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Abstract
Background
The rehabilitation of gait disorders in patients with multiple sclerosis (MS) and stroke is often based on conventional treadmill training. Virtual reality (VR)-based treadmill training can increase motivation and improve therapy outcomes. The present study evaluated an immersive virtual reality application (using a head-mounted display, HMD) for gait rehabilitation with patients to (1) demonstrate its feasibility and acceptance and to (2) compare its short-term effects to a semi-immersive presentation (using a monitor) and a conventional treadmill training without VR to assess the usability of both systems and estimate the effects on walking speed and motivation.

Methods
In a within-subjects study design, 36 healthy participants and 14 persons with MS or stroke participated in each of the three experimental conditions (VR via HMD, VR via monitor, treadmill training without VR).

Results
For both groups, the walking speed in the HMD condition was higher than in treadmill training without VR and in the monitor condition. Healthy participants reported a higher motivation after the HMD condition as compared with the other conditions. Importantly, no side effects in the sense of simulator sickness occurred and usability ratings were high. No increases in heart rate were observed following the VR conditions. Presence ratings were higher for the HMD condition compared with the monitor condition for both user groups. Most of the healthy study participants (89%) and patients (71%) preferred the HMD-based training among the three conditions and most patients could imagine using it more frequently.

Conclusions
For the first time, the present study evaluated the usability of an immersive VR system for gait rehabilitation in a direct comparison with a semi-immersive system and a conventional training without VR with healthy participants and patients. The study demonstrated the feasibility of combining a treadmill training with immersive VR. Due to its high usability and low side effects, it might be particularly suited for patients to improve training motivation and training outcome e. g. the walking speed compared with treadmill training using no or only semi-immersive VR. Immersive VR systems still require specific technical setup procedures. This should be taken into account for specific clinical use-cases during a cost–benefit assessment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12984-021-00848-w.
Keywords
RehabilitationGait disorderVirtual realityMultiple sclerosisStrokeHead-mounted displayMotivation
Abbreviations
	HMD
	Head-mounted display

	IMI
	Intrinsic Motivation Inventory

	IPQ
	IGroup Presence Questionnaire

	MS
	Multiple Sclerosis

	RTLX
	Raw Task Load Index

	SSQ
	Simulator Sickness Questionnaire

	SUS
	System Usability Scale

	VR
	Virtual Reality




Background
The prevalence of gait disorders resulting from neurological disorders such as multiple sclerosis (MS) and stroke is high [1–3] and expected to further increase in the coming years due to the demographic change [4, 5]. Most patients with MS suffer from walking impairments as their main problem [6]. Impaired walking can occur early in the course of MS [7] and 15 years after diagnosis, 40% of patients require walking aids [8]. Of the two thirds of people who survive a stroke, more than 60% suffer from impaired walking abilities after an acute infarction and require gait rehabilitation [9–11].
Gait disorders can result from general muscle weakness, paresthesia, cerebellar coordination problems, general fatigue or a disorder of central gait control [12]. Typical manifestations are reduced stride length or walking speed and loss of balance control [13]. The walking limitations cause severe restraints in daily life, result in an increased risk of falling [14, 15], and a reduced quality of life for those affected [16, 17]. To maintain the patient's independence as long as possible, a gait disorder must be managed early and consistently. Standard treatments are physical therapy or exercise therapy [18, 19]. An essential element of these forms of therapy is treadmill training [20, 21]. If required, it can be combined with body-weight-supported systems [22] or robotic assistance such as in active orthoses [23, 24]. Regular treadmill training can reduce motor deficits of the lower limbs and significantly improve the patients’ walking abilities [25]. In patients with stroke, it can also enhance gait symmetry, gait uniformity and walking speed [26, 27]. However, the training structure is based on regularity and repetition [20, 25, 28]. For patients with gait disorders, who may depend on lifelong training, this training structure offers limited variety and could lead to low motivation and a lack of adherence in the long term. Treadmill training can be combined with virtual reality (VR) to increase its efficacy and the patients’ motivation, as demonstrated in several studies [28–33]. For instance, a recent study complemented a robot-assisted gait training with a semi-immersive VR presentation via a monitor [29]. At the end of an eight-week training, a 20% improvement in gait and balance was demonstrated for patients with MS. Importantly, the training with VR had positive effects on the patients' attitudes and coping strategies for dealing with their disease. In a randomized controlled trial with patients with MS comparing conventional with VR-based treadmill training, both groups improved walking endurance and speed [30]. Persons with gait disorders caused by a stroke can also benefit from regular, VR-supported gait training [31, 34]. In this group of patients, the cause of an uncertain gait pattern is usually a balance impairment [35]. Targeted treadmill training in VR can help patients regain their balance and reduce their risk of falling [36]. Most previous studies with patients have used either semi-immersive or immersive VR systems [33]. Until now, no study has conducted a direct comparison of an immersive and a semi-immersive VR based treadmill training with patients with stroke and MS. For the current study, a novel VR-based treadmill training was implemented and its feasibility tested with healthy participants and patients with stroke and MS with gait disorders. The virtual scenario that was created for this study aimed at increasing motivation with an engaging storyline and gamification elements to foster the experience of relatedness, competence and autonomy [37, 38]. We followed a well-established development regime in medical-oriented human–computer systems. To ensure that the immersive VR treadmill training increases motivation and has no negative side effects, we conducted a first usability study with healthy participants prior to the current study [38]. In that study, the immersive VR treadmill training was compared with a conventional treadmill training without VR. For the current study, a semi-immersive VR treadmill training was added as a further control condition. This is essential to assess the advantages and disadvantages of an immersive and semi-immersive VR system, respectively—in particular, in light of the increased effort needed to setup an immersive system and possible side effects previously reported, such as simulator sickness [39]. Thus, all participants took part in three conditions in which they tested an immersive VR system (HMD), a semi-immersive VR system (presented via a monitor) and conventional treadmill training (electric treadmill with manual speed adjustment) without additional VR.
The aim of the study was to evaluate an immersive VR application for supervised gait rehabilitation of patients with MS or stroke, to test its feasibility and acceptance and to compare its effects to those of a semi-immersive application and to a conventional treadmill training. First, healthy people participated followed by persons with MS or stroke. For both studies, walking speed served as an indicator of the short-term effectiveness of the systems. Heart rate was assessed as additional objective measure before and after each condition. Furthermore, the usability of the system was systematically evaluated by the participants with questionnaires and rating scales and potential side effects, mood and motivation were assessed.
Methods
Participants
The studies with healthy participants and patients were conducted consecutively. N = 36 students participated in the first study (26 female, M = 22 years, SD = 3.7, range 19—39). They were compensated with course credit. None of the students had cardiovascular, neurological or psychiatric disorders.
N = 14 patients with neurological disorders (n = 10 MS, n = 4 stroke) participated in the second study (M = 52.6 years, SD = 7.5).  Additional file 1: Table S1 lists patient characteristics. Patients’ autonomy and independence when walking on level ground were checked in advance by phone interview to ensure suitability for treadmill training without body-weight support (Expanded Disability Status Score (EDSS) < 6 [40] and Functional Ambulation Categories-Score ≥ 4 [41]). Exclusion criteria for patients with MS were an acute relapse or cortisone therapy in the 30 days prior to the study. Patients had normal or corrected-to-normal vision (and no nystagmus or diplopia) and were free from cardiorespiratory instability, epilepsy, spasticity, sensory ataxia, severe muscle weakness, paroxysmal vertigo and psychosis. The exclusion criteria were checked via self-reports of the patients. Due to a weight limitation of the treadmill, only patients with a weight below 150 kg could participate in the study.
The study was conducted in accordance with the Declaration of Helsinki. The Ethical Review Board of the Medical Faculty of the University of Würzburg approved the study protocol.
Outcome measures
Short-term effects
The average walking speed during walking on a treadmill served as an indicator of the short-term effectiveness of the different treadmill training systems (with and without VR). Since short-term effects are likely to lead to an improved walking speed in daily life following long-term training, they are an initial indicator of the effectiveness of the systems. As an additional objective measure, the heart rate of the participants in the three experimental conditions was measured electronically using the treadmill data. The heart rate was measured for one minute before and after each condition using a pulse sensor attached to the wrists of the participants, because we were interested in changes in heart rate caused by the individual conditions. We expected an increase in heart rate caused by anxiety or stress in the immersive VR condition due to the novelty of the experience for the participants.
Further usability assessments
The following rating scales and questionnaires served to further evaluate the usability of the two VR conditions and the treadmill training without VR. The Borg Scale [42] and the Raw Task Load Index (RTLX), a short version of the NASA Task Load Index [43], served to estimate the subjective workload after each condition. The participants were asked to rate their mood and motivation verbally after each experimental condition on numerical rating scale from 0 (“very bad”) to 10 (“very good”). Mood and motivation of the healthy participants were assessed at the beginning of the study and after each condition. The patients' mood and motivation were assessed before and after each condition. After each condition, participants were asked how quickly they felt time passed on the treadmill on a scale from 0 (“very slow”) to 10 (“very fast”). After the VR conditions, participants were asked to rate their virtual experience on different scales ranging from 0 to 10 (see Tables 1 and 2). They were asked to rate their sense of presence in the virtual environment, how motivating they perceived the virtual world and how much attention they paid to their natural gait, while being immersed in VR.Table 1Comparisons of subjective ratings between the treadmill conditions in the study with healthy participants


	Measure
	Subscale
	No VRa
	Semi-immersive VRa (monitor)
	Immersive VRa (HMD)
	p
	Cohen’s d
	t
	F

	Moodb
	 	7.00 (1.66)
	7.61 (1.25)
	8.39 (1.15)
	 < .001*
	 	 	21.38

	Motivationb
	 	6.89 (2.29)
	7.28 (1.78)
	8.42 (1.38)
	 < .001*
	 	 	11.98

	IMI
	Interest/Enjoyment
	 	4.63 (1.15)
	5.78 (0.96)
	 < .001*
	1.29
	− 7.73
	 
	 	Perceived Competence
	 	4.81 (0.85)
	5.18 (0.78)
	.002*
	0.42
	− 3.42
	 
	 	Effort/ Importance
	 	3.89 (1.29)
	4.24 (1.20)
	.041*
	0.36
	− 2.12
	 
	 	Pressure/ Tension
	 	2.01 (0.69)
	1.84 (0.84)
	.113
	0.27
	1.63
	 
	Sense of timec
	 	4.25 (2.38)
	6.64 (1.57)
	7.89 (1.33)
	 < .001 (GG− corrected)*
	 	 	52.15

	VR-questionsd
	“The virtual environment was motivating for me”
	 	7.5 (1.65)
	8.53 (1.36)
	 < .001*
	0.78
	− 4.67
	 
	 	“I felt present in the virtual environment”
	 	5.72 (1.95)
	8.06 (1.37)
	 < .001*
	1.10
	− 6.59
	 
	 	“I paid attention to my natural gait during the treadmill training”
	 	5.64 (2.38)
	5.28 (2.17)
	.344
	0.16
	0.96
	 
	IPQ
	Spatial Presence
	 	− 0.58 (0.88)
	1.11 (0.53)
	 < .001*
	2.00
	− 12.01
	 
	 	Involvement
	 	− 0.39 (0.78)
	0.78 (0.56)
	 < .001*
	1.43
	− 8.58
	 
	 	Experienced Realism
	 	− 1.31 (0.78)
	− 0.24 (1.71)
	 < .001*
	1.06
	− 6.33
	 
	 	General
	 	− 1.00 (1.71)
	1.47 (1.21)
	 < .001*
	1.37
	− 8.26
	 
	SSQ
	Nausea
	 	10.34 (11.49)
	15.37 (11.47)
	.014*
	0.43
	− 2.57
	 
	 	Oculomotor
	 	12.63 (14.61)
	12.84 (19.58)
	.895
	0.02
	− .13
	 
	 	Disorientation
	 	10.83 (17.00)
	17.40 (26.07)
	.061
	0.32
	− 1.94
	 
	 	Total
	 	13.19 (13.34)
	17.04 (18.46)
	.068
	0.31
	− 1.88
	 
	RTLX
	Mental Demand
	3.19 (4.95)
	7.78 (7.79)
	12.08 (11.17)
	 < .001*
	 	 	15.75

	 	Physical Demand
	10.69 (9.80)
	13.61 (12.91)
	15.00 (14.19)
	.041*
	 	 	3.35

	 	Temporal Demand
	6.53 (7.82)
	10.83 (14.12)
	9.44 (15.30)
	.156
	 	 	1.91

	 	Effort
	17.36 (23.89)
	15.14 (21.40)
	15.69 (26.68)
	.752
	 	 	.29

	 	Performance
	9.72 (9.02)
	13.19 (13.48)
	12.50 (14.47)
	.080
	 	 	2.63

	 	Frustration
	6.67 (8.62)
	6.11 (9.42)
	3.19 (7.09)
	.083
	 	 	2.58

	Borg Scale
	 	8.47 (1.63)
	9.08 (1.81)
	8.92 (2.17)
	.207
	 	 	1.61

	SUS
	Total
	 	83.68 (9.36)
	83.75 (10.03)
	.965
	 < 0.01
	− .05
	 

IMI Intrinsic Motivation Inventory, IPQ Igroup Presence Questionnaire, RTLX Raw NASA-Task Load Index, Raw National Aeronautics and Space Administration-Task Load Index, SSQ Simulator Sickness Questionnaire, SUS System Usability Scale
aMean (SD)
bRange 0 (“Very bad”)—10 (“Very good”)
cRange 0 (“Very slow”)—10 (“Very fast”)
dRange 0 (“Fully disagree”)—10 (“Fully agree”)
*Significant p-values (p < .05) of main effects are marked with asterisks


Table 2Comparisons of subjective ratings between the treadmill conditions in the study with patients


	Measure
	Subscale
	No VRa
	Semi-immersive VRa (monitor)
	Immersive VRa (HMD)
	p
	Cohen’s d
	t
	F

	Moodb
	 	8.29 (1.20)
	8.38 (1.61)
	8.71 (1.49)
	.580
	 	 	0.56

	Motivationb
	 	8.36 (1.15)
	8.08 (1.32)e
	8.50 (2.31)
	.618
	 	 	0.49

	IMI
	Interest/Enjoyment
	 	4.38 (0.89)
	4.76 (0.49)
	.212
	0.35
	− 1.31
	 
	 	Perceived Competence
	 	4.36 (0.96)
	4.57 (1.33)
	.336
	− 0.27
	− 1
	 
	 	Effort/ Importance
	 	3.26 (1.41)
	3.47 (1.10)
	.637
	0.13
	− 0.48
	 
	 	Pressure/ Tension
	 	3.34 (0.56)
	3.43 (0.51)
	.708
	0.10
	− 0.38
	 
	Sense of timec
	 	8.43 (1.99)
	8.00 (2.88)
	8.00 (1.92)
	.800
	 	 	.23

	VR-questionsd
	“The virtual environment was motivating for me”
	 	7.50 (2.93)
	8.43 (2.31)
	.202
	0.36
	− 1.34
	 
	 	“I felt present in the virtual environment”
	 	5.86 (3.11)
	7.64 (2.10)
	.032*
	0.64
	− 2.41
	 
	 	“I paid attention to my natural gait during the treadmill training”
	4.50 (3.61)
	4.79 (3.04)
	5.93 (3.67)
	.281
	 	 	1.33

	IPQ
	Spatial Presence
	 	− 0.44 (1.44)
	1.03 (0.94)
	.008*
	0.83
	− 3.12
	 
	 	Involvement
	 	− 0.34 (0.85)
	0.63 (0.84)
	.009*
	0.81
	− 3.06
	 
	 	Experienced Realism
	 	− 0.70 (1.01)
	0.07 (1.15)
	.001*
	1.18
	− 4.39
	 
	 	General
	 	− 1.21 (2.01)
	0.79 (2.12)
	.003*
	0.98
	− 3.67
	 
	SSQf
	Nausea
	 	7.50 (8.52)
	10.90 (12.88)
	 	 	 	 
	 	Oculomotor
	 	10.29 (14.45)
	11.37 (11.80)
	 	 	 	 
	 	Disorientation
	 	5.97 (10.52)
	10.94 (14.63)
	 	 	 	 
	 	Total
	 	9.62 (12.16)
	12.82 (11.98)
	 	 	 	 
	RTLX
	Mental Demand
	5.71 (8.29)
	10.00 (15.57)
	17.14 (18.37)
	.014*
	 	 	5.06

	 	Physical Demand
	10.36 (13.79)
	20.71 (17.31)
	21.79 (20.53)
	.030*
	 	 	4.05

	 	Temporal Demand
	6.43 (12.16)
	12.86 (15.53)
	11.43 (11.10)
	.057
	 	 	3.20

	 	Effort
	15.71 (17.64)
	18.21 (20.90)
	19.29 (21.91)
	.737
	 	 	0.31

	 	Performance
	11.07 (13.47)
	21.43 (21.16)
	21.43 (22.82)
	.114
	 	 	2.36

	 	Frustration
	2.14 (5.79)
	5.36 (8.87)
	4.29 (7.30)
	.295 (GG-corrected)
	 	 	1.23

	Borg Scale
	 	8.57 (1.60)
	9.79 (2.55)
	9.71 (2.73)
	.075
	 	 	2.86

	SUS
	Total
	 	84.29 (14.29)
	83.21 (18.28)
	.830
	.06
	.22
	 

IMI Intrinsic Motivation Inventory, IPQ Igroup Presence Questionnaire, RTLX Raw NASA-Task Load Index, Raw National Aeronautics and Space Administration-Task Load Index, SSQ Simulator Sickness Questionnaire, SUS System Usability Scale
aMean (SD)
bRange 0 (“Very bad”)—10 (“Very good”). Mood and motivation recorded after the treadmill conditions
cRange 0 (“Very slow”)—10 (“Very fast”)
dRange 0 (“Fully disagree”)—10 (“Fully agree”)
en = 13
fMeasure results after the treadmill conditions; no p-values for the post-measurement are listed here, since the focus of the evaluation was on the difference between the pre- and post-measurement, not between the post-measurements as in the study with the healthy participants
*Significant p-values (p < .05) of main effects are marked with asterisks



Intrinsic motivation was assessed using the Intrinsic Motivation Inventory (IMI) [44] and the sense of presence with the Igroup Presence Questionnaire (IPQ) [45]. Possible side effects of VR were assessed with the Simulator Sickness Questionnaire (SSQ) [46]. With this 16-item self-report measure, participants indicated the severity of individual symptoms. The questionnaire yields a total score and subscores for nausea, disorientation and oculomotor symptoms. Patients filled in the questionnaire before and after each VR-condition, while healthy participants filled in the questionnaire only after each condition. In order to investigate further aspects of the usability of the VR system the participants filled in the Equipment and Display Questionnaire (EDQ) [47]. It includes questions about three categories: the occurrence of physical discomfort due to HMD use, VR-related postural difficulties and problems with the visual display, such as distortion or insufficient resolution of the display. As another usability measure, the widely applied System Usability Scale (SUS) [48] was administered. It yields a total score ranging from 0 to 100, with higher values indicating higher usability.
Acceptance and satisfaction
At the end of the study, participants were asked which treadmill condition they liked best or least and which system they would like to use more often in the future. In addition, open-ended questions allowed them to comment on their experiences during testing and provide feedback and suggestions for improvement.
VR-System
The treadmills for healthy participants (cardiostrong TR-30, Sport Tiedje GmbH, Schleswig, Germany) and for patients (mercury®med, h/p/cosmos sports & medical GmbH) both allowed for manual speed adjustments in 0.1 km/h steps. Patients wore safety belts to prevent falls. Before each condition, participants were instructed to hold onto the side handles and to walk at a comfortable walking speed, as they would during their daily walks. To achieve this individual speed, they were reminded before each condition to use the integrated buttons on the side handles to continuously adjust the speed of the treadmill during each treadmill condition.
For the semi-immersive VR condition, a 55″ television screen was positioned in front of the treadmill. In the immersive VR condition, the virtual environment was presented via a head-mounted display (HTC Vive, HTC Corp., New Taipei City, Taiwan). In this condition, the HTC Vive trackers were attached to participants’ shoes to allow synchronous foot movements of the avatar in the virtual environment. In both VR conditions, sounds of the virtual environment were played via circumaural headphones.
VR-Environment
For this study, a VR scenario named "Homecoming" was implemented using the Unreal Engine (for details see Kern et al. [38]). The VR scenario is displayed from a first-person perspective and aimed at increasing training motivation with an engaging storyline and gamification elements. At the beginning of the scenario, the users see a small path leading through a grey, deserted environment. A virtual companion personified as a dog explains the task to the users (see Fig. 1). They can help rebuild his world by walking on the path. When walking on the treadmill, the world gets continuously more fertile and colorful until it is completely rebuilt. For completing certain distances, users are awarded virtual stars as achievements in the virtual environment that are accompanied by positive comments of the virtual companion.[image: ../images/12984_2021_848_Fig1_HTML.jpg]
Fig. 1Screenshots of the virtual environment with overlays showing the study setup. At the beginning of the virtual scenario, the users meet a small virtual dog in a lifeless, deserted environment (A). By walking on the treadmill, the users can help rebuild its habitat, which continuously gets more fertile and colorful (B). With every star they collect on their way, the progress bar fills up further. Overlays depict the treadmill setup for patients (in the monitor condition, C) and the setup for healthy participants in the HMD condition (D)


In the immersive VR condition, virtual shoes are displayed at the position of the real feet. In addition, safety features were implemented: When participants look down, a camera image from the real environment is superimposed on the virtual environment and superimposed green or red arrows serve as warning signals if the user is standing too far forward or backward on the treadmill, respectively.
To avoid frustration and ensure that all patients reach the end of the path, the length of the path was individually adjusted based on their average walking speed in the condition without VR. The length of the path was adapted so that the finish could be reached within 7.5 min.
Procedure
Figure 2 depicts the experimental procedure of the study.[image: ../images/12984_2021_848_Fig2_HTML.png]
Fig. 2Study procedure. The study followed a within-subject design. The study consisted of three treadmill conditions which differed in the type of VR-presentation (no VR, semi-immersive VR and immersive VR). Between the conditions, participants answered questionnaires about their experience. Healthy participants completed the treadmill conditions on a single day (in pseudo-randomized order) and patients on two different days to avoid fatigue effects. VR Virtual Reality, HMD Head-Mounted-Display, ITQ Immersive Tendencies Questionnaire, BDI-II Beck Depression Inventory-II, PAREMO Patient Questionnaire for assessing Rehabilitation Motivation, RTLX Raw NASA-Task Load Index, Raw National Aeronautics and Space Administration-Task Load Index, IPQ Igroup Presence Questionnaire, IMI Intrinsic Motivation Inventory, SSQ Simulator Sickness Questionnaire, EDQ Equipment and Display Questionnaire, SUS System Usability Scale


All participants took part in three conditions: No VR, semi-immersive VR (monitor), immersive VR (HMD). Treadmill training without VR was the first treadmill condition to be completed for both healthy participants and patients to become familiar with the treadmill and to establish a baseline walking speed for the VR conditions. Healthy participants underwent all conditions in one session with the two VR-based treadmill conditions in pseudo-randomized order so that the order of VR conditions was balanced across participants. Patients participated in two sessions on separate days. In the first session, all patients only took part in the treadmill training without VR. In the second session, all patients completed the two VR-based treadmill conditions also in pseudo-randomized order. Before and between the conditions, participants answered questionnaires. Each run was set to last approximately 7.5 min. The first run included the condition without VR and yielded a benchmark of the average speed of the participants for the other two runs. Based on this speed, the distance of the VR world was adjusted at the beginning so that the participants reach the finish in the VR environment in about 7.5 min. In all conditions, participants were instructed to walk on the treadmill at a comfortable walking pace. In order to achieve this, the participants were required to adjust the speed of the treadmill during training using the side handles of the treadmill. Depending on how they adjusted their speed, they reached the finish of the VR environment earlier or later. Participants did not receive feedback on how fast and how long they were walking on the treadmill. After reaching the finish line within the VR world, the treadmill was stopped by the researcher.
Statistical analysis
Statistical analysis of the data was performed with SPSS (Version 23). To determine whether the type of treadmill training (no VR, semi-immersive VR, immersive VR) or the presentation order of VR in the VR conditions had an effect on the dependent variables such as walking speed and heart rate, repeated measures analyses of variance (rmANOVAs) were calculated. In case of significant main effects, pairwise post-hoc comparisons were conducted (with Bonferroni correction). To investigate effects between the two VR conditions, such as the different influence on presence, t-tests for related samples were applied. For all tests, the a-priori defined significance level was p < 0.05.
Results
Short-term effects: Walking speed and heart rate
Figure 3 depicts the average walking speed of the participants in the three experimental conditions.[image: ../images/12984_2021_848_Fig3_HTML.png]
Fig. 3Average walking speed (± SE) for (a) healthy participants and (b) patients


For healthy participants, an effect of the type of treadmill training on the walking speed was detected, F(1.59, 55.56) = 56.52, p < 0.001 (GG-corrected), partial η2 = 0.62. The walking speed in the HMD condition (M = 3.87 km/h, SD = 0.96) was higher than in the monitor condition (M = 3.70 km/h, SD = 1.03, p = 0.025) and higher than in the condition without VR (M = 2.99 km/h, SD = 0.77, p < 0.001). The walking speed in the monitor condition was higher as compared with the condition without VR (p < 0.001).
An effect of the type of treadmill training on walking speed was also observed in the patients, F (2, 26) = 10.25, p < 0.001, partial η2 = 0.44. The walking speed was higher in the HMD condition (M = 2.71 km/h, SD = 1.42) than in the monitor condition (M = 2.39 km/h, SD = 1.18, p = 0.043) and higher than in the condition without VR (M = 1.99 km/h, SD = 0.84, p = 0.009). The walking speed in the monitor condition did not differ from the condition without VR (p = 0.068).
A repeated measures ANOVA revealed that there was neither an effect of presentation order on participants’ walking speed in the VR conditions (F(1, 34) = 1.81, p = 0.188) nor an interaction effect between presentation type and presentation order (F(1, 34) = 0.07, p = 0.791) for healthy participants. The ANOVA for patients yielded the same result. There was neither an effect of presentation order on patients’ walking speed in the VR conditions (F(1, 12) = 0.64, p = 0.440) nor an interaction effect between presentation type and presentation order (F(1, 12) = 0.13, p = 0.728).
Neither in the group of healthy participants (F(2, 70) = 1.58, p = 0.214, partial η2 = 0.04) nor in the group of patients (F(2, 26) = 1.21, p = 0.314, partial η2 = 0.09) did the type of treadmill training have any effect on the heart rate of the test participants (see Table 3).Table 3Means (and standard deviations) of the heart rates measured before and after each condition


	 	Condition
	Pre
	Post
	Differencea
	95% CI of the difference
	t
	p

	Healthy participants
	No VR
	87 (9)
	95 (9)
	8 (13)
	[4, 12]
	3.7
	.001*

	Semi-immersive VR
	88 (10)
	91 (11)
	3 (13)
	[8, − 1]
	1.6
	.122

	Immersive VR
	89 (8)
	91 (14)
	2 (15)
	[7, − 3]
	0.8
	.432

	Patients
	No VR
	75 (17)
	84 (18)
	9 (18)
	[− 1, 19]
	1.9
	.082

	Semi-immersive VR
	74 (17)
	77 (23)
	3 (18)
	[− 7, 13]
	0.7
	.524

	Immersive VR
	79 (21)
	77 (13)
	− 2 (19)
	[− 12, 9]
	-0.3
	.747


CI Confidence interval
aDifference = Heart rate post—Heart rate pre
*Significant p-values (p < .05) of main effects are marked with asterisks



Further usability assessments
For all rating scales and questionnaires, scores for all conditions and test statistics for their comparisons are presented in Table 1 (for healthy participants) and in Table 2 (for patients). In the following sections, the results of pairwise comparisons are reported for the different outcome measures.
VR-ratings
The results of the VR-rating scales are listed in Table 1 (for healthy participants) and Table 2 (for patients). Both groups stated that they felt more present in the VR world with the immersive VR presentation than with the semi-immersive presentation which served as a verification of the immersiveness manipulation (healthy participants: p < 0.001; patients p = 0.032). For the healthy participants, the virtual environment was more motivating when presented via the HMD than via the monitor (p < 0.001). Among patients, motivation was descriptively highest after the HMD condition, but no statistically significant differences were observed. There was no difference in the amount of attention paid to the natural gait during treadmill training in either group.
Mood and motivation
The type of treadmill training had an influence on the mood of the healthy participants after the treadmill trainings (p < 0.001; see Table 1). The mood of the healthy participants was better after the HMD condition than after the monitor condition and higher than after the condition without VR (both p < 0.001). The mood after the monitor condition was better than in the condition without VR (p = 0.05). Likewise, the type of treadmill training influenced the motivation of the participants. The healthy participants reported higher motivation after the HMD condition than after the monitor condition (p < 0.001) and after the condition without VR (p < 0.001). The motivation in the monitor condition was not higher than in the condition without VR (p = 0.942).
In the patients, no significant differences between the patient mood before and after the treadmill trainings could be observed in any of the three conditions (p = 0.580; see Table 2). Considering the motivation, a difference in the monitor condition between pre- and post-measurement was detected (p = 0.032).
Intrinsic motivation inventory (IMI)
In the study with healthy participants, a significant difference in IMI values was revealed between the monitor and HMD condition (see Table 1). The subscales Interest (p < 0.001), Competence (p = 0.002) and Effort (p = 0.041) had higher values in the HMD condition than in the monitor condition.
For patients, no differences between VR conditions for IMI scores were revealed, but descriptively there is a tendency similar to the results of the healthy participants (see Table 2).
Sense of time
The type of treadmill training had an effect on the sense of time of the healthy participants (see Table 1). For healthy participants, subjectively, time elapsed faster in the HMD condition than in the monitor condition (p < 0.001) and faster than in the condition without VR (p = 0.001). The time passed faster in the monitor condition than in the condition without VR (p < 0.001). For patients, the type of treadmill training did not affect the sense of time (p = 0.800).
Sense of presence (IGroup Presence Questionnaire)
For both, patients and healthy participants all values of the subscales of the IPQ (Spatial Presence, Involvement, Experienced Realism and the item assessing general presence) were higher in the HMD condition than in the monitor condition (see Tables 1 and 2). Agreement with the statement "I felt present in the virtual world." was higher in the HMD condition than in the monitor condition for healthy participants (p < 0.001) and for patients (p = 0.032).
SSQ
In the healthy participants, no differences between the monitor and HMD condition were revealed for the Total score (p = 0.068) and the subscales Oculomotor (p = 0.895) and Disorientation (p = 0.061; see Table 1). For the subscale Nausea, however, higher values were reported in the HMD condition than in the monitor condition (p = 0.014). Neither in the monitor condition nor in the HMD condition did participants report very pronounced symptoms.
In the group of patients, there was no pre-post difference in SSQ total scores in either condition. In the monitor condition, significantly values were reported for all subscales after treadmill training, indicating reduced simulator sickness symptoms (Nausea p = 0.043, Oculomotor p = 0.015, Disorientation p = 0.019). In the HMD condition, a reduced score was observed in the subscale Oculomotor (p = 0.033). After the HMD condition, one patient reported considerable discomfort, another reported considerable dizziness with the respective items of the SSQ.
Experienced workload
Neither in the group of healthy participants nor in the group of patients an effect of the type of treadmill training on the Borg scale was detected (see Tables 1 and 2).
The type of treadmill training did affect the subscale Mental Demand of the RTLX for both healthy participants (p < 0.001) and patients (p = 0.014). The mental load was higher in the HMD condition than in the condition without VR for patients (p = 0.039) and, in the healthy participants, higher than in the condition without VR (p < 0.001) and higher than in the monitor condition (p = 0.043). For patients, the type of treadmill training affected the subscale Physical Demand (p = 0.030). Post-hoc tests showed only trends towards significance for pairwise comparisons, such that Physical Demand in the HMD condition and the monitor condition was higher than in the condition without VR (p = 0.062 and p = 0.95, respectively). In both groups, the type of treadmill training did not affect the subscales Temporal Demand, Effort, Performance and Frustration.
EDQ and SUS
The healthy participants mainly reported problems in the categories "physical discomfort" and "visual display" during HMD use. Nine participants (25%) felt uncomfortable and three (8%) criticized the quality of the display. In addition, 8% (n = 3) noticed flickering of the display, which was eliminated before the patient study.
None of the patients noticed any physical discomfort or flickering of the display during HMD use. Three patients (21%) had issues related to the quality of the visual display, mainly criticizing its level of detail and contrast.
For the SUS total score there were no differences between the HMD and monitor conditions in either study (see Tables 1 and 2). However, the mean total scores of 83 in both groups were very high for both semi-immersive and immersive VR systems, indicating high usability.
Acceptance and satisfaction
In the group of healthy participants, 89% (n = 32) stated that they liked the treadmill training with the HMD best; 11% (n = 4) preferred the treadmill training with the monitor; 81% (n = 29) of the participants could imagine that patients with gait disorders would benefit from treadmill training with an HMD.
Among the patients, 71% (n = 10) liked the treadmill training with the HMD best. The same number would consider using the treadmill training with the HMD more often in the future and 64% (n = 9) are convinced that other patients with gait disorders could benefit from immersive VR-based treadmill training. Additional file 1: Table S2 provides an overview of the patients’ answers to the open-ended questions at the end of the study.
Discussion
The present study demonstrated the feasibility and acceptance of an immersive virtual reality-based treadmill training as a rehabilitation method for neurological patients with gait disorders. The performance and usability of the immersive VR-based treadmill training was compared to a semi-immersive VR presentation (via monitor) and treadmill training without VR. The study demonstrated that the immersive presentation of a virtual scenario via an HMD leads to a higher walking speed of patients with MS and stroke than a semi-immersive VR presentation or a treadmill training without VR. The same holds true for healthy participants. The type of treadmill training did not affect the heart rate of the participants. For healthy participants, the mood and motivation of the participants were highest in the HMD condition, and, subjectively, the time elapsed faster. As expected, the sense of presence was higher in the immersive than in the semi-immersive condition for healthy participants and patients. As in our pilot study, no simulator sickness was observed (neither in the group of healthy participants nor in patients) [38]. The SSQ ratings were substantially lower compared with a recent study, in which individuals with Parkinson’s disease walked for 20 min on a treadmill while wearing a head-mounted display [49].
Walking speed is an important therapeutic outcome in patients with gait disorders and increasing walking speed is a common goal of gait rehabilitation [50, 51]. In our study, the patients walked faster in the VR-based treadmill conditions than in the one without VR. Since the mood was descriptively higher (however, not significantly for the patients) in these conditions, it can cautiously be reasoned that VR-supported training is more entertaining and exciting than training without VR—as demonstrated in several previous studies [29, 38]. In addition, the motivation of the healthy participants was higher after the VR conditions than after the treadmill training without VR, therefore, it is likely that increased mood and motivation contributed to the improved outcomes in the VR-assisted treadmill training and that patients will more likely perform a frequent training regime. As previously demonstrated in the study of Kern et al. (2019) the VR scenario implemented for the current study might be particularly suited to increase the users’ mood and motivation [38]. It includes gamification elements and the storyline is based on the self-determination theory of Ryan and Deci [37]. A novel element compared to previously implemented VR scenarios is the social relatedness aspect that was addressed in the current VR scenario with a virtual companion. Within the storyline, the user has the task of rebuilding the world for the virtual companion by walking on the treadmill. Thereby, the user can leave his patient role behind and take the role of an active helper instead. Further, the virtual companion provides encouraging comments, thereby contributing to increasing the users’ motivation. Although descriptively, motivation for patients was highest after the HMD condition, it was not statistically higher compared to the other conditions. Compared to motivation ratings of healthy participants, patients’ motivation ratings were already very high after the first treadmill session without VR (see Table 2). Hence, there was probably a ceiling effect. Individual user comments indicated that the VR was experienced as particularly motivating (see Additional file 1: Table S2).
Immersive vs. semi-immersive VR-presentation
For the first time, the current study provides a direct comparison of immersive, semi-immersive VR-based gait rehabilitation and conventional gait rehabilitation with patients, which is essential to reveal the advantages and disadvantages of the respective methods. As expected, and in line with many previous studies [52, 53], healthy participants and patients alike reported a higher sense of presence in the virtual environment presented via an HMD compared to a semi-immersive presentation via a monitor. Due to the three-dimensional presentation and the panoramic view that covers the users’ field of view, it facilitates immersion in the virtual and distraction from the real world [52, 54]. Thus, the high degree of immersion in the HMD condition could be a reason for the higher intrinsic motivation of the healthy participants in this condition [55] and could explain that subjectively, time elapsed faster.
The treadmill training in all conditions was rated on the Borg scale with values below 10, which can be interpreted as "very easy" on a scale of 6 ("not exhausting at all") to 20 ("maximum exhausting") [42]. Values for healthy participants and patients were similar, even though for patients walking on level ground can be a challenge, depending on the severity of the disease and the form of the day [56] and all patients participated in a VR study (with an HMD) for the first time. Physical and mental demands were rated as low with the RTLX. For patients, however, mental demands were significantly higher in the HMD condition compared with the treadmill training without VR. And descriptively, these mental demands were highest in the HMD condition. For patients with neurological diseases the cognitive or visual system is sometimes also affected by the disease, which can have an influence on the ability to process information from the environment [57–59]. For those with severe cognitive and visual disturbances as well as for those with limited postural control and balance (e. g., caused by sensory deficits in the lower limbs), a semi-immersive presentation might be more suitable.
Importantly, however, the side effects of the immersive VR presentation were low for the vast majority of study participants. When using VR in neurological patients, visual or cognitive overload must always be avoided to prevent simulator sickness [60]. It can occur when there are discrepancies between the senses that provide information about the body’s motion and orientation [39]. It can be particularly problematic, when the virtual environment suggests movement, while the body is static [61, 62]. As an important measure to prevent simulator sickness in the current study, we synchronized the speed of visual motion in the virtual environment with the physical speed of the treadmill. Generally, measures should be undertaken to reduce the risk of simulator sickness. However, due to individual differences in the susceptibility to simulator sickness [39, 63], the decision whether a person receives immersive or semi-immersive VR gait rehabilitation should be made on a patient-by-patient basis.
Patients were not familiar using an HMD prior to this study. Since the VR-based treadmill training, in particular with the HMD, was a new experience for all participants, an increase in heart rate could be expected in the HMD condition, which could indicate anxiousness or stress. However, there were no pre-post differences for the VR conditions. Hence, the heart rate did not indicate an increase in sympathetic nervous system activity. The patients showed a slight increase in heart rate in the condition without VR, probably because this condition was always the first and no familiarization had taken place beforehand (see section “Limitations”). In addition to the unusual manipulation of several senses simultaneously while being fully immersed in a virtual world, the hardware (HMD) can also cause problems that limit the user's comfort and, in the worst case, contribute to simulator sickness. In particular, for persons wearing glasses, an HMD could exert pressure on certain regions of the head, such as the bridge of the nose, and result in a feeling of confinement. Nevertheless, in our study none of the patients experienced any physical discomfort during its use as assessed with the EDQ. The usability of the immersive VR-based treadmill training and the semi-immersive VR-based training were comparably high according to the results of the SUS. The total mean scores of 83 indicate that usability of the VR-based gait rehabilitation is “excellent” according to the ranges previously proposed [64]. When the VR setup is installed and calibrated, both the semi-immersive and the immersive VR system are as simple to use as an automated teller machine, for example [65]. Further, most of the patients stated that they liked the HMD-based treadmill training best and that they could imagine using it more often in the future.
Limitations and outlook
This study revealed the feasibility and acceptance of an immersive VR-based treadmill training among a group of healthy users and patients with MS and stroke. Despite performance comparisons across only short sessions, a higher average walking speed was revealed for the HMD condition. This indicates that immersive VR might improve the therapeutic outcome in gait rehabilitation. Overground walking, however, was not assessed in the current study. While this study is an important first step, long-term use and training effects need to be evaluated next. Within our study we pooled findings from a heterogeneous and small group of patients with MS and stroke, hence the results are neither specific for the individual disorders not generalizable to all patients with MS or stroke or persons with neurological disorders. To increase the generalizability of the results a larger sample size is desirable. The immersive VR-based treadmill training might be less suited for neurological patients with visual or cognitive deficits. It remains to be tested if somatosensory deficits of the lower limbs, in particular proprioceptive deficits, are contraindications for the use of an HMD. Somatosensory deficits of the lower limbs are common in persons with multiple sclerosis and can negatively affect balance [66]. Occluding vision of the lower limbs (via the HMD) could further impair balance and walking as patients might rely on the visual information to maintain postural control.
Further, participants wore the HMD in the immersive VR condition for a relatively short amount of time (around 10 min). The usability for longer training sessions has yet to be assessed. In this study, the three experimental conditions were not preceded by a familiarization session on the treadmill and the treadmill condition without VR was always the first session for all participants. Therefore, the comparisons with the treadmill only condition (No VR) have to be interpreted with caution, because the results could potentially be confounded by acclimatization. Although the focus of the present study was on the comparison between the two VR treadmill conditions, it might be recommendable for future studies to precede the main training sessions by at least one, and in neurological patients possibly more familiarization sessions on the treadmill [67, 68].
Further considerations for clinical use
Our study yielded promising results for the use of immersive VR in gait rehabilitation. However, in a clinical context and for future studies, additional aspects need to be considered that were not part of our evaluation, but could pose risks for the users. For instance, in light of the current Covid-19 pandemic adequate hygiene is crucial, and it takes a considerable amount of time to manually disinfect the HMD. However, first commercial disinfect devices based on ultraviolet light are now available. It is also necessary to accustom the participants to the HMD in order to prevent situational and cognitive overload. For patients with visual impairments, the HMD must be adjusted so that it does not generate any unpleasant or even painful sensations in combination with the patient's glasses. Further it should be mentioned that the setup of the HMD, in its current form, with its external sensors is more difficult than using a semi-immersive VR system (presentation via monitor) and requires additional efforts and skills.
The VR-based treadmill training presented can be extended to many other patient groups with gait disorders such as orthopedic patients or persons with Parkinson's disease, but for each patient group it must be re-evaluated whether and which type of VR presentation is best suited for the individual patient groups.
In any case, the effectiveness for health outcomes needs to be investigated within a clinical trial. The assessment of efficiency and satisfaction involving all end users (i. e. patients and caregivers) should be given a central role.
Conclusions
The study demonstrated the feasibility and patients’ acceptance of a treadmill training with immersive VR via an HMD. Due to its excellent usability and low side effects, the system could serve as a valid alternative to conventional treadmill training in gait rehabilitation. It might be particularly suited for patients to improve training motivation and adherence, particularly if it is a fun training that captivates the user and is not perceived as mentally exhausting. Furthermore, the increased walking speed demonstrated in the current study suggests that it could lead to an improved training outcome compared with treadmill training using no or only semi-immersive VR. Despite these promising results, the decision, whether the advantages of immersive VR outweigh the risks associated with wearing an HMD should be based on a patient-by-patient basis and first and foremost on the will of the individual patient.
Acknowledgements
The authors are grateful to all the study participants and particularly the patients for their time and effort that went into evaluating the different systems. The authors would like to thank the rehabilitation centre (Klinik Bavaria, Bad Kissingen) and Dr. Franz Weilbach and the medical staff for their help in conducting the study with patients and providing materials and clinic space. This publication was supported by the Open Access Publication Fund of the University of Würzburg.

Authors' contributions
CW conceived of the study. CW, IK, FK, DG, MEL, PP planned and designed the study. FK implemented the VR scenario. CW and FK collected the data. CW and IK analyzed and interpreted the data. CW and IK drafted the manuscript. All authors commented on the draft and critically revised the manuscript up to its final version.  All authors read and approved the final manuscript. Note: The study and the data presented is part of the dissertation of CW.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The Ethical Review Board of the Medical Faculty of the University of Würzburg approved the study protocol and all participants provided written, informed consent before testing began. All aspects of the study conformed to the principles described in the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Snijders AH, Van De Warrenburg BP, Giladi N, Bloem BR. Neurological gait disorders in elderly people: clinical approach and classification. Lancet Neurol. 2007;6(1):63–74. https://​doi.​org/​10.​1016/​S1474-4422(06)70678-0CrossrefPubMed

	2.
Stolze H, Klebe S, Baecker C, Zechlin C, Friege L, Pohle S, et al. Prevalence of gait disorders in hospitalized neurological patients. Mov Disord. 2005;20(1):89–94. https://​doi.​org/​10.​1002/​mds.​20266.CrossrefPubMed

	3.
Verghese J, LeValley A, Hall CB, Katz MJ, Ambrose AF, Lipton RB. Epidemiology of gait disorders in community-residing older adults. J Am Geriatr Soc. 2006;54(2):255–61. https://​doi.​org/​10.​1111/​j.​1532-5415.​2005.​00580.​x.CrossrefPubMedPubMedCentral

	4.
Koch-Henriksen N, Sørensen PS. The changing demographic pattern of multiple sclerosis epidemiology. Lancet Neurol. 2010;9(5):520–32. https://​doi.​org/​10.​1016/​S1474-4422(10)70064-8.CrossrefPubMed

	5.
Béjot Y, Bailly H, Durier J, Giroud M. Epidemiology of stroke in Europe and trends for the 21st century. QMR Stroke. 2016;45(12 Part 2):e391–8. https://​doi.​org/​10.​1016/​j.​lpm.​2016.​10.​003.Crossref

	6.
Heesen C, Böhm J, Reich C, Kasper J, Goebel M, Gold S. Patient perception of bodily functions in multiple sclerosis: gait and visual function are the most valuable. Mult Scler J. 2008;14(7):988–91. https://​doi.​org/​10.​1177/​1352458508088916​.Crossref

	7.
Martin CL, Phillips BA, Kilpatrick T, Butzkueven H, Tubridy N, McDonald E, et al. Gait and balance impairment in early multiple sclerosis in the absence of clinical disability. Mult Scler J. 2006;12(5):620–8. https://​doi.​org/​10.​1177/​1352458506070658​.Crossref

	8.
Myhr KM, Riise T, Vedeler C, Nortvedt MW, Grønning M, Midgard R, et al. Disability and prognosis in multiple sclerosis: demographic and clinical variables important for the ability to walk and awarding of disability pension. Mult Scler J. 2001;7(1):59–65. https://​doi.​org/​10.​1177/​1352458501007001​10.Crossref

	9.
Jørgensen HS, Nakayama H, Raaschou HO, Olsen TS. Recovery of walking function in stroke patients: the Copenhagen Stroke Study. Arch Phys Med Rehabil. 1995;76(1):27–32. https://​doi.​org/​10.​1016/​S0003-9993(95)80038-7.CrossrefPubMed

	10.
Kolominsky-Rabas PL, Sarti C, Heuschmann PU, Graf C, Siemonsen S, Neundoerfer B, et al. A prospective community-based study of stroke in Germany—the Erlangen Stroke Project (ESPRO) incidence and case fatality at 1, 3, and 12 months. Stroke. 1998;29(12):2501–6. https://​doi.​org/​10.​1161/​01.​str.​29.​12.​2501.CrossrefPubMed

	11.
The European Stroke Organisation (ESO) Executive Committee and the ESO Writing Committee. Guidelines for management of ischaemic stroke and transient ischaemic attack 2008. Cerebrovasc Dis. 2008;25(5):457–507. https://​doi.​org/​10.​1159/​000131083.Crossref

	12.
Armutlu K, Karabudak R, Nurlu G. Physiotherapy approaches in the treatment of ataxic multiple sclerosis: a pilot study. Neurorehabil Neural Repair. 2001;15(3):203–11. https://​doi.​org/​10.​1177/​1545968301015003​08.CrossrefPubMed

	13.
Pirker W, Katzenschlager R. Gait disorders in adults and the elderly. Wien Klin Wochenschr [Internet]. 2017;129(3):81–95. https://​doi.​org/​10.​1007/​s00508-016-1096-4.CrossrefPubMed

	14.
Matsuda PN, Shumway-Cook A, Bamer AM, Johnson SL, Amtmann D, Kraft GH. Falls in multiple sclerosis. PM&R. 2011;3(7):624–32. https://​doi.​org/​10.​1016/​j.​pmrj.​2011.​04.​015.Crossref

	15.
Gunn HJ, Newell P, Haas B, Marsden JF, Freeman JA. Identification of risk factors for falls in multiple sclerosis: a systematic review and meta-analysis. Phys Ther. 2013;93(4):504–13. https://​doi.​org/​10.​2522/​ptj.​20120231CrossrefPubMed

	16.
Amato M, Ponziani G, Rossi F, Liedl C, Stefanile C, Rossi L. Quality of life in multiple sclerosis: the impact of depression, fatigue and disability. Mult Scler J. 2001;7(5):340–4. https://​doi.​org/​10.​1177/​1352458501007005​11.Crossref

	17.
Lobentanz I, Asenbaum S, Vass K, Sauter C, Klösch G, Kollegger H, et al. Factors influencing quality of life in multiple sclerosis patients: disability, depressive mood, fatigue and sleep quality. Acta Neurol Scand. 2004;110(1):6–13. https://​doi.​org/​10.​1111/​j.​1600-0404.​2004.​00257.​x.CrossrefPubMed

	18.
Snook EM, Motl RW. Effect of exercise training on walking mobility in multiple sclerosis: a meta-analysis. Neurorehabil Neural Repair. 2009;23(2):108–16. https://​doi.​org/​10.​1177/​1545968308320641​CrossrefPubMed

	19.
Latimer-Cheung AE, Pilutti LA, Hicks AL, Ginis KAM, Fenuta AM, MacKibbon KA, et al. Effects of exercise training on fitness, mobility, fatigue, and health-related quality of life among adults with multiple sclerosis: a systematic review to inform guideline development. Arch Phys Med Rehabil. 2013;94(9):1800–28. https://​doi.​org/​10.​1016/​j.​apmr.​2013.​04.​020.CrossrefPubMed

	20.
Duncan PW, Sullivan KJ, Behrman AL, Azen SP, Wu SS, Nadeau SE, et al. Body-weight–supported treadmill rehabilitation after stroke, vol. 364. Massachusetts: New England Journal of Medicine; 2011. p. 2026–36. https://​doi.​org/​10.​1056/​NEJMoa1010790.Crossref

	21.
Shepherd R, Carr J. Treadmill walking in neurorehabilitation. Neurorehabil Neural Repair. 1999;13(3):171–3. https://​doi.​org/​10.​1177/​1545968399013003​03.Crossref

	22.
Moseley AM, Stark A, Cameron ID, Pollock A. Treadmill training and body weight support for walking after stroke. Cochrane Database Syst Rev. 2005. https://​doi.​org/​10.​1002/​14651858.​CD002840.​pub2.CrossrefPubMed

	23.
Hussain S, Xie SQ, Liu G. Robot assisted treadmill training: mechanisms and training strategies. Med Eng Phys. 2011;33(5):527–33. https://​doi.​org/​10.​1016/​j.​medengphy.​2010.​12.​010CrossrefPubMed

	24.
Calabrò RS, Naro A, Russo M, Leo A, De Luca R, Balletta T, et al. The role of virtual reality in improving motor performance as revealed by EEG: a randomized clinical trial. J NeuroEngineering Rehabil. 2017;14(1):53. https://​doi.​org/​10.​1186/​s12984-017-0268-4.Crossref

	25.
Holden MK. Virtual environments for motor rehabilitation. Cyberpsychol Behav. 2005;8(3):187–211. https://​doi.​org/​10.​1089/​cpb.​2005.​8.​187.CrossrefPubMed

	26.
Harris-Love ML, Forrester LW, Macko RF, Silver KH, Smith GV. Hemiparetic gait parameters in overground versus treadmill walking. Neurorehabil Neural Repair. 2001;15(2):105–12. https://​doi.​org/​10.​1177/​1545968301015002​04.CrossrefPubMed

	27.
Silver KH, Macko RF, Forrester LW, Goldberg AP, Smith GV. Effects of aerobic treadmill training on gait velocity, cadence, and gait symmetry in chronic hemiparetic stroke: a preliminary report. Neurorehabil Neural Repair. 2000;14(1):65–71. https://​doi.​org/​10.​1177/​1545968300014001​08.CrossrefPubMed

	28.
Massetti T, Trevizan IL, Arab C, Favero FM, Ribeiro-Papa DC, de Mello Monteiro CB. Virtual reality in multiple sclerosis—A systematic review. Mult Scler Relat Disord. 2016;8:107–12. https://​doi.​org/​10.​1016/​j.​msard.​2016.​05.​014.CrossrefPubMed

	29.
Calabro RS, Russo M, Naro A, De Luca R, Leo A, Tomasello P, et al. Robotic gait training in multiple sclerosis rehabilitation: Can virtual reality make the difference? Findings from a randomized controlled trial. J Neurol Sci. 2017;15(377):25–30. https://​doi.​org/​10.​1016/​j.​jns.​2017.​03.​047.Crossref

	30.
Peruzzi A, Cereatti A, Croce UD, Mirelman A. Effects of a virtual reality and treadmill training on gait of subjects with multiple sclerosis: a pilot study. Mult Scler Relat Disord. 2016;5:91–6. https://​doi.​org/​10.​1016/​j.​msard.​2015.​11.​002.CrossrefPubMed

	31.
Yang Y-R, Tsai M-P, Chuang T-Y, Sung W-H, Wang R-Y. Virtual reality-based training improves community ambulation in individuals with stroke: a randomized controlled trial. Gait Posture. 2008;28(2):201–6. https://​doi.​org/​10.​1016/​j.​gaitpost.​2007.​11.​007.CrossrefPubMed

	32.
Sveistrup H. Motor rehabilitation using virtual reality. J NeuroEngineering Rehabil. 2004;1(1):10. https://​doi.​org/​10.​1186/​1743-0003-1-10.CrossrefPubMedCentral

	33.
Massetti T, da Silva TD, Crocetta TB, Guarnieri R, de Freitas BL, Bianchi Lopes P, et al. The clinical utility of virtual reality in neurorehabilitation: a systematic review. J Cent Nerv Syst Dis. 2018;1(10):1179573518813541. https://​doi.​org/​10.​1177/​1179573518813541​.Crossref

	34.
de Rooij I, van de Port I, Meijer J. Feasibility and effectiveness of virtual reality training on balance and gait recovery early after stroke: a pilot study. Int J Phys Med Rehabil. 2017;5(417):2. https://​doi.​org/​10.​4172/​2329-9096.​1000418.Crossref

	35.
Michael KM, Allen JK, Macko RF. Reduced ambulatory activity after stroke: the role of balance, gait, and cardiovascular fitness. Arch Phys Med Rehabil. 2005;86(8):1552–6. https://​doi.​org/​10.​1016/​j.​apmr.​2004.​12.​026.CrossrefPubMed

	36.
Jung J, Yu J, Kang H. Effects of virtual reality treadmill training on balance and balance self-efficacy in stroke patients with a history of falling. J Phys Ther Sci. 2012;24(11):1133–6. https://​doi.​org/​10.​1589/​jpts.​24.​1133.Crossref

	37.
Ryan RM, Deci EL. Self-determination theory and the facilitation of intrinsic motivation, social development, and well-being. Am Psychol. 2000;55(1):68. https://​doi.​org/​10.​1037/​0003-066X.​55.​1.​68.CrossrefPubMed

	38.
Kern F, Winter C, Gall D, Käthner I, Pauli P, Latoschik ME. Immersive Virtual Reality and Gamification Within Procedurally Generated Environments to Increase Motivation During Gait Rehabilitation. In: 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). IEEE; 2019. p. 500–9. https://​doi.​org/​10.​1109/​VR.​2019.​8797828.

	39.
LaViola Jr. JJ. A discussion of cybersickness in virtual environments. 2000. https://​doi.​org/​10.​1145/​333329.​333344.

	40.
Kurtzke J. Rating neurologic impairment in multiple-sclerosis—an expanded disability status scale (EDSS). Neurology. 1983;33(11):1444–52. https://​doi.​org/​10.​1212/​WNL.​33.​11.​1444.Crossref

	41.
Holden MK, Gill KM, Nathan J, Piehl-Baker L, Magliozzi MR. Clinical gait assessment in the neurologically impaired: reliability and meaningfulness. Phys Ther. 1984;64(1):35–40. https://​doi.​org/​10.​1093/​ptj/​64.​1.​35.CrossrefPubMed

	42.
Borg G. Borg’s range model and scales. Int J SPORT Psychol. 2001;32(2):110–26.

	43.
Hart SG. Nasa-task load index (NASA-TLX); 20 years later. Proc Hum Factors Ergon Soc Annu Meet. 2006;50(9):904–8. https://​doi.​org/​10.​1177/​1541931206050009​09.Crossref

	44.
Markland D, Hardy L. On the factorial and construct validity of the intrinsic motivation inventory: conceptual and operational concerns. Res Q Exerc Sport. 1997;68(1):20–32. https://​doi.​org/​10.​1080/​02701367.​1997.​10608863.CrossrefPubMed

	45.
Schubert TW. The sense of presence in virtual environments. Z Für Medien. 2003;15(2):69–71. https://​doi.​org/​10.​1026/​/​1617-6383.​15.​2.​69.Crossref

	46.
Kennedy RS, Lane NE, Berbaum KS, Lilienthal MG. Simulator sickness questionnaire: an enhanced method for quantifying simulator sickness. Int J Aviat Psychol. 1993;3(3):203–20. https://​doi.​org/​10.​1207/​s15327108ijap030​3_​3.Crossref

	47.
Nichols S. Physical ergonomics of virtual environment use. Appl Ergon. 1999;30(1):79–90. https://​doi.​org/​10.​1016/​S0003-6870(98)00045-3CrossrefPubMed

	48.
Brooke J. SUS: a “quick and dirty” usability scale. In: Jordan PW, Thomas B,  McClelland IL, Weerdmeester B, editors. Usability evaluation in industry. London: Taylor and Francis; 1996.

	49.
Kim A, Darakjian N, Finley JM. Walking in fully immersive virtual environments: an evaluation of potential adverse effects in older adults and individuals with Parkinson’s disease. J NeuroEngineering Rehabil. 2017;14(1):16. https://​doi.​org/​10.​1186/​s12984-017-0225-2.Crossref

	50.
Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. Lancet Neurol. 2009;8(8):741–54. https://​doi.​org/​10.​1016/​S1474-4422(09)70150-4.CrossrefPubMed

	51.
Fritz S, Lusardi M. White paper:“walking speed: the sixth vital sign.” J Geriatr Phys Ther. 2009;32(2):2–5. https://​doi.​org/​10.​1519/​00139143-200932020-00002.Crossref

	52.
Cummings JJ, Bailenson JN. How immersive is enough? A meta-analysis of the effect of immersive technology on user presence. Media Psychol. 2016;19(2):272–309. https://​doi.​org/​10.​1080/​15213269.​2015.​1015740Crossref

	53.
Slater M, Usoh M, Steed A. Depth of presence in virtual environments. Presence Teleoperators Virtual Environ. 1994;3(2):130–44. https://​doi.​org/​10.​1162/​pres.​1994.​3.​2.​130Crossref

	54.
Biocca F, Delaney B. Immersive virtual reality technology. Commun Age Virtual Real. 1995;15:32.

	55.
Kim G, Biocca F. Immersion in virtual reality can increase exercise motivation and physical performance. In: Chen JYC, Fragomeni G, editors. International on virtual augmented and mixed reality. Cham: Springer; 2018. p. 94–102. https://​doi.​org/​10.​1007/​978-3-319-91584-5_​8Crossref

	56.
Chaudhuri A, Behan PO. Fatigue in neurological disorders. Lancet. 2004;363(9413):978–88. https://​doi.​org/​10.​1016/​S0140-6736(04)15794-2.CrossrefPubMedPubMedCentral

	57.
Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis. Lancet Neurol. 2008;7(12):1139–51. https://​doi.​org/​10.​1016/​S1474-4422(08)70259-X.CrossrefPubMed

	58.
Jasse L, Vukusic S, Durand-Dubief F, Vartin C, Piras C, Bernard M, et al. Persistent visual impairment in multiple sclerosis: prevalence, mechanisms and resulting disability. Mult Scler J. 2013;19(12):1618–26. https://​doi.​org/​10.​1177/​1352458513479840​.Crossref

	59.
Tatemichi TK, Desmond DW, Stern Y, Paik M, Sano M, Bagiella E. Cognitive impairment after stroke: frequency, patterns, and relationship to functional abilities. J Neurol Neurosurg Amp Psychiatry. 1994;57(2):202. https://​doi.​org/​10.​1136/​jnnp.​57.​2.​202.Crossref

	60.
Lewis CH, Griffin MJ. Human factors consideration in clinical applications of virtual reality. Stud Health Technol Inform. 1997;44:35–58. https://​doi.​org/​10.​3233/​978-1-60750-888-5-35.CrossrefPubMed

	61.
Kolasinski EM. Simulator sickness in virtual environments, Vol. 1027. US Army Research Institute for the Behavioral and Social Sciences; 1995. https://​apps.​dtic.​mil/​dtic/​tr/​fulltext/​u2/​a295861.​pdf. Accessed 15 Mar 2021.

	62.
Money K. Motion sickness. Physiol Rev. 1970;50(1):1–39. https://​doi.​org/​10.​1152/​physrev.​1970.​50.​1.​1.CrossrefPubMed

	63.
Davis S, Nesbitt K, Nalivaiko E. A Systematic Review of Cybersickness. In: Proceedings of the 2014 Conference on Interactive Entertainment. New York, NY, USA: Association for Computing Machinery; 2014. https://​doi.​org/​10.​1145/​2677758.​2677780.

	64.
Bangor A, Kortum PT, Miller JT. An empirical evaluation of the system usability scale. Intl J Human-Computer Interact. 2008;24(6):574–94. https://​doi.​org/​10.​1080/​1044731080220577​6.Crossref

	65.
Kortum PT, Bangor A. Usability ratings for everyday products measured with the System Usability Scale. Int J Hum-Comput Interact. 2013;29(2):67–76. https://​doi.​org/​10.​1080/​10447318.​2012.​681221.Crossref

	66.
Jamali A, Sadeghi-Demneh E, Fereshtenajad N, Hillier S. Somatosensory impairment and its association with balance limitation in people with multiple sclerosis. Gait Posture. 2017;57:224–9. https://​doi.​org/​10.​1016/​j.​gaitpost.​2017.​06.​020.CrossrefPubMed

	67.
Meyer C, Killeen T, Easthope CS, Curt A, Bolliger M, Linnebank M, et al. Familiarization with treadmill walking: How much is enough? Sci Rep. 2019;9(1):5232. https://​doi.​org/​10.​1038/​s41598-019-41721-0.CrossrefPubMedPubMedCentral

	68.
Godi M, Giardini M, Arcolin I, Corna S. The dark side of the treadmill walking test. Physiotherapy. 2020. https://​doi.​org/​10.​1016/​j.​physio.​2020.​03.​001.CrossrefPubMed



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Immersive virtual reality during gait rehabilitation increases walking speed and motivation: a usability evaluation with healthy participants and patients with multiple sclerosis and stroke


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12984_2021_848_Fig1_HTML.jpg





OEBPS/images/12984_2021_848_Fig2_HTML.png
1. Study: Healthy

participants 2. Study: Patients

N=%‘ /v=14

Information &
consent

Questionnaires

Demographic, ITQ,

mood, motivation;

Patients: + BDI-II,
PAREMO

Treadmill training
without VR

Borg, NASA TLX, mood,
motivation, sense of time

Treadmill training
with semi-
immersive VR

(monitor)
See without VR ; + VR-
questions, IPQ, IMI,
SSQ, EDQ, SUS

Randomization

Treadmill training

with immersive VR

(HMD)

See semi-immersive; +
user preferences,
comments

Feedback






OEBPS/images/12984_2021_848_Fig3_HTML.png
*k %k *

Walking speed (km/h)
N

HMD

0 T
No VR Monitor
b
4 -
*%

=
€ 34
S5
e
o
& 29—
o iR
£
=
S 11

0

T
No VR Monitor

HMD

*n < .05, *p < .01, **p < .001





OEBPS/css/sidebar.gif





