gait speed more than those who walked on the treadmill 

alone. Nevertheless, some limitations arose from the study; these include a small number of 

subjects, lack of homogeneity of subjects, and lack of a comparison group with random 

assignment of conditions. In contrast, in their study, Caudron et al. [70] found that auditory cues 

were not sufficient to improve the postural control in PD patients. Nevertheless, the use of visual 

cueing through the visualization of the geometry of the patient's body improved components of 

the postural control of PD patients. In fact, postural responses to pull-tests improved in real time 

by visualizing visual external cues, and no improvements were detected when verbal cues were 

applied alone. With regard to balance control, the occurrence of falls was significantly reduced 

by using visual cueing.  

Nevertheless, we have found some limitations within the virtual environment. We found several 

examples in which cueing did not provide any improvement for upper limb rehabilitation. The 

study that focused on hand rehabilitation conducted by Fischer [68] incorporated mechatronic 

devices and virtual reality and showed some degree of efficacy in mainly a severely impaired 

population. The gains that were observed were quite modest taking into account the upper 

extremity FM scores and previous studies of robotic or constraint-induced training. Due to the 

taxing nature of the reach-to-grasp tasks of the study, the intensity of the training program may 

not have been sufficient to induce changes in hand function and the reaching demands may 

have overshadowed the hand rehabilitation. Although task-oriented rehabilitation seems to be 

beneficial, greater repetition of simplified tasks may be preferable for moderately to severely 

impaired stroke survivors. The authors stated that it is necessary to enhance compensatory 

skills or incorporate assistive devices rather than focusing on restoring motor control.  

In Dvorkin’s study [67], in spite of the fact that the interactive visuo-haptic environment was well-

tolerated and engaging for patients, they exhibited attention loss both before (prolonged 
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initiation) and during (pauses during motion) a movement. As training progressed, the patients 

increased the number of targets acquired and spontaneously improved through practice. 

Nevertheless, the mode of haptic feedback should be carefully selected since some modes that 

increase completion times may distract the patient. In their study, Liebermann et al. [65] found 

that, in all subjects, movements were slower, shorter, less straight, less accurate, and involved 

smaller shoulder and elbow joint ranges for target reaches in the 2-D virtual environment 

compared to the physical environment. That is to say, there was a decrease in overall 

movement quality due to the virtual environment, which was much more noticeable in the stroke 

group in comparison with the control group (patients without stroke). The authors stated that 

people with stroke found it more difficult to perform movements in the virtual environment. 

Among the possible explanations, one plausible explanation is that people with severe 

impairment find it more difficult to use perceptual information, failing to evaluate depth from the 

relative distance between objects in a virtual environment. The results also suggested that the 

2-D virtual environment is also challenging for participants since the intended 3-D illusion 

presented by the 2-D was likely based on cognitive premises [89]. Thus, subjects should be 

cognitively able to make predictive hypotheses to perceive 3-D objects. Another possible 

explanation they stated is the fact that there is no stereovision in the video-capture virtual 

environment and subjects are exposed to planar vision, which could eventually lead to an error 

in depth estimation.  

Implications for Practice 

The findings from our review suggest that virtual cueing within motor virtual rehabilitation is a 

promising intervention when used in patients with motor disorders. Virtual cueing can not only 

draw attention towards the motor processes by normalizing the internal cueing deficit to prepare 

the patient for the forthcoming movement but also compensate for defective sensory integration 

[90]. Greater improvements might be achieved by further customizing the applied cues for every 

single patient (e.g., by modifying speed, colour, spatial frequency, adding effects such as 

perspective, etc.) [63].  

Nevertheless, in some cases, it is not clear which characteristics of the virtual rehabilitation 

program are important, at what point in the recovery the program should be applied, or what 

type of cue should be used to improve the rehabilitation process. For instance, in the study 

conducted by Nieuwboer et al. [29], Parkinson patients were trained with only their preferred 

modality of cue. Even though the virtual environment may be well tolerated and engaging for 

patients, they may suffer from loss of attention, so it is necessary to select the appropriate 

operation modes within the virtual reality program. There was an interesting reported result 

about experienced fatigue by the patient. Mirelman et al. [69] outlined an important matter 

related to fatigue in virtual environments. In their study, the subjects in the robot VR group 

reported fatigue later than the subjects in the group with the robot alone and required more 

verbal cues and manual cues to produce movement. Furthermore, the average total training 
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time for the robot VR group was significantly greater than the group with the robot alone. This 

outcome suggests that in some cases fatigue could mask improvements in virtual rehabilitation. 

Finally, the appropriateness of the use of these techniques depends on the person’s 

rehabilitation goals and preferences. It is hypothesized that one of the reasons virtual 

rehabilitation is effective is the fact that it is an enjoyable and motivating therapy; however it is 

true that some studies have shown that patients prefer traditional therapies [91]. In line with this 

assumption, clinicians using virtual rehabilitation programs should take this into account in order 

to improve patient rehabilitation processes.  

Implications for Research 

Our review suggests that there are two important implications for further research. The first 

question is the number of participants in the studies conducted. Further studies should be done 

with larger groups of patients in order to study the effects of every single type of intervention, 

eventually determining the ideal parameters of use. In some cases, differences between groups 

were not statistically significant due to sample variability in impairments and gait speeds as well 

as a reduced sample size. Another important question is the long-term efficacy of the different 

cueing applied. Therefore, longer studies will be necessary. The necessary quantification of the 

residual benefits in the short and medium term also requires further studies 

On one hand, it would be desirable to have more homogeneous samples. On the other hand, it 

would be of interest for future studies to include different levels of physical disabilities to exploit 

the benefits of virtual cueing and to obtain more rigorous studies. Kaminsky et al. [64] stated 

that since the participants were highly active people, the performance of the sample limits the 

generalization to people that are more severely limited in their activities due to the disease. 

Furthermore, factors such as medication changes and illness could not be adequately 

controlled.  

Nevertheless, the additive effects in the response to different measured parameters should be 

studied taking into account the combination of cueing (auditory, visual and tactile/haptic). The 

contribution of combined sensory cueing versus individual virtual cueing is not yet clear. This is 

partly due to the fact that many studies precluded the ability to ascertain the effect of single 

versus dual sensory cueing on gait since subjects are instructed to use both visual and auditory 

cueing [62][69]. Lim et al. [49] recommended that future studies should evaluate the effects of 

different types of cueing on gait-related activities in the patient’s own home situation, including 

measurements related to Activities of Daily Living. 

 

5 Conclusions 

Virtual cueing provides a channel for non-pharmacological therapeutic intervention in different 

neurological disorders. Recent studies have focused on finding non-pharmacologic 

interventions of this type to improve walking in patients with difficulties. Patients with disabilities 
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appear to be capable of improving motor learning with the help of cueing inside a virtual 

environment. They are also capable of transferring to equivalent real-world motor tasks in most 

cases. They are generally enthusiastic about the incorporation of virtual reality into the training 

program. In some cases, the initial experiences reported in the studies suggest that important 

modifications in the prototypes should be made before undertaking larger trials. The virtual 

reality system has usually provided a faster transition between tasks and more opportunity to 

practice in comparison with a traditional treatment setting. Patients with more advanced disease 

showed a greater benefit after using the device. This is because greater baseline disability 

would provide the opportunity for a proportionally larger magnitude of benefit, whereas small 

baseline disability makes it harder for the intervention to show any beneficial effects.  

The development of wearable devices such as inertial sensors or head-mounted display 

glasses could help patients that have motor impairments improve their rehabilitation processes. 

One important advantage of virtual reality sensors is their flexibility to allow stimuli to be 

customized taking into account the characteristics of each patient in order to obtain greater 

benefits.  
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Fig. 1. Sample search queries used for article retrieval from Medline. 
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Fig. 2. Consort diagram of study selection. 
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Table 1. Characteristics of the different studies.  
 
 
 
Author(s) 
Year of 
publication 

Pathology and 
sample size 

Age 
Mean 
(SD) 
years 

Gender 
(% male) 

Design of 
Study 

Type 
of 
cueing 

Type of 
VR 

VR Intervention Outcome measures Conclusions 

Espay et al. 
(2010) [62] 

PD/13 73.3 ± 
11.7  

6/15 Comparative 
study  

AV Immersive At-home training exercises to 
improve gait using virtual 
augmented reality goggles 
and earphones operating in 
an adaptative closed-loop 
mode 

Gait velocity, stride length, and 
cadence, FoGQ. 

Effectiveness of interventions with 
devices using closed-loop sensory 
feedback. Improvement of gait in 
patients with PD while decreasing 
freezing. 

Griffin et al. 
(2011) [63] 

PD/ 
26 

64.3 
(7.58) 

22/26 Pre-post V immersive VR walking exercises  with 
VRG to improve gait and 
reduce FoG 

Measures of gait (task completion 
time; velocity, cadence, stride length; 
FoG frequency) and self-rated FoF. 

Visual-flow cues through the VRG can 
improve some aspects of walking 
without medication in mid-stage PD. No 
particular VRG stimulus emerged as 
effective in a majority of the patients 

Kaminsky et 
al. (2007) 
[64] 

Idiopathic 
PD/6 

65.1±1
2.3 

4/6 A single-
subject pilot 
study 

V immersive Activities of Daily Living 
(ADL) with VCS 

Counts of LOBs and freezes, pre-
/post intervention completion of the 
PDQ-39, observation of baseline 
and intervention gait, and an 
interview regarding user satisfaction 
with VCS. 

VCS appeared to improve the 
functional mobility of all six participants 
in some way. 

Liebermann 
et al. (2012) 
[65] 

right-handed 
right 
-hemiparetic 
Stroke/16 

65.2±9
.8 

13/16 Comparative 
study (VR 
versus non 
VR conditions) 

V Non-
immersive 

Seated subjects made 14 
reaching movements towards 
each of three targets in two 
conditions, a physical 
environments and a 2-D 
Virtual environment, using 
the IREX video-capture 
system 

Motor performance variables: 
endpoint peak speed, path length, 
path straightness, movement 
precision: 3-D absolute root mean 
square (rms) directional errors; motor 
pattern variables: final angles of 
elbow extension and shoulder 
flexion, sagittal trunk displacement. 
 

Results describe a decrease in overall 
movement quality due to the Virtual 
environment in comparison with the 
physical environment.  
 

Walker et al. 
(2010) [66] 

Stroke/7 54,3 50% Pre-post VA Non- 
immersive 

Twelve treatment sessions of 
BWSTT with VR 
 

FGA score, BBS score, and 
overground walking speed. 
 

Participants made significant 
improvements in their ability to walk. 
Reasonable increase in FGA, BBS and 
overground scores. 
 

Dvorkin et al. 
(2013) [67] 

severe TBI/21 37.8 ± 
17.9 

17/21 Comparative 
study  

VH Immersive Exercises to reach targets 
appearing randomly at 
various locations in the 3D 
space.  

Spatial and temporal kinematic 
parameters (total trial time (s), from 
target appearance to trial completion, 
hand path, velocity (m/s), and 
distance from target (m). 

The interactive visuo-haptic 
environments were well-tolerated, but 
they exhibited attention loss both before 
(prolonged initiation) and during 
(pauses during motion) a movement. 

Table
Click here to download Table: table.doc

http://ees.elsevier.com/jbi/download.aspx?id=225764&guid=e48cb62c-bf84-4917-af55-2f73afee5b44&scheme=1


Compared to no haptic feedback, 
patients benefitted from haptic nudge 
cues but not break-through forces. 

Fischer et al. 
(2007) [68] 

Stroke-
Chronic upper 
extremity 
hemiparesis/1
5 

60±14 9/15 Pre-post-
follow up 

VA Immersive Grasp-and-release training 
integrating 
virtual reality with 
mechatronic devices to 
assist hand opening. 

Biomechanical assessments 
included grip strength, extension 
range of motion and velocity, 
spasticity, and isometric strength. 
 

Participants demonstrated a decrease 
in time to perform some of the 
functional tasks, although the overall 
gains were slight.  
 

Mirelman et 
al. (2009) 
[69] 

chronic 
hemiparesis 
after stroke/18 

Exp. 
Group: 
61.8±9
.94  
Contro
l 
Group: 
61±8.3
2  

15/18 A single-blind, 
randomized, 
control study 

VA Non-
immersive 

Movements of  ankle into 
dorsiflexion, 
plantar flexion, inversion, 
eversion, and a combination 
of these movements on the 
Rutgers Ankle Rehabilitation 
System 

Distance (km in 7 Days), number of 
Steps/Day, average Speed (m/sec), 
step length (m) and top speed 
(m/sec). 

Walking speed and distance walked 
improved and were retained for 3 
months in the experimental group, 
whereas improvements in the control 
group were modest and did not transfer 
significant functional changes.  

Caudron et 
al. (2014) 
[70] 

Idiopatic 
PD/17 

61.9±8
.2 
 

10/17 Pilot study VA 
 

Semi-
immersive 

Patients were submitted to 
several sequences of pull 
tests. These tests were 
performed with eyes open, 
eyes closed and with visual 
biofeedback. Two verbal 
instructions were given  

Postural reaction peak, final 
orientation, fall parameter, instability 
parameter.  
 

Auditory cues did not modify postural 
responses. Stabilization and orientation 
improved with the visual cues. 

Baram et al. 
(2002) [71] 

PD/14 68.2±8
.17 

not 
specified 

Pre-post V 
 

Immersive Walking a straight track of 10 
meters four times, displaying 
a virtual tiled floor in 
perpetual motion towards the 
observer. 

The time to complete the track and 
the number of steps for each path, 
speed and stride length. 

The best effect can be achieved using a 
closed-loop display, which responds to 
the patient’s own motion and helps him 
regulate his gait. Performance was 
improved significantly. 
 
 

 
 
PD: Parkinson’s Disease, TBI: Traumatic Brain Injury, A: Auditory cue, V: Visual cue, T: Tactile cue, H: Haptic cue, VR: Virtual Reality, VRG: Virtual Reality 
Glasses, VCS: Virtual Cueing Spectacles, ADL: Activities of Daily Living, IADL: Instrumental ADL, BWSTT= body weight–supported treadmill training, FoG: 
Freezing of Gait, FoGQ: Freezing of Gait Questionnaire, FoF: Fear of falling, FGA: Functional Gait Assessment, LOB: Loss of Balance, BBS: Berg Balance 
Scale, PDQ-39: Parkinson’s Disease Questionnaire. 
 
 
 
 


