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Virtual reality for wheelchair skill training 
P S Archambault1,2 

1School of Physical and Occupational Therapy, McGill University, Canada 
2Center for Interdisciplinary Research in Rehabilitation (CRIR), Canada 

ABSTRACT 
Wheelchairs and motorized mobility scooters are among the most important assistive technologies used 
in rehabilitation for individuals with mobility impairments. It is well known that the amount of training 
provided to new users of mobility devices is insufficient, especially for completing complex tasks and 
activities that are encountered in the community. Assessing wheelchair skills capacity among users of 
mobility devices also presents a challenge, particularly with respect to safe execution in ‘real life’ 
environments. Our lab has been developing low-cost virtual reality applications, that simulate the use 
of a power wheelchair, manual wheelchair or mobility scooters for the assessment and practice of tasks 
in various environments. For each version of the system, virtual scenarios were designed based on users’ 
needs, as expressed by expert clinicians and users, through an iterative, participatory approach. This 
talk will address how the virtual reality simulators and scenarios were developed, how skills learned in 
the simulator can transfer to real life and how practice in the simulator may improve mobility skills.  A 
validated virtual reality platform, that can be used at the users’ homes or at rehabilitation facilities, may 
provide a safe and effective way to increase the amount and frequency of mobility training. Users could 
increase their autonomy by learning wheelchair and scooter skills in a self-paced manner, and at a time 
and place they find most suitable.  

Figure 1. The bathroom and shopping scenes from the power wheelchair simulator are shown on 
the left. The right picture illustrates the manual wheelchair simulator.  
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Ecological validity of virtual reality-based technologies for assessment and 
rehabilitation of acquired brain injury: a systematic literature review  

A L Faria* 1,2, J Latorre 3,4, M S Cameirão 1,2, S Bermúdez i Badia 1,2 & R Llorens 3,4 
1NOVA Laboratory for Computer Science and Informatics, Lisboa, Portugal. 

2Universidade da Madeira, Funchal, Portugal. 
3Instituto de Investigación e Innovación en Bioingeniería, Universitat Politècnica de València, València, Spain. 

4NEURORHB. Servicio de Neurorrehabilitación de Hospitales Vithas, València, Spain. 
*anafaria@staff.uma.pt

ABSTRACT 
A systematic review was conducted to examine the state of the literature regarding ecologically valid 
virtual environments (VEs) to assess and rehabilitate people with acquired brain injury (ABI). A 
literature search was performed using PubMed, IEEE Xplore, and ACM databases. The focus was 
placed on assessment and intervention studies using ecologically valid VEs. All types of studies were 
included if they involved individuals with ABI and simulated environments of activities of daily 
living. A total of 52 out of 291 studies were included in this review, with 673 individuals with stroke, 
376 with traumatic brain injury, 65 with unspecified brain injury and 7 with another type of brain 
injury (cerebral tumor and cortical cyst). VEs were grouped and analyzed according to their 
simulation’s nature, prefacing a total of 10 kitchens, 7 supermarkets, 10 shopping malls, 12 streets, 8 
cities, and 5 other everyday life scenarios. Evidence on VEs effectiveness in adressing ABI-related 
cognitive impairments is still modest, and further research, with more extensive samples, is needed. 

1. INTRODUCTION
Acquired Brain Injury (ABI) is one of the leading causes of disability worldwide. Given the high prevalence of 
cognitive impairment, functional dependence and social isolation after ABI (WHO, 2006), finding effective 
assessment and rehabilitation solutions has been a primary goal for many research studies in health technologies. 
Performance of many daily activities, such as doing the groceries, implies getting to outdoor locations, such as 
supermarkets or shopping malls, which requires multiple and complex cognitive skills that are commonly impaired 
after ABI (Parsons, 2015). Although rehabilitation aims to improve individuals’ independence in these activities, 
their practice in real environments can be dangerous and highly resource-intensive (Bohil et al., 2011). These 
limitations motivated the use of Virtual Reality (VR) to safely recreate different scenarios (Rizzo et al., 2004). 

VR allows for precise presentation and control of dynamic stimuli while providing ecologically valid 
experiences that combine the control and preciseness of laboratory measures with a simulation that depicts real-life 
situations in a balance between naturalistic observation and the need for control key variables (Faria et al., 2020). 
Indeed, over the last years, VR-based methodologies have been developed as promising solutions to improve 
cognitive (Maggio et al., 2019) and motor (Saposnik, 2018) functions via immersive and non-immersive 
technologies. This review aims to examine the state of the literature regarding ecologically valid virtual 
environments to assess and rehabilitate people with ABI. 

2. METHODS
A systematic search of the existing literature was performed using three digital databases: PubMed, IEEE Xplore, 
and ACM. The search focused on assessment and intervention studies published in English, from 1997 to 2017, in 
peer-reviewed journals and conferences (Figure 1). All types of original studies (not reviews and editorials) were 
included if they involved individuals from any age with stroke or TBI and simulated environments of the real world 
or ADL. The search was performed using the following keywords: ‘virtual reality’ AND (‘stroke’ OR ‘traumatic 
brain injury’) AND (‘rehabilitation’ OR ‘assessment’) AND (‘simulated environments’ OR ‘activities daily living’). 

Figure 1. Systematic review flow diagram. 

291 records identified by 
database searching and 

additional sources 
281 records after 

duplicates removed
281 records 

screened 
122 assessed for 

eligibility
52 studies included 
in the systematic   

review
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3. RESULTS
Overall, we have considered 52 studies, in which 10 were simulations of kitchens, 7 supermarkets, 10 shopping 
malls, 12 streets, 8 cities and 5 other everyday life scenarios (Table 1). 

Table 1. Studies with VR-based technologies environments for assessment and rehabilitation of ABI. 

Kitchens (Christiansen 
et al., 1998) 

(Zhang 
et al., 
2001) 

(Hilton et 
al., 2002) 

(Zhang 
et al., 
2003) 

(Edmans et al., 
2006) 

(O’Brien, 
2007) 

(Cao 
et al., 
2010) 

(Adams et 
al., 2015) 

(Besnard 
et al., 
2016) 

(Huang 
et al., 
2017) 

Supermarkets (Josman et 
al., 2006) 

(Kang et 
al., 

2008) 

(Raspelli et 
al., 2012) 

(Yip 
and 

Man, 
2013) 

(Sorita et al., 
2014) 

(Josman 
et al., 
2014) 

(Yin 
et al., 
2014) 

Shopping 
malls 

(Rand et al., 
2007) 

(Rand et 
al., 

2009a) 

(Rand et 
al., 2009b) 

(Rand 
et al., 

2009c) 

(Hadad et al., 
2012) 

(Jacoby 
et al., 
2013) 

(Erez 
et al., 
2013) 

(Okahashi et 
al., 2013) 

(Canty 
et al., 
2014) 

(Nir-
Hadad 
et al., 
2015) 

Streets (Liu et al., 
1999) 

(Wald et 
al., 

2000) 

(Naveh et 
al., 2000) 

(Weiss 
et al., 
2003) 

(Katz et al., 
2005) 

(Titov & 
Knight, 
2005) 

(Lloyd 
et al., 
2006) 

(Akinwuntan 
et al., 2009) 

(Devos 
et al., 
2009) 

(Lloyd 
et al., 
2009) 

(Sorita 
et al., 
2013) 

(Navarro 
et al., 
2013) 

Cities (Gamito et 
al., 2011a) 

(Gamito 
et al., 

2011b) 

(Jovanovski 
et al., 2012) 

(Gamito 
et al., 
2014) 

(Vourvopoulos 
et al., 2014) 

(Gamito 
et al., 
2015) 

(Faria 
et al., 
2016) 

(Claessen et 
al., 2016) 

Other (Fong et al., 
2010) 

(Renison 
et al., 
2012) 

(Krch et al., 
2013) 

(Fluet 
et al., 
2013) 

(Gerber et al., 
2014) 

4. DISCUSSION and CONCLUSIONS
In this review, we have found that kitchens, supermarkets, shopping malls, streets, and cities are the most used 
scenarios for ecologically valid simulations. These are mostly presented in, by order of preference, computer 
screens, mobile phones, HMD’s and wall projections, and patients interact with them primarily via keyboard, 
mouse, Kinect, joypad, or joystick. Numerous studies have been carried out to clinically validate these VR-based 
assessment and rehabilitation environments, from case studies to RCTs, showing effectiveness. As such, we 
conclude that these ecologically valid VEs could be of significant value for addressing ABI related impairments. 

Acknowledgements: This work is supported by Fundação para a Ciência e Tecnologia through NOVA LINCS 
UIDB/04516/2020 and BRaNT project (PTDC/CCI-COM/31046/2017); by Fundació la Marató de la TV3 (grant 
201701-10); by the Ministerio de Economía y Competitividad of Spain (grants RTC-2017-6051-7 and RTC2019-
006933-7); and by Conselleria de Educación, Investigación, Cultura y Deporte de la Generalitat Valenciana 
(SEJI/2019/017). 
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A step towards the design of an ADL-based cognitive training platform: 

involving neuropsychologists in the design process 

J Câmara*1,2, M Spínola1, M Vilar2, A L Faria1, S B i Badia1 & E Fermé1

1Polo do NOVA Laboratory for Computer Science and Informatics, Universidade da Madeira, Funchal, Portugal
2Faculdade de Psicologia e de Ciências da Educação, Universidade de Coimbra, Coimbra, Portugal 

*joana.camara@m-iti.org

ABSTRACT 

This work briefly presents some outputs of two studies conducted with neuropsychologists, which are being used to 

inform the development of the Belief Revision Applied to Neurorehabilitation (BRaNT) platform. In study 1), an 

online questionnaire was disseminated to neuropsychologists that provided cognitive rehabilitation (CR) to acquired 

brain injury (ABI) patients before COVID-19, with two objectives: a) characterizing the provision of CR before the 

pandemic and compare it to the COVID-19 period, and b) identifying their thoughts on facilitators of remote CR. 

Concerning study 2), we interviewed neuropsychologists with experience in the assessment and rehabilitation of stroke 

patients, with the aims of a) identifying common post-stroke cognitive and functional deficits based on their clinical 

experience, b) characterizing their rehabilitation practices and views on the use of information and communication 

technologies (ICT) for CR purposes, and c) determining the cognitive training (CT) content to develop and integrate 

into the BRaNT platform. We will focus on the findings regarding the CR-platforms related facilitators of remote 

rehabilitation (study 1), and the CT content (study 2). The practical implications of these findings to the platforms’ 

developmental process will be discussed. 

1. INTRODUCTION

Stroke is one of the most common causes of ABI and the second leading cause of disability worldwide (Lindsay et 

al., 2019). About 50% of stroke survivors can present multidomain cognitive deficits even after a “successful” clinical 

recovery (i.e., Modified Ranking Scale for Neurologic Disability (mRS)=0-1 and no significant functional disability) 

(Jokinen et al., 2015). Post-stroke cognitive deficits (PSCD) typically result in poor functional and occupational 

outcomes, negatively affecting patients’ quality of life (Kapoor et al., 2017). Therefore, addressing PSCD represents 

a major research and clinical priority. The application of virtual reality (VR) methods for CR purposes can enhance 

the ecological validity of the rehabilitation process, contributing to improvements in cognitive and non-cognitive 

domains (Faria et al., 2016; Larson et al., 2014). VR-based interventions allow the recreation of everyday life scenarios 

and the possibility to train multiple cognitive functions while performing simulations of activities of daily living 

(ADLs) (Faria et al., 2020). When developing technological solutions with a direct application in CR, it is important 

to involve the CR providers (neuropsychologists) in the design process to better adjust these tools to their clinical 

requirements. The BRaNT platform is currently being developed with the primary goal of providing home-based 

ecologically valid CT to stroke survivors in the early stages of recovery. This digital platform will incorporate artificial 

intelligence modules to enhance the customization and adaptation of the training sessions according to both the 

patients’ cognitive profile and the session-to-session performance. Here we will briefly explain the process of 

gathering information for the content development and requirements for the BRaNT platform.  

2. METHODS

We combined some of the findings of both studies, which are being considered on the ongoing developmental process 

of the BRaNT platform (cf. Figure 1). In study 1), a three-section online questionnaire was disseminated to 

neuropsychologists that fulfilled the eligibility criteria (e.g., experience in CR following ABI and providing CR before 

COVID-19). Data analysis followed qualitative and quantitative methodologies. In study 2), 1-hour semi-structured 

interviews were performed with 20 neuropsychologists. The interviews were recorded and then transcribed. Data 

analysis followed qualitative and quantitative methodologies.  

3. RESULTS  

BRaNT platform content and 
requirements

Online semi-structured interviews with 
neuropsychologists (N=20)

Online survey with neuropsychologists 
(N=72)

Figure 1. Information gathering process 
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In terms of CR-platform facilitators, neuropsychologists’ answers were classified in two main categories, namely: 

general technological-related features (e.g., user-friendly, frequent personalized reminders concerning the CR 

sessions’ schedule), and training session-related features (e.g., ADL-based content, automated errorless learning 

approach) (study 1). 

Table 1 presents some examples of cognitive training tasks (CTTs) and task operationalization proposals (study 2) 

provided by the neuropsychologists.   

Table 1. CTTs content and operationalization proposals according to the underlying ADLs. 

ADLs Examples of CTTs operationalization 

Meal preparation 

and cleanup 

· (1) Identifying the ingredients and utensils required to prepare a specific meal (e.g., attention task, where the patient must select the target 

ingredients and utensils among distractors); 

· (2) Planning the different steps required to prepare a meal (e.g., action sequencing task, in which the patient must organize a set of images

that depict a particular meal in the correct order). 

Shopping 

· (1) Making a shopping list based on the need to cook a particular meal (e.g., attention task, where the patient must analyze a recipe, target 

the ingredients already available in the kitchen and write down the missing ingredients that must be bought in the supermarket); 

· (2) Identifying the products written on the shopping list that are displayed in the supermarket shelves (e.g., attention task, where the patient

must select the target products among the distractor products). 

Financial 

management 

· (1) Prioritizing expenses (e.g., planning and problem-solving task, in which the patient must arrange the bills according to the payment 

deadline, i.e., identify the bills that should be paid first and so forth); 

· (2) Performing payments (e.g., calculation task, in which the patient must perform arithmetic operations, such as addition, subtraction,

multiplication, when paying shopping bills). 

4. DISCUSSION and CONCLUSIONS

Neuropsychologists most mentioned ADL-related content for CT purposes were meal preparation and cleanup, 

shopping, and financial management. Despite agreeing that ADL-based CTTs could enhance the ecological validity 

of the rehabilitation process, neuropsychologists highlighted the importance of working on the platforms’ 

customization features to provide a more patient-centered CR intervention (e.g., ability to personalize the instructions 

and to incorporate settings/objects that are a part of the persons’ daily life). From their point of view, the latter aspect 

would significantly impact the ecological validity of the CR process and might even facilitate its remote provision.  

Acknowledgements: This work is supported by Fundação para a Ciência e Tecnologia (FCT) through NOVA LINCS 

UIDB/04516/2020, BRaNT project (PTDC/CCI-COM/31046/2017), and a PhD grant (SFRH/BD/145919/2019), 

awarded to Joana Câmara. 
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A step towards the design of an ADL-based cognitive training platform: 
enhancing the ecological validity 

M Spínola1*, J Câmara1,2, A L Faria1, T Paulino1, D Branco1, M Cameirão1, S B i Badia1, E 
Fermé1 

1NOVA-LINCS, Universidade da Madeira, Funchal, Portugal 
2University of Coimbra, Coimbra, Portugal 

ABSTRACT 
BRaNT (Belief Revision applied to Neurorehabilitation Therapy) consists of an at-home cognitive 
training (CT) platform inspired by our previous work with two CT tools: Task Generator and 
Reh@City. The present work will explore the process of enhancing the ecological validity of the 
cognitive training tasks (CTTs) to be integrated in the BRaNT platform. This process was divided into 
two parts: 1) the information gathering process – that aimed to select the content and requirements to 
be used, considering the neuropsychologists perspectives; and 2) the conceptualization process – in 
which the content from part 1) was considered in the creation of activities of daily living (ADL)-based 
CTTs. In this work we will focus on the second step. As such, we will consider a) the results of part 
1); and b) our previous work with Task Generator and Reh@City. 

1. INTRODUCTION
In the last years, technology has been used as a facilitator of the operationalization of traditional methods of 
cognitive rehabilitation (CR) (Marin et al., 2015). For instance, Task Generator (TG) is a software that allows the 
personalization of paper and pencil-based CT by generating CTTs according to the patient’s cognitive screening 
assessment (Faria & i Badia, 2018). Even though personalization is a crucial feature in CT, the implementation of 
traditional approaches, such as paper and pencil tasks, are commonly dependent on supervision and support from 
neuropsychologists, making it a highly time-consuming process (Cogollor et al., 2018). 

Currently, there are reliable technological alternatives to these traditional paper-and-pencil approaches (Parsons, 
2019). Virtual Reality (VR), for example, is a cost-effective tool that allows the presentation and control of dynamic 
multi-sensory stimulus environments (Rizzo et al., 2004) within simulations of real-life scenarios, therefore 
providing close-to-reality experiences (Kim et al., 2019). Reh@City (Faria et al., 2020) is a CT tool that uses VR to 
ADLs – such as going to the supermarket or the pharmacy and setting the table –in the context of a virtual city. 
Similar to the TG, Reh@City allows the personalization of the CTTs according to the patients’ cognitive screening 
assessment. Besides having greater ecological validity, this VR tool facilitates patient autonomy during the CR 
sessions. Here we approach the development of BRaNT, a customizable platform for at-home CT. 

2. METHODS
The definition of the CTTs prior to be designed and transformed in digital versions was divided into two parts 
(Figure 1): 1) the information gathering process; and 2) the conceptualization process – in which the present work 
will focus. 
2.1  The conceptualization process 
In the conceptualization process, we considered the results of part 1) to define the content (e.g., ADLs) and 
requirements (e.g., operationalization proposals) of the CTTs. Then, TG and Reh@City were used for the selection 
of the CTTs (e.g., cancelation, navigation, reading and comprehension) and considerations of their 
operationalization (e.g., type of instruction, task goals). 

Figure 1. BRaNT CTTs conceptualization process. 
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From step 1), resulted: a) the content of the CTTs, in which meal preparation and clean up, shopping, and mobility 
were the selected ADLs to be first integrated in the CTTs; and b) the requirements of the CTTs, such as 
operationalization proposals in terms of: i) providing context (e.g., kitchen, supermarket) and sense of continuity 
(e.g., decomposition of the different ADLs into sub-ADLs) to  the CTTs; and ii) CTTs suggestions (e.g., execution 
task). Then, these considerations were merged through a series of brainstorming sessions among a multidisciplinary 
team to define the CTTs prior to the design of their digital versions. (cf. figure 2).  

Figure 2. Merging ADLs, contexts and CTTs. 
4. DISCUSSION and CONCLUSIONS

The knowledge and experience of our previous work with the TG and Reh@City CT tools are fostering the 
development of a CT platform with pertinent improvements and new features, such as artificial intelligence 
techniques. By considering the neuropsychologists’ perspectives and dividing each ADL simulation into their micro 
components (i.e., sub-ADLs), it will be possible to tackle domain-specific cognitive functions required for the 
performance of each sub-ADL. Furthermore, their sequential presentation allows the simulation of a complete ADL. 
It will be possible to personalize these sub-ADLs to the person’s cognitive profile, providing a more adaptative CT. 
Moreover, the creation of a new CTT – execution task – will allow the simultaneous combination of all the steps 
needed to complete an ADL, bringing the real-world complexity to our virtual simulation. We expect this novel 
approach to enhance CTTs resemblance to everyday-life challenges. Our multidisciplinary team is currently working 
on the digital implementation of these CTTs, aiming that the BRaNT platform becomes part of the 
neuropsychologists ’clinical practice, at home or in the clinic, providing effective ecologically valid CT.   

Acknowledgements: This work is supported by Fundação para a Ciência e Tecnologia through NOVA LINCS 
UIDB/04516/2020 and BRaNT project (PTDC/CCI-COM/31046/2017). 
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Developing Immersive Vestibular Rehabilitation Tools:  Hardware 
Comparison, Software Refinement, and Lessons Learned 

P H Sessoms1, S E Kruger2, K B Delpy2, D M Bodell1,3, J VanDehy1,V P Ordek1, K B Rosen2 
1	Naval Health Research Center, San Diego, CA, USA  
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ABSTRACT 
In the past decade, the use of virtual and augmented reality (VR and AR) based head mounted displays 
(HMDs) has increased in healthcare settings. Such hardware is typically used in combination with 
immersive environments, creating tasks that monitor, assess, and/or treat different patient populations 
across a variety of clinical disciplines. However, the development process, from conception to 
implementation, can be challenging.  Within the Military Health System, the National Intrepid Center 
of Excellence and Naval Health Research Center have been working collaboratively to pare down the 
Computer Assisted Rehabilitation Environment (CAREN), a large-scale VR-based system. Despite the 
benefits observed, by both clinicians and patients, there is limited access to CAREN systems.  To 
increase accessibility and meet the clinical demand for mobile vestibular rehabilitation tools, we 
leveraged the portability of HMDs by evaluating new VR and AR hardware and then developed 
software applications for therapeutic use.  To do so, we formed an interdisciplinary team of clinicians, 
engineers, programmers, and scientists. This symposia will describe how we’ve partnered to take a 
clinical idea from an initial concept to end product. 

1. INTRODUCTION
Since 2000, over 410,000 members of the U.S. Armed Forces have been diagnosed with a traumatic brain injury 
(TBI) with approximately 82% classified as mild TBI or concussion. While the majority of concussions resolve 
within days to weeks of injury, some service members report persistent post-concussive symptoms including 
memory impairment, headaches, and vestibular issues (Kelly et al., 2012), greater than three months post-injury. 
Vestibular dysfunction characterized by dizziness and imbalance may occur for more than six months post-injury 
and can significantly affect quality of life as well as return to duty status (Vanderploeg et al., 2009; Akin et al., 
2017). Assessments to evaluate vestibular symptoms can be carried out by a Physical Therapist (PT), and vestibular 
physical therapy (VPT) is often prescribed for service members who present with vestibular dysfunction secondary 
to concussion (Weightman et al., 2010). VPT evaluation includes objective examinations like the Sensory 
Organization Test, a measure of stability during six different sensory conditions, and the Functional Gait 
Assessment, which assesses dynamic balance in different walking conditions. Subjective assessments are also given, 
including the Dizziness Handicap Inventory, which measures perceived dizziness in a variety of situations, and the 
Activities-Specific Balance Confidence scale, an assessment of confidence in performing various activities without 
losing balance. At the National Intrepid Center of Excellence (NICoE) and Naval Health Research Center (NHRC), 
the Computer Assisted Rehabilitation Environment (CAREN), a large scale VR-based system, can also be used 
independently or as an adjunct to traditional VPT assessment and rehabilitation. The CAREN combines multi-planar 
motion with immersive virtual environments (VEs) projected onto a curved, panoramic screen. The system provides 
a safe, controlled setting for care and has dozens of VEs, where the difficulty level and task requirements can be 
easily modified by the treating clinician to target patient-specific needs. These high-fidelity immersive scenarios can 
include visual, auditory, vestibular, and/or tactile sensory inputs to improve patient compliance and adherence to 
treatment (Highland, 2015). Although there are benefits to using the CAREN, these systems are fixed, large in size, 
and expensive to install and maintain. These constraints can severely limit the number of patients who have access 
to these therapies as well as the amount of time each patient can utilize the system. However, given the positive 
outcomes observed (Gottshall et al. 2012; Gottshall & Sessoms, 2015; Rosen et al., 2021), there is a desire to 
replicate CAREN-based VPT with a more portable system that can be used in any clinical setting.  Therefore to 
increase accessibility and meet the demand, we have worked collaboratively to develop a mobile system. 

13



2. METHODS

2.1 Technical Development of a Mobile Vestibular Therapy System 

The development of VR and AR applications for use in a clinical setting presents a unique challenge, especially in 
the field of the sensory-driven vestibular system. The NICoE and NHRC are transitioning existing and validated 
CAREN-based vestibular therapy applications to more mobile and clinically accessible platforms. The goal of the 
current development effort was to create and validate a mobile vestibular rehabilitation system for use in a clinical 
setting. This presentation outlines various technical developments and challenges in developing such a system. 
Initial efforts focused on re-creating multiple VR environments, originally developed in CAREN-based D-Flow 
software, within Unity 3D, a consumer gaming engine. Various VR and AR technologies were also initially 
explored for potential use. Magic Leap 1, a consumer-grade, wireless AR device, was selected to provide vestibular 
tasks (audio, visual, and balance) that are controlled by a therapist on a PC-based computer application. Such 
simultaneous multi-platform support was achieved using networked communication via Photon Engine. To meet the 
need in both validating the system and capturing clinically relevant information, multiple physiological recording 
systems (i.e., real-time kinematic motion streaming and recording, eye tracking, heart rate monitoring) were 
integrated into the software. Because of the multi-site testing nature of the project, programs were created with 
inherent flexibility to accommodate different equipment and setups. However, mechanisms to precisely control 
audio and visual exposure at multiple sites (including standardizing VR and AR stimuli), specific to vestibular 
rehabilitation needs were developed and tested. This includes use of image recognition via the Vuforia Engine to 
match visual cues and in-depth audio testing to verify 3D audio accuracy. To create a seamless experience for both 
patients and therapists, user interfaces, customizable settings, and data outputs were developed based on clinician 
guidance. Finally, the technical advantages and disadvantages of a mobile AR rehabilitation system are discussed.  

2.2 Comparison of Visual and Auditory Technology in Large Scale and Mobile Systems for Vestibular 
Rehabilitation 

The latest phase of this collaboration seeks to validate the mobile system.  Data will be collected from up to 60 
healthy participants, to compare the audio and visual components of the CAREN and mobile system.  The mobile 
system is comprised of the Magic Leap 1 and virtual audio rendered through earbuds. VEs created in Unity, have 
been created and participant performance as well as user feedback will be collected and compared.  At NICoE, the 
virtual audio will be validated against the physical speaker array (in their CAREN Laboratory) using an audio 
localization VE where participants are tasked with moving a head-slaved crosshair to the location of an audio cue.  
Then both NICoE and NHRC will quantify the differences between the visual displays in the CAREN and mobile 
systems using visual and audio-visual search VEs where participants must identify visual targets on the display.  
Performance metrics include reaction time and accuracy.  Additionally, another 40 participants (20 healthy, 20 TBI) 
will complete a battery of interactive VEs, which use a combination of visual and audio inputs, on both systems to 
determine the feasibility of conducting visual and audio tasks using the mobile system.  Outcomes including times, 
scores, and speeds will be compared.  We will discuss the study design for this comparison of the mobile system 
against the CAREN and will also discuss how we plan to incorporate the mobile system into a VPT intervention 
study in the coming year.     

Figure 1. CAREN vs. Mobile system (Photos courtesy of Walter Reed National Military Medical 
Center National Intrepid Center of Excellence 
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3. RESULTS
Data collections are still ongoing but preliminary results will be presented to demonstrate the similarities and 
differences observed between the two systems. Validation data for the audio localization VE, comparing the 
physical and virtual audio, shows that the overall localization error is slightly increased when using the virtual audio, 
more so with regard to elevation which was expected. User feedback has been positive about the Magic Leap 1 with 
regard to fit and portability.      

4. DISCUSSION and CONCLUSIONS
We anticipate that this presentation will generate discussion about large scale versus mobile VR and AR based 
systems, particularly use cases for each in both practice and research.  We also expect there to be a dialog about our 
integration efforts and the technical considerations for a population with vestibular dysfunction (i.e., safety, motion 
intolerance, etc.) as well as the use of physiological monitoring devices during virtual rehabilitation.    
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ABSTRACT 
The symposium presents studies on VR-translation of standard cognitive assessment tests. It entails 
validation and potential of a VR-based Color Trails Test (CTT), Rey Auditory Verbal Learning Test 
(RAVLT), and different attentional tasks. It focuses on the possibility to gain multi-domain evaluation 
during cognitive performance in VR with motion tracking, while maintaining construct validity to 
standard clinical pen & paper assessments.  

1. INTRODUCTION

Human behavior involves integration of different functional domains, e.g., cognition, motor, affect and sensory 
processing. Often, when evaluating performance, each of these domains are assessed separately, a fact which 
compromises the ecological validity of the evaluation and may limit practical and generalizable conclusions. Virtual 
reality (VR) technology enables the presentations of simulated situations that call for integrative performance. We 
posit that VR based evaluations reflecting synergic activation of several functional domains, will provide a more 
comprehensive perspective of performance within and between specific domains. However, we face significant 
challenges in designing virtual environments (VE) for this purpose, since the technology enables the creation of almost 
infinite options, but optimizing simulations that are ecologically relevant requires extensive validation efforts. 

2. METHODS
In this symposium we will present initial studies that were designed according to principles which target the 

evaluation of more than one competency and the interactions between competencies. Further, we will emphasize the 
gradual methodological approach, which we believe is essential, in developing relevant VEs. When aiming to translate 
neurocognitive tests from their traditional ‘pencil-and-paper’ versions to the proposed VR versions, we take into 
consideration that each response on a cognitive task involves interactions between sensory and motor functions - first 
to select the required behavioral response and then to plan and execute it. These processes cannot be distinguished 
and examined with traditional pencil-and-paper testing or even with computerized testing platforms. Thus, as a first 
step, we aim to develop VR neuropsychological tests by adapting well-validated traditional measures of cognitive 
constructs. These adaptations will enhance ecological validity by including multiple multimodal (e.g., cognitive-
sensory-motor) interactions, facilitating measurement of cognitive function in a manner more relevant to the 
interaction among multiple functions characteristic of everyday activities. Reaching this goal requires a gradual, multi-
staged process. In each stage, the developer needs to ensure preservation of the cognitive construct, and also the 
reliable (reproducible) and meaningful (reveals additional dimension of information) definition of the new outcomes. 
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3. RESULTS

The following topics will be presented in individual talks, accompanied with an interactive demo of a cognitive 
assessment test and a moderated discussion: 

3.1 Validation of a virtual-reality adaptation of the Rey Auditory Verbal Learning Test 

3.2 Studying Cognitive-Motor Interactions Using a Novel Tablet based Application of the Color Trails Test 

3.3 Analytical approach for creating multiple versions for virtual reality-based Color Trails Test 

3.4 Studying head movement – manual interactions during the performance of three dimensional CTT 

3.5 Immersive virtual reality tools to assess and train attentional deficits in brain damaged patients 

4. DISCUSSION and CONCLUSIONS

This symposium introduces novel and contentious topics since there are many unanswered questions. For VR-based 
cognitive testing, we will demonstrate application of evaluations-based on measurements of multiple domains and 
their interrelationship. The studies are highly multidisciplinary, combining expertise from, e.g., engineering, 
neurophysiology and cognitive science. Finally, as we face enormous gaps in knowledge, the topic investigates new 
concepts of human-VR interaction not previously studied, that have the potential for advancing clinical assessments 
and cognitive research. 
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1. INTRODUCTION

The Rey Auditory Verbal Learning Test (RAVLT) is a widely used verbal memory neurocognitive test 1, 2. Its main 

components consist three parts: first, a list of 15-non-semantically related items is read five times to the participants, 

whom are asked to recall as many items as they can remember after each time (scores on trials 1-5). Then, a new 

interference list is introduced (list B) after which the participants are asked to repeat the original list (Immediate recall 

of list A). In the third part the participants are asked to recall the original list after a 20-40 minutes interval (delayed 

recall of list A). The main outcome measures that we identified in the literature are the acquisition (ACQ; sum of the 

scores on trials 1-5), retroactive interference (RI; scores on trial 5 minus score in the Immediate recall trial after list 

B) and retention (RET- score on the delayed trial minus score on trial 5). The RAVLT has shown construct and

discriminant validity 3-9.

As part of our overarching goal to create virtual-reality based ecological valid adaptation of widely used 

neurocognitive tests 10, we created a VR adaptation of the RAVLT (VR-RAVLT) and tested its construct and age-

related discriminant validities in reference to the original gold standard RAVLT (GS-RAVLT) among 78 participants 

from different age groups.     

2. METHODS

2.1 Creating the VR-RAVLT 

VR-RAVLT is designed identically to the original GS-RAVLT but places the participant in a virtual office with a 

virtual personal assistant (avatar) seated behind a desk. The avatar tells the participant a list of 15 places s/he needs to 

go, and s/he must recall as many as possible. The avatar informs the participant that as she will be leaving early for 

the day, she will repeat the list to ensure the participant remembers all the places (i.e., similar to the procedure 

employed in the GS-RAVLT). Participant responses are recorded by a research assistant in form similar to what is 

used in the GS-RAVLT. Lists of places were matched for Hebrew word frequency using a 165-million word database 
11. VR adaptation was performed for the full immersive VR system (HTC-Vive; New Taipei City, Taiwan). Figure 1

depicts the VR-RAVLT as viewed by the participant.

Figure 1. The VR-RAVLT. For RAVLT episodic, verbal memory test - recall of 15 items is tested five times 

(learning curve) and then again after twenty minutes (delayed recall). In the VR-adapted test, recall of the 

non-semantically related items is replaced by recall of real-life places to go dictated by a virtual personal 

assistant (avatar). 
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2.2 Participants 

Three cohorts of healthy participants were included: (1) Young adults (YA; 20- 39 Years; n=29); (2) Middle aged 

(MA; 40-64 years; n=29); and (3) Older adults (OLD; 65-90 years, n=20). Table 1 depicts their demographic data.  

Table 1. Demographic data. 

Young adults 

(n=29) 

Middle aged adults 

(n=29) 

Elderly adults 

(n=20) 

Age (mean ± SD, range) 24.1 ± 2.9 (19-29) 57.7 ± 4.0 (43-63) 71.8 ± 5.1 (66-83) 

Gender (females, percentage) 21, 72.4% 13, 65.0% 17, 58.6% 

Education years (mean ±SD, range) 13.9 ± 2.0 (12-19) 16.8 ± 3.89 (12-30) 13.9 ± 3.0 (8-18) 

2.3 Procedure 

Participants performed the original and the VR-RAVLT test using four different lists in a full counter balanced order. 

The gold-standard version of the RAVLT was performed according to its handbook instructions.  

2.4 Outcome measures and Analyses 

Construct validity of the VR-RAVLT was validated using Pearson's correlations between the GS-RAVLT and the 

VR-RAVLT tests' main outcome measures (ACQ, RI and RET). Discriminant validity of the VR-RAVLT (i.e., ability 

to separate between the age groups) was validated by comparing the receiver operating characteristic (ROC) area 

under the curve values (AUC  ;range: 0–1, higher values reflect better discriminability) for the main outcome measures 

for each test format. 

3. RESULTS

All of the participants complied with the VR-RAVLT platform, with no complains on any discomfort or inability to 

perform the instructions related to the verbal memory test.  

3.1 Construct validity 

Statistically significantly correlations were found between two out of three of the main outcome measures (ACQ: 

r=0.721, p<.0001; RI, r=0.18, p=.10; RET, r= 0.31, p=.005; all 78 participants were included in this analysis), 

suggesting construct validity of the VR-RAVLT.  

To demonstrate these correlations, figure 2 depicts the average number of remembered items on each trial 

for both test formats among the OLD group. Similar results were seen for the other cohorts (data not shown).  
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Figure 2. Average number of remembered items in each trial for both test formats among the OLD group. It can be 

appreciated that the Acquisition, Retroactive Interfere and the Retention patterns are similar. 

3.1 Discriminant validity 

Comparing the ROC AUC values, it can be appreciated that overall, the AUC were similar, suggesting that the 

discriminant validity of the VR-RAVLT is comparable to the gold-standard RAVLT. AUC values appear in Table 2. 

Table 2. AUC values from ROC curves. 

GS-RAVLT VR-RAVLT 

ACQ RI RET ACQ RI RET 

YA vs. MA 0.40 0.47 0.37 0.67* 0.62 0.52 

YA vs. OLD 0.83** 0.63 0.70* 0.82** 0.64 0.71* 

MA vs. OLD 0.91** 0.65 0.82** 0.76* 0.54 0.72* 

* p≤.05; ** p<.0001; AUC – area under the curve; ROC – receiver operating characteristic curves; YA – young

adults, MA- middle aged adults, OLD – Elderly adults, ACQ – Acquisition, RI – retroactive Interference, RET -

Retention. Details on actual scores are not shown.

4. DISCUSSION and CONCLUSIONS

Our results suggest that the novel VR-RAVLT and the GS-RAVLT share similar  psychometric properties (e.g., an 

increase in scores between trials 1 and 5, and then reduced scores in trials 6 and delayed). Coupled  with the general 

high correlations between corresponding outcome measures, this  suggests that the two tests measure the same 

cognitive construct (verbal memory). The VR-RAVLT demonstrates equal age-related discriminant validity compared 

to the original RAVLT (see Table 2). Taken together these results are an indication of the feasibility of adapting the 

RAVLT to the VR environment while preserving its core feature. Future work will aim to create new VR version 

which is more representative of daily tasks (i.e., as opposed to recite items from a 15-word list). This work, along with 

our recent work in the Trails making test support that additional neurocognitive tests can be adapted to VR versions 

as well.  
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1. INTRODUCTION

Color Trails Test (CTT) is a culture-fair version of the Trail Making Test (TMT) that is among the most popular tests 

designed to measure cognitive function, specifically executive function [1]. The CTT, like many other 

neuropsychological tests, is administered using a pencil and a sheet of paper and consists of two parts: (1) Trails A in 

which the participant is asked to draw a connecting line between circles numbered 1 to 25, this task mainly evaluates 

sustained visual attention (SVA). (2) Trails B in which the participant is asked to alternate between circles colored 

yellow and circles colored pink (i.e., 1-pink, 2-yellow, 3-pink, 4-yellow, etc.). This task evaluates mainly the complex 

task of divided attention (DA), and is characterized by longer completion time than Trails A [2] [3]. 

In recent years, there has been increased interest to convert neuropsychological testing from the  pen-and-paper method 

to computer-based testing [4] [5]. The advantage of using computer-based tests is that multiple parameters can be 

recorded electronically (e.g., hand kinematics), which introduces an opportunity to examine motor function while 

performing different cognitive tasks. The original CTT only yields the overall completion time and the number of 

errors, but does not provide explicit information on the responses that are longer in trails B. Thus, the main objective 

of this work is to evaluate a digital platform for CTT (Tablet-CTT) using a tablet application. The recorded data of 

hand movements can help identify the underlying cognitive-motor interaction related process while performing CTT. 

To that aim we first examined the convergent validity of the Tablet-CTT, by computing the correlation between the 

scores from the original pen-and-paper test and the scores from the tablet-based test. Our second goal was to organize 
the recorded data in a database, apply adjustments such as filtering and segmentation to the data and extract features 

of the reaching movements and their velocity profiles. Then, we used movement characteristics to evaluate motor 

performance in trails A and B. 

2. METHODS

2.1 Participants 

Participants were twenty-four healthy, right-handed, young individuals (age: 27 ± 3.08 years; education: 14.58 ± 2.06 

years; 12 females, 12 males) with no cognitive impairment. All participants signed informed consent prior to entering 

the study.  

2.2 Tools 

The computerized CTT was performed using a custom application installed on a Lenovo Yoga computer. The 

application was developed using Unity3D. The digital test is designed so it resembles the original test in almost every 

aspect. The size of the screen is the same size of an A4 paper sheet (21 cm X 29 cm), and the circles on the screen are 

located in the exact same coordinates as they are on the paper in the traditional test (see Fig. 1). The software samples 

the x and y coordinates of the electronic pen on the touch screen at rate of 111 Hz. The output includes the sampled 

data, a documentation of the right and wrong hits and the participant’s demographic data. 

2.3. Procedure 

Pencil-and-paper CTT and Tablet CTT were administrated in a counter balanced order, with about 30 min intervals 

between the versions.  
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2.4 Data analyses- investigation of motor-cognitive interactions 

To investigate whether motor control during Trails B differs from Trails A we tried to explain the longer completion 

time of trails B at the individual level. The total completion time is comprised by (1) time between movements i.e., 

planning duration and (2) time during movements i.e., execution duration (cf. Fig. 1C-D). 

We developed a GUI application to store and present all recorded data and wrote an algorithm using MATLAB to 

differentiate between planning and execution. We performed statistical calculations and analysis to determine which 

of the two components is accountable for the time difference between trails A and trails B. 

If planning duration is more dominant, we can conclude that the extra time in Trails B is accounted by movement 

planning and target detection. If the execution Duration is more dominant, we could analyze the velocity profile of 

similar movement to determine which movement pattern best explains the longer duration. This analysis was not 

conducted in this study since planning duration was found more accountable for the extra time in trails B than 

execution duration. 

3. RESULTS

3.1 Test performance 

All participants were able to complete the test in both formats. Completion times of Trails A and Trails B were 

recorded. Pen-and-paper format completion times were: 29.26 ± 5.87 seconds and 57.78 ± 14.36 seconds for trails A 

and B, respectively. The corresponding figures for the tablet format were: 28.16 ± 6.13 and 52.86 ± 13.47 seconds 

(Fig. 2). 2-way Analysis of Variance (ANOVA) revealed significant trails (F (2,23) = 149.358; p < .001; 𝜂2=0.802)

and format effect (F (2,23) = 6.682; p = 0.017; 𝜂2 = 0.01) where performance on trails B contribute mostly to the latter

effect. It also revealed a non-significant interaction effect (F (2,23) = 3.797; p < .065; 𝜂2=0.004).

Execution Planning Execution 

Figure 1. Original and tablet-based versions of the CTT, and an example of hand velocity profile. Panels A and B show Trails A and 

Trails B respectively, performed on the traditional pen-and-paper platform (left) and on the tablet application (right) of the CTT. The 

velocity profile of 24 movements between targets in Trials B (DA) is shown on panel C. The red lines differentiate between the planning 

duration and execution duration of each movement as shown on panel D. 
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 3.2 Convergent validity 

Performance on the pen and paper CTT and the tablet CTT were highly correlated (see Fig 2). 

3.2 

Cognitive-motor interactions 

For tablet CTT, the percentage of planning periods (Fig 1 bottom) out of the total completion time of Trails A was 29 

± 11.28% and the percentage of planning periods of Trails B was 52.37 ± 10.15% (t (23) = 11.683; p < .001). 

Execution duration of Trails B was significantly longer than execution duration of trails A (t (23) = 4.431; p < .001), 

however the percentage from time difference between trails A and trails B explained by planning duration 

(81.24±16.87 %) was found significantly larger than the percentage from time difference explained by execution 

duration (19.47 ±15.8 %; t (23) = 11.692; p < .001). 

4. DISCUSSION and CONCLUSIONS

The high correlation of formats in trails A (r≈0.6) and trails B (r≈0.8) suggests that the tablet version of the test has 

the same outcomes as the original pen-and-paper test (e.g., longer completion time of trails B) and that this platform 

measures the same cognitive functions that the traditional test does (i.e., SVA and DA). Furthermore, the results of 

this work show that there are new outcomes that can only be measured, analyzed, and evaluated using a digital platform 

and cannot be obtained using the traditional pen-and-paper testing method. An interesting conclusion from the results 

of this work is that for the selected participants for this study, what accounts for the difference in completion time 

between A and B is the planning duration.  

However, all participants in the current study were young healthy adults. Future work should include testing older 

subjects with different levels of cognitive impairment. The results of such study should then be compared with those 

from the current work. An investigation of the characteristics of motor function (e.g., planning time vs execution time, 

deviation from smooth hand velocity model [6] and change of direction) should also be applied. 

Figure 2.  Construct validity of the tablet CTT in comparison to the pen-and-paper version. Panel A shows the Completion time of Trails A 

(𝑡𝐴: Pearson’s r = 0.604; p =.002), panel B shows the completion time of Trails B (𝑡𝐵: Pearson’s r = 0.820; p < .001) and panel C shows 

the interference calculated as follow: 
𝑡𝐵−𝑡𝐴

𝑡𝐴
 A (Pearson’s r = 0.423.; p =.04), performed on the tablet format Vs the original pen-and-paper 

format. Panel D presents the mean and SD of completion times of trails A and B using the pen-and-paper(blue) and the tablet-CTT (red).  

A B 

C D 
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1. INTRODUCTION

The Color Trails Test (CTT) is a well-validated version of the Trail Making Test (TMT) which  assesses  executive 

functioning in a manually performed task i.e., pencil-and-paper (Konstantopoulos et al. 2013). The CTT consists of 

two parts:(a) Trails A- which evaluates the participants sustained visual attention (SVA) through target tracking and 

sequencing, and (b) Trails B- which requires divided attention (DA), in which participants also alternate target color 

groups while maintaining sequencing (D’Elia et al. 1996). 

The simplistic motor action required from the participant in the pencil-and paper CTT i.e., drawing a connective line 

between targets, falls short to describe the complex demands of real-life cognitive-motor functioning (Manchester et 

al. 2004; Parsons 2015). Accordingly, we recently translated the CTT task into a virtual reality computerized platform 

namely, the VR-CTT (Plotnik et al. 2021), consequently forming a validated and better-suited ecological three-

dimensional environment to assess cognitive-motor interactions. 

The VR-based version of the CTT requires greater multi-directional hand movements and head rotations for the 

participants to be able to scan the 3D environment, locate the virtual targets in space and reach them with an avatar 

hand representation. The enhanced motor actions thus promote better comparable settings to activities of daily living 

(ADL), and the digitalized platform further enable to quantify and characterize interrelations between gross manual 

function and cognitive performances, as opposed to a single measurement of completion time as in standard CTT.  

Most natural tasks requires the coordination of the head and hand motions both in time and space, nevertheless, we 

know relatively little about the nature of these movements and their coordination in ordinary behavior (Pelz et al. 

2001). In this work we introduce a robust method to quantify the extent to which head rotations and manual movements 

are synchronized in time and space while performing the VR-CTT and investigate discrepancies associated to the type 

of cognitive load (i.e., Trails A versus Trails B). Specifically, we show here that while performing DA tasks, which 

entails additional cognitive resources then used in SVA, the time delay between hand motion and head rotation 

significantly increases.  

2. METHODS

2.1 Participants and experimental set-up 

Data was collected from fifty-one middle aged healthy participants (included if between 40 and 64 years old; mean 

age: 56.2±6.2 years, education: 16.8±3.0 years; 39 females) who performed the VR-CTT test employing a fully 

immersive VR system (HTC-Vive; New Taipei City, Taiwan). The experimental set-up included a head mounted 

device and a controller by which the participant interacted with the virtual environment. The visual scene of Trails A 

included 25 circular numbered targets scattered in virtual space which during the test participants were asked to 

connect them with a line in an ascending order. In Trails B visual scene, there were two sets of circular numbered 

targets in two distinct colors and participants were required to alternate between colors while sequentially connecting 

the targets. 

2.2 Data analyses and outcome measures 

We administrated the cross-correlation function (MATLAB) on two vectors of data of hand horizontal trajectory 

profile and head rotation angels (both in 1D right-to-left direction, see Fig 1a) of the participants during the tests. Best-

fit coefficient, and phase shift (i.e., time lag) between the signals were registered. Furthermore, we recorded the total 

completion time of each participant (as in the standard case of the CTT test) in both trails. Paired, two-tailed t tests 
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were conducted to detect potential statistically significant differences in lag time of hand motion and head rotation 

and in total completion time in trails A versus trails B. The statistical significance level was set as p < .05.  

  

  

3. RESULTS

Examples of the horizontal hand trajectory profile and head rotation angels (Fig. 1a) as well as the cross-correlation 

analysis (Fig. 1b) calculated by our dedicated code for one participant who performed Trail A are shown in Fig.1. 

The level of synchronization between the hand and the head motions was found to be similarly high in both Trails A 

and B, as demonstrated from the resulted values of the coefficient of best-fit as follows, 0.76 ± 0.11 (mean ± SD) and 

0.77.6 ± 0.07 for Trails A and Trails B, respectively (Fig. 2a, left). The above findings indicate a stable spatial 

coordination between the motions throughout the trails. 

The phase shift between the hand and the head motions, extracted from the best-fit configuration of the superimposed 

signals, revealed alterations in synchronization in time, when participant performed Trails B. A significant increase in 

time lags in which the head leads the hand pattern was documented, with average lags of 0.54 ± 0.35 seconds and 0.96 

± 0.57 seconds for Trails A and Trails B, respectively (Fig. 2a, right).  

Furthermore, participants completion times (Fig. 2b) were correlated with best-fit coefficients in Trails A (r=0.53; 

p<0.001) but not for Trails B (r=0.22; p=0.113).  

Figure 1. Head rotation- hand movement cross-correlation: (a) Examples of the horizontal (left-to-right) hand trajectory profile (upper panel) and 

horizontal (left-to-right) head rotation angle (lower panel) during Trail A in the VR-CTT. Times in which participants hit the targets are numbered 

and marked with green dots. (b) Example of the cross-correlation analysis of head rotation and hand movement, peaking at ~0.4 seconds, indicating 

head pattern leads the hand pattern.  

(a) 

(b)
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4. DISCUSSION and CONCLUSIONS 

In the present study we observed that the need to allocate cognitive recourses for the divided attention task in trails B, 

while not necessarily affected the level of spatial synchronization (best-fit coefficients are not different), altered the 

coupling in time between the hand and head motor actions as demonstrated by the increased time lags. It remains to 

be seen how and if these differences contribute to longer task completion times in Trails B. Taken together, these 

findings indicate strategic alterations in cognitive-motor integration associated with type of cognitive load, i.e., 

allowing longer head scanning time prior to the execution of the manual reaching movement.  
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Figure 2. Synchronization analysis and total completion time: (a) Cross-correlation best-fit coefficient (on the left) and time lags between head and 

hand motions (on the right). (b) Total completion time of Trails A/B tasks, error bars are the standard deviations. N=51, asterisks indicate a 

statistically significant difference p<0.0001.  

(a) (b) 
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1. INTRODUCTION
The color trails test (‘CTT’) is among the most popular paper-and-pencil (‘p&p’) tests of executive function, 

attention and processing speed in research and clinical neuropsychological assessment (Mitrushina et al., 2005). The 
test comprises two parts, targeting either sustained visual attention (SVA; trails A) or divided attention (DA; trails B), 
during which the participant is required to reach 25 consecutive targets marked on a page (D'Elia et al., 1996). In 
many cases, multiple assessments need to be performed on the same individual, either under varying experimental 
conditions, or at several timepoints (D'Elia et al., 1996; Strauss et al., 2006). However, repeated testing of exactly the 
same CTT task might result in learning affects, which might confound test outcomes (Strauss et al., 2006; Feeney et 
al., 2016). Furthermore, experimental durations when performing multiple repetitions might be too long and result in 
fatigue effects (Leonard et al., 1998). To mitigate learning and fatigue effects, multiple shorter versions of the CTT 
test are necessary. 

We have previously translated the CTT task into a virtual reality computerized platform (VR-CTT (Plotnik et al., 
2021)) in order to assess, cognitive-motor interactions in more ecological three-dimensional setting. This novel setup, 
while demanding longer execution times than the traditional p&p platform, opens the possibilities of a closer 
investigation of different phases during the test execution, rather than settling only for the total completion time in the 
standard CTT. Using this information, as an essential preliminary step to enable feasible experimental durations and 
prevent fatigue, we developed shorter versions of VR-CTT (i.e., < 25 targets). Our primary aim was to discover what 
is the minimal set of targets that contains sufficient information for differentiating between participants, while reliably 
representing their performance in correspondence with their p&p scores. Our secondary aim was to validate 
differentiation across age groups, since one of the goals after validation is to use these for older adult as well as patient 
assessment.  

2. METHODS

2.1 Participants, apparatus and procedures 

Three different platforms were used for CTT data collection: either immersive 3D virtual reality (‘HMD’), large-
scale 3D VR system (‘DOME’), or a 2D tablet version (‘tablet’). The CTT comprises two parts: Trails A, in which 
the participant draws lines to sequentially connect circles numbered 1–25, and Trails B, in which the participant 
performed the same task while alternating between circles of two different colors and avoiding distractors. 

We collected data from six groups of participants (total N=165) from three different age groups (young; ‘YA’ aged 
20-39, middle-aged; ‘MA’ aged 40-64, or older adults; ‘OLD’ aged 65-90). Participants from all three age groups
performed the HMD-CTT, independent YA and MA groups performed DOME-CTT, and an independent YA group
performed tablet-CTT.

All participants performed both the p&p CTT (trails A followed by trails B), and one of the virtual CTT versions 
(HMD/DOME/tablet; trails A followed by trails B; for complete experimental procedure see (Plotnik et al., 2021)). 
Total completion time was recorded for both standard and virtual versions, and time to reach each target was 
automatically computed in the virtual-CTT versions. 
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2.2  Estimation of minimal number of required targets 

Across participants, 24 accumulated completion times (total time to reach targets 2, 3… 25) were Pearson correlated 
with the time needed to complete the entire test, in order the identify the average target in which the correlation reaches 
a plateau and exceeds r=0.8 in all six experimental groups.  Next, the targets were divided in two segments, simulating 
a case in which each segment represents a different test (i.e., the 2nd segment time started from t=0). 

Figure 1 Correlation between each ball reaching times and total completion time.  (A) Each point depicts Pearson correlation 
coefficient value calculated between vectors of reaching times to specific target (i.e., #4,5,…) and the total Trails completion times. 
Note that from the 13th ball onwards the correlation stabilizes (dashed line). (B) same analysis performed for 2 subsets of targets 
(targets 2-13; blue, and targets 14-25; cyan). The timing of the 13th target was subtracted from each timing of targets 14-25, to 
simulate the 14th as the first target in this segment. 

3. RESULTS
Figure 1A depicts the Pearson’s correlation values between time to reach each target and total completion time in 

each of the six datasets. After only 12 hits (on the 13th target; dashed line), the prediction graphs largely reach a 
plateau, suggesting that a subset of 12 targets may be sufficient to capture SVA and DA capabilities. 

If considering the first and the last set of 12 hits as two separate experiments, a similar analysis yields largely 
converging results between the first and second segments, with the 12th trial reaching nearly perfect correlation with 
total completion time (Figure 1B). This suggests that given equalized complexity and distances between targets, the 
two subsets of targets could potentially serve as different ‘CTT versions’. 
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Next, to test construct validity of using only 12 target hits, for each participant we compared the time to reach the 
13th target and the total completion time of the standard, p&p CTT (Figure 2). For both trails A and trails B in all our 
experimental groups, we found a significant correlation between the p&p and the shortened virtual CTT (‘VR-CTT12’; 
r > 0.5 and p < 0.05 for all groups). 

Figure 2 correlation between total completion time in p&p-CTT and completion of a subset of 12 hits in virtual CTT (VR-CTT12). 
Each circle denotes a single participant (each participants performed both one type of virtual and p&p CTT), and the color denotes 
the participant’s age group (red- young; blue – middle aged; yellow – older adult). The correlation values were computed on all 
the participants combined, in either trails A (top) or trails B (bottom). * p< 0.05; **p< 0.005; ***p<0.0005 

Finally, to assess the discriminant validity of the shortened VR-CTT12 form (time to reach target #13), we tested 
the sensitivity and specificity of differentiating between age groups, using receiver operating characteristic (ROC) 
plot. We calculated the area under the curve (AUC) for each pair of age groups in each available platform (p&p, HMD, 
DOME). We found comparable discriminant power between the p&p and virtual-CTT versions (see Table 1). 
Moreover, all tests yielded significant discrimination between groups (p < 0.05 in all comparisons). 

Table 1:  AUC values from ROC curves 

Pen & Paper CTT VR-CTT12 VR-DOME-CTT12 

T1 T2 T1 T2 T1 T2 

YA vs. MA 0.77* 0.8** 0.7* 0.71* 0.87** 0.77** 

YA vs. OLD 0.95** 0.95** 0.91** 0.91** 

MA vs. OLD 0.8** 0.78** 0.75** 0.82* 

* p<.05; ** p<.0001; AUC – area under the curve; ROC – receiver operating characteristic;
YA – young adults, MA- middle-aged adults, OLD – older adults.
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4. DISCUSSION and CONCLUSIONS

We have shown that a subset of targets in the CTT task (administrated by VR or Tablet) is sufficient for achieving 
convergent validity (Fig. 2) discriminant power between different participants (Table 1), and for capturing 
interindividual differences in accordance with standard p&p CTT. These findings open the possibility of creating 
multiple ‘CTT-versions’, to be used in repeated measures experimental designs, or in longitudinal studies in which a 
battery of assessments has to be collected in a short timeframe.  
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ABSTRACT 
This symposium provides a historical perspective to explain the terminology used to describe virtual 

reality-based rehabilitation. For that, different perspectives and methodologies are used to understand 

the current use of terminology and its limitations. A new nomenclature is suggested and the audience is 

expected to contribute their input in refining it.  

1. INTRODUCTION

The terms used in the literature to describe virtual reality simulations for rehabilitation of sensorimotor and cognitive 

deficits are confusing. Part of this confusion may be explained by the development of virtual reality simulations  in 

different disciplines and for different applications. The integration of video games into rehabilitation has further added 

to this confusion (Deutsch, Borbely, Filler, Huhn, & Guarrera-Bowlby, 2008; Rand, Kizony, & Weiss, 2008). The 

lack of clarity with terminology both for virtual reality (Huygelier, Mattheus, Abeele, van Ee, & Gillebert, 2021) and 

related terms such as immersion and presence (Rohrbach, Chicklis, & Levac, 2019) has been highlighted by authors 

and the International Society for Virtual Rehabilitation community. Historically, different definitions have been 

suggested for virtual reality applied to rehabilitation (Burdea, 2003; Weiss, Rand, Katz, & Kizony, 2004) but these 

have not been universally or consistently adopted.  The unclear terminology leads to inconsistencies in reporting study 

results that in turn, limits synthesis efforts and generalization of findings. The purpose of this symposium is to provide 

an historical context to explain terminological inconsistencies both for virtual reality applications and serious games, 

to use two searching strategies to understand how the terminology is being used in rehabilitation and to offer agreed-

upon definitions in order to foster a unified approach for reporting on virtual reality-based rehabilitation. The session 

is intended to be participatory with expected discussion between presenters and attendees and efforts at consensus 

using polling.  

2. METHODS

2.1 Different perspectives on terminology 

An introduction frames the problem about how unclear terminology leads to inconsistencies in reporting study results 

that in turn, limit synthesis efforts and generalization of findings to practice. This is followed by four presentations. 

The first presentation discusses definitions of virtual reality based in their field of origin and how they may be best 

applied to rehabilitation as well as the concepts of presence and immersion and how they relate to virtual rehabilitation 

applications. The second presentation traces the confusion in the use of the terms video games and exergames and 

describes the origin of some of the early definitions of these technologies applied to rehabilitation, including  the term 

virtual reality. The third presentation summarizes a literature search (using PubMed from inception to Sept 2020) to 

document the overlap in terminology between virtual reality applications and video games for sensorimotor 

rehabilitation and fitness. The fourth presentation uses quantitative analysis to further describe the frequency and 

relationship between the terms currently used in the literature of the field of virtual reality-based rehabilitation. Finally, 

a naming convention is proposed and discussed and voted on by the audience.  

2.2 Polling, Discussion and Consensus 

Prior to the presentations, audience polling is planned to elucidated the challenges with the current terminology. After 
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the presentations, polling and discussion with the audience offer opportunities for discussion and consensus on the 

proposed definitions. 

3. RESULTS

Results of the literature search in Pubmed regarding the use of virtual reality-based rehabilitation terminology is 

presented, and discussed with respect to their historical  perspective. Several definitions from the literature are shared 

and a unifying definition offered. The results of the symposium findings, discussions and voting will be reported 

separately on a dedicated follow up publication. 

4. DISCUSSION and CONCLUSIONS

The frequent interchangeable use of the terms, virtual reality and either video games and exergames was documented 

and can in part explain the confusion of these terms. A proposal for virtual rehabilitation umbrella terms with two 

distinct streams for Virtual Reality applications and Serious Games was proposed and will be further vetted. 
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ABSTRACT 
Despite impressive advancements in rehabilitation technology over the past 20 years, questions continue regarding 

the extent to which these systems are successfully adopted and how to account for technology under-usage. The 

objective of this symposium is to describe some of these examples as a model for working towards greater clinical 

acceptance of rehabilitation technology and influencing healthcare policy.  Four topics will be presented as examples 

of how new technologies have been adopted in rehabilitation and how clinical research can be used to substantiate the 

ways in which advanced technologies can stimulate changes in healthcare policy as well as support all stakeholders 

in their ability to take advantage of these developments.   

1. INTRODUCTION

Despite impressive advancements in rehabilitation technology over the past 20 years, questions continue regarding 

the extent to which these systems are successfully adopted and how to account for technology under-usage. In some 

cases, device prototypes have been developed primarily in lab environments that cannot provide sufficient support for 

clinical distribution.  In other cases, there is a cost-accuracy trade-off such that less expensive equipment is used 

despite its limitations in outcome accuracy and resolution.  Finally, there is insufficient research evidence 

demonstrating usability and effectiveness since many studies still rely on small sample sizes and short-term 

interventions not carried out under realistic field conditions. On the other hand, several encouraging examples of 

research and development highlight the promise of addressing these limitations.  The objective of this symposium is 

to describe some of these examples as a model for working towards greater clinical acceptance of rehabilitation 

technology and influencing healthcare policy.   

2. EXAMPLES OF REHABILITATION TECHNOLOGIES

2.1 Motion analysis laboratories to optimize intervention (S-H. Schless) 

Motion analysis laboratories are considered the gold standard tool to measure walking (gait); the high-tech 

instrumentation enables the collection of objective and quantitative data (joint kinematics, kinetics and muscle 

activity), deconstructing the gait deviations into primary, secondary and tertiary problems (e.g., Schless et al., 2019). 

This information can then be used by the medical team to optimize their interventions, ranging from the creation of a 

focalized patient-specific treatment plans in physiotherapy, through to providing dynamic musculoskeletal 

information for surgeons to assist with their surgical planning. Previous scientific evidence along with our own clinical 

experience has highlighted that the integration of a motion analysis system with a multidisciplinary team improves 

the clinical management of the patient when compared with previously used low-tech approaches (i.e., visual 

observation). This in turn can potentially lead to shorter rehabilitation period for the patient, as well as reducing the 

risk of needing additional surgical interventions in the future.  

2.2 Role played by the Covid-19 pandemic in increasing the use of telerehabilitation (D. Kairy) 

Already in 2017, the WHO presented a call for action to address unmet needs and improve access to rehabilitation 

worldwide. While telerehabilitation has been proposed as a strategy to help improve access to care, its uptake in 

clinical practice was slow prior to the pandemic. With the introduction of public health restrictions for physical 

distancing, several barriers were overcome allowing increased use of telerehabilitation to improve access to services 

when in-person rehabilitation services were limited due to personnel being reallocated. While rehabilitation services 
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have gradually started resuming to being provided in person, lessons learned from telerehabilitation use during the 

pandemic can contribute to improving access to rehabilitation worldwide (Tanguay et al., 2021). It is important 

however to ensure that, as new models of care using telerehabilitation are proposed, including hybrid models 

combining in person and remote services, optimal access to quality rehabilitation services remains a priority for all. 

This talk will present examples of telerehabilitation use and address possible pitfalls to consider with the scaling up 

of telerehabilitation practices.  

2.3 Powered mobility: Changes in health care policy based on clinical evidence (N. Gefen) 

Powered mobility is sometimes the only option for independent mobility for children with physical disabilities. To 

receive a fully funded powered wheelchair from the Israel Ministry of Health (IMOH), people with disabilities need 

to prove their proficiency. Three variables (the ability to stop and go upon request, the use of a joystick and the ability 

to propel a manual wheelchair for short distances) were identified that predicted powered mobility proficiency in 80% 

of the cases and that 96% of the cases who would not become a proficient driver (Gefen et al., 2019a). In another 

study, an adult simulator was validated for use with children with physical disabilities and in a third study conventional 

powered mobility training was compared to simulator-based training; both were equally effective in progressing 

driving skills and obtaining proficiency (Gefen et al., 2019b). These results led to health care policy changes in the 

procurement process and in the acceptance of a simulator as a viable practice option. Thus change can be facilitated 

based on clinical evidence. 

2.4 Potential of touchscreen tablets to practice motor and cognitive tasks in rehabilitation (R. Kizony & D. Rand) 

This talk will discuss touchscreen tablets and their clinical use to practice and evaluate motor and cognitive tasks in a 

motivating and easy manner during and following rehabilitation (Kizony et al., 2016; Givon Schaham et al., 2020). In 

addition, the presenters will show how the tablet can be used for self-management, daily activities and for leisure for 

different populations.  The theoretical, practical and research aspects of planning tablet use for rehabilitation will be 

discussed as well as the use of the embedded sensors and apps. However, questions remain whether we are fully 

utilizing the potential of this technology for rehabilitation. 

3. DISCUSSION (moderated by P L Weiss)

We will conclude the symposium with a discussion on ways advanced technologies can stimulate changes in 

healthcare policy as well as support all stakeholders in their ability to take advantage of these developments. We will 

focus on 1. How can a dialog between technology developers, researchers and clinicians be nurtured in a way that 

leads to "best clinical practices" in rehabilitation technology? 2. How can we develop tools that can help identify the 

most promising, feasible and realistic technologies for rehabilitation? 
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ABSTRACT 
VirTele, a personalized remote rehabilitation program combining virtual reality exergames and 

telerehabilitation, was developed to offer chronic stroke survivors the opportunity to pursue the 

rehabilitation of their affected upper extremity at home, while receiving continuous monitoring by a 

clinician. The objectives of this study are: 1) to explore the determinants of VirTele use among stroke- 

survivors and clinicians and 2) to identify indicators of empowerment among survivors. We used a 

multiple case study design, including two-case groups (chronic stroke survivors and clinicians). Semi- 

directed interviews were conducted, 4-5 weeks after the end of the VirTele intervention with 3 stroke- 

survivors and two physiotherapists. Five determinants of VirTele use were identified namely technology 

performance, effort, entourage support, facilitators, and challenges. At the end of the VirTele program, 

chronic stroke survivors demonstrated empowerment at the behavior and capacity levels. In conclusion, 

the results of this study allow us to draw lessons about using telerehabilitation combined with 

exergames, which may serve as a model to guide the implementation of similar interventions. 

1. INTRODUCTION

In Canada, chronic stroke survivors have difficulty accessing community-based rehabilitation services, due to lack 

of resources (Hebert et al. 2016). VirTele, a personalized remote rehabilitation program combining virtual reality 

exergames and telerehabilitation, was developed to offer chronic stroke survivors the opportunity to pursue 

rehabilitation of their affected Upper Extremity (UE) at home, while receiving ongoing monitoring by a clinician 

(Allegue et al. 2020). The objectives of this study are: 1) to explore the determinants of VirTele use among chronic 

stroke survivors and clinicians and 2) to identify indicators of empowerment among survivors. 

2. METHODS

This multiple case study was conducted in the context of a two-armed randomized clinical trial, comparing an 

experimental group (receiving VirTele) with a control group (receiving standard care) (Allegue et al. 2020). This 

multiple case study targeted two case groups: chronic stroke survivors who were assigned to the experimental group 

and their respective clinician (physiotherapists). Stroke survivors were screened for eligibility before enrolment and 

were selected based on inclusion and exclusion criteria as described in the published protocol (Allegue et al. 2020). 

2.1 VirTele intervention 

VirTele is a two-month remote rehabilitation intervention, using virtual reality-exergames and telerehabilitation, 

which aims to improve UE deficits in chronic stroke survivors. Study participants had autonomous access to 

Jintronix exergames (Jintronix, n. d.), which they were asked to use 5 times a week for 30 minutes. VirTele also 

included video-conference sessions with a clinician, 1 to 3 times a week (1-hour duration), using the Reacts 

application (Reacts, n. d.). During these sessions, the clinician was able to supervise the survivors’ performance 

during exergames and monitor the use of the affected UE through activities of daily life. 

2.2 Data collection and analysis 
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Semi directed interviews were conducted, 4-5 weeks after the end of the VirTele intervention with both case groups. 

Two interview guides adapted to clinicians and stroke survivors were developed to facilitate the interview 

administration while allowing new codes to emerge. The unified theory of acceptance and use of technology was 

used to inform the guides (Williams et al. 2015). All interviews were audiotaped and transcribed verbatim. 

3. RESULTS

Three stroke-survivors (2 females and 1 male), with a mean age of 58,8 years old (SD=19,4) and two 

physiotherapists participated in the study. Five major determinants of VirTele use emerged from the qualitative 

analyses, namely the technology performance (usefulness, perception of exergames, exergame limits), effort (ease of 

use), entourage support (encouragement), facilitators (survivors’ safety, trust and understating of instructions), and 

challenges (aphasia). At the end of VirTele, all survivors demonstrated empowerment at the behavior (used affected 

UE in activities of daily life, participated in shared decision making) and capacity levels (self-awareness of capacity 

after stroke, motivation to use VirTele over two months). All the data were assembled and presented in bullets 

points in Table 1, reflecting lessons learned about using VirTele, from survivors and clinicians’ perspectives. 

Table 1. Lessons learned about using telerehabilitation combined with exergames. 

4. DISCUSSION and CONCLUSIONS

In conclusion, the results of this study allow us to draw lessons (Table 1) for using telerehabilitation combined with 

exergames, which are in line with the lessons learned from Canadian trials of implementing telerehabilitation after 

stroke (Caughlin et al. 2020). These lessons may serve as a model to guide the implementation of similar 

interventions. The empowerment attained by chronic stroke survivors is promising for the future deployment of such 

an intervention to encourage the use of the affected UE in activities of daily life and achieve impactful 

improvement.
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 The stroke survivors’ perception of exergames (entertaining or therapeutic tool) may influence the

impact on activities of daily life.

 Both stroke survivors and clinicians are receptive to using the technology, despite the exergames limits and

occurrence of technical challenges.

 The caregiver has a supportive role in using the technology, particularly among stroke survivors who are not

familiar with information technology.

 The clinicians’ transition into the new roles and responsibilities may be facilitated by the survivors’ safety,
capacity of understanding the instructions and the establishment of a trust relationship.

 Aphasia may lead to frustration among stroke survivors when interacting with clinicians.

 The use of telerehabilitation-exergames may empower stroke survivors at the capacity and behavior. levels.
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ABSTRACT 
Gait is a complex mechanism relying on integration of several sensory inputs such as vestibular, proprioceptive, and visual 

cues to maintain stability while walking. Often humans adapt their gait to changes in surface inclinations, and this is typically achieved 

by modulating walking speed according to the inclination to counteract the gravitational forces, either uphill (exertion effect) or downhill 

(braking effect). The contribution of vision to these speed modulations is not fully understood. Here we assessed gait speed effects by 

parametrically manipulating the discrepancy between the virtual visual inclination and the actual surface inclination (aka visual 

incongruence). We observed an approximately linear relation between the relative change in gait speed and the anticipated gravitational 

forces associated with the virtual inclinations. Furthermore, we observed that the magnitude of speed modulation following virtual 

inclination at ±10° was associated with subjective visual verticality misperception. Our results emphasize the contribution of vision to 

locomotion in a dynamic environment and may enhance personalized rehabilitation strategies for gait speed modulations in neurological 

patients with gait impairments.   

1. INTRODUCTION

Walking is a complex process that requires specific adaptations when transitioning to inclined surfaces as braking during 

downhill walking or exertion during uphill walking (Kimel-Naor et al., 2017). These adaptations are thought to be regulated by an 

Internal Model of Gravity (IMG) that receives three input sources (Campos et al., 2014): proprioception and vestibular inputs (together 

known as body-based), as well as visual inputs. Body-based inputs are sensitive to real gravitational forces exerted on the body when 

walking on inclined surfaces. Visual inputs, however, are assumed to be influenced by top-down expectations likely based on prior 

visual experience during walking on inclined surfaces (Benady et al., 2021). The sensory reweighting mechanism suggests that each of 

the sensory inputs has a specific ‘weight’. The weighted inputs are added up to produce a behavioral modulation. Reweighting of the 

cues is constantly taking place with respect to the relevancy of each modality afferent cue (Assländer and Peterka, 2016). Our main 

hypothesis was that gait speed modulation is linearly proportional to virtual visual inclination slopes during incongruent walking 

conditions (i.e., provoking visually induced braking (during downhill) or exertion (during uphill) effects). Specifically, given the 

expected gravity-induced acceleration forces acting on the body when walking on actual inclined surfaces, we anticipated smaller 

visually induced braking/exertion effects for smaller slopes (±5) as compared to the effect expected when walking under the illusion 

of bigger slopes (±15). Visual field dependence is considered as the level of reliance on visual inputs in comparison to body-based 

inputs (Willey and Jackson, 2014). In an earlier study (Benady et al., 2021) we found that the magnitude of visual modulation on gait 

speed during virtual surface inclination changes of 10 degrees varies across people and is related to the individual’s subjective visual 

misperception of verticality, as measured by the rod and frame test. Here we also wanted to test if this effect would be replicated.  

2. METHODS

We used a novel paradigm recently presented by our lab, which allows dissociating visual inputs from body-based inputs (Cano 

Porras et al., 2020). We transitioned the visual scene’s apparent inclination independently of the physical inclination of the treadmill. 

This was done using a fully immersive VR system where participants walked on a treadmill that was operated in a self-paced mode and 

were presented with virtual visual scenery projected on a large dome-shaped screen. Fifteen young healthy adults took part in this study 

(mean age ± SD: 27.45±4.1 years old, 8 men). During walking, participants were exposed to inclinations of varying degree of physical-

visual incongruence (e.g., treadmill leveled & visual scene uphill) for a wide range of inclinations (-15 to +15) presented in random 

order. The rod and frame test, which is a common method to assess visual field dependency and is considered to evaluate the extent of 

subjective misperception of visual verticality was used (Bagust, 2005). 

3. RESULTS

Mean relative gait speed increase of 7%, 11% and 17% were measured for virtual inclinations of +5°, +10° and +15°, 

respectively (assuming decelerating/accelerating forces will be proportional to sin[5°], sin[10°], sin[15°], see Figure 1). The same pattern 
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was seen for downhill virtual inclinations with relative gait speed modulations of -10%, -16% and -24% for inclinations of -5°, -10° and 

-15°, respectively (see Figure 1). In other words, we anticipated that the magnitude of the visually triggered braking and exertion effects

will be proportional to the slopes (i.e., steeper slope – stronger anticipated forces – higher exertion/braking effect). Furthermore, we

found that the magnitude of speed modulation following virtual inclination at ±10° was associated with subjective visual verticality

misperception.

Figure 1. Predicted closely match measured gait speed at various virtual inclinations (N=15). X-axis represents the virtual inclination 

of the visual scene (°); in all conditions in this analysis the treadmill remained leveled. Y-axis represents the relative change in gait 

speed from the steady state (%). Orange and blue circles represent measured and predicted values (see Methods for calculation of 

predicted values), respectively. Error bars represent the standard error for the measured values. Dashed lines represent the slope for 

the predicted values. ANOVA showed no significant difference between predictive and measured values. These results support our 

hypothesis that the gait speed modulation is linear in this range of inclinations. Note that the positive and negative predictions are both 

linear with different slopes.  

4. DISCUSSION and CONCLUSIONS

In conclusion, visual cues modulate gait speed when surface inclinations change proportional to the anticipated effect of the 

gravitational force associated the inclinations. Our results emphasize the contribution of vision to locomotion in a dynamic environment 

and may enhance personalized rehabilitation strategies for gait speed modulations in neurological patients with gait impairments.   
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ABSTRACT 
This work aims to understand the gaze behavior and nature of visual information acquired for 

successfully circumventing pedestrians in situations of single and dual-task walking. Sixteen healthy 

young adults walked towards a goal while avoiding virtual pedestrians approaching from different 

directions. In addition to a single-task walking condition, the experiment comprised of dual-task 

conditions wherein the participants concurrently performed a simple and complex cognitive task. 

Percentage duration of gaze fixation on the approaching pedestrian and its body segments, as well as on 

the goal, were contrasted between conditions. Longer durations of gaze fixation on the pedestrian and 

goal were observed for the middle approach. Amongst all body segments, the upper trunk was fixated 

for the longest duration. Gaze outcomes did not differ between single and dual-task walking. The longer 

fixations observed for the middle pedestrian approach aligns with a natural preference for maintaining 

a centered gaze position and the larger collision risk imposed by this condition. The similar gaze 

outcomes in single- vs. dual-task conditions is consistent with earlier observations of healthy young 

adults seamlessly performing dual-task walking.

1. INTRODUCTION

Community ambulation requires the ability to perform complex locomotor tasks such as avoiding a collision with 

surrounding pedestrians and performing concurrent cognitive tasks (Shumway-cook et al., 2002). Vision plays a key 

role in such context as it provides information such as the location, direction, and speed of movement of pedestrians 

present in the environment (Croft and Panchuk., 2018). The specific visual cues required for successful pedestrian 

interactions, however, remain to be determined. Previous studies that have looked at the effect of dual-tasking on 

locomotion have also largely focused on locomotor variables such as walking speed and temporal-distance factors 

(e.g., stride/ swing time), (Plummer-D’Amato et al., 2008) leaving the impact of dual-task walking on gaze behavior. 

While using a previously validated virtual reality (VR) paradigm (Bühler and Lamontagne., 2019)., this study focuses 

on evaluating the healthy patterns of gaze fixation during a pedestrian interaction task and on evaluating the 

modulatory effects of performing concurrent cognitive tasks. 

2. METHODS

Sixteen healthy young adults aged 18-29 years were assessed while 

walking and visualizing a virtual subway station (Figure 1) in an eye 

tracking- enabled head-mounted display. Three locomotor conditions 

were assessed: 

(1) Walking alone (single-task walking); (2) Walking and performing

a simple pitch discrimination task (walking+ simple cognitive); (3) 

Walking and performing a complex pitch discrimination task (walking + 

complex cognitive). The walking task was similar across all three 

conditions wherein the participant walked towards a goal while avoiding 

approaching pedestrians from either the center, left or right (0°, ± 40°). 

Gaze outcomes reported here include duration of gaze fixation (%) on the 

approaching pedestrian and specific body segments, and on the end goal. 

Gaze outcomes were compared across directions of approach and walking 

conditions using generalized estimating equations. Statistical analyses were performed in SPSS with the p-value set to 

<0.05. 

Figure 1. Virtual subway scene with

pedestrians at beginning of a trial.
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3. RESULTS

The percent duration of gaze fixation on the approaching 

pedestrian was found to be significantly longer for the middle 

vs. diagonal approaches in both single- and dual- task 

conditions (p<0.001) (Figure 2). Similarly, that on the goal 

was longer for the middle (31.94 ±4.41%) vs. left 

(20.92±2.85%) and right pedestrian approaches 

(18.95±2.80%). The percent duration of gaze fixation on was 

also the highest for the upper trunk of the approaching 

pedestrians across all conditions, ranging from 28.27 % to 

48.58 % of total pedestrian fixation. Although a trend of 

shorter gaze fixation on approaching pedestrian was observed 

in the complex dual-task condition (38.72±5.99%) compared 

to the single task (40±7.30%), the difference was not 

statistically significant. 

4. DISCUSSION and CONCLUSIONS

Previous studies have indicated that individuals have a preference for centered gaze and tend to fixate more on 

pedestrians posing a higher risk of collision which could explain the significantly increased percentage of gaze fixation 

on the central pedestrian in our results (Sato et al., 2016; Meerhoff et al., 2018). Obstacle avoidance from the central 

approach necessitates a change in walking direction making it more challenging. The upper trunk of an approaching 

pedestrian can also aid one to anticipate the direction of walking, which could explain the increased fixation on this 

segment across all walking conditions. The lack of dual-task interference observed for the gaze variables analyzed so 

far in this study carried out in healthy young adults is consistent with what was observed using other types of outcomes 

(e.g. walking speed) in a similar age group and task (Souza Silva et al., 2019). Results from this study will be used as 

a basis for comparison to assess alterations in pedestrian interactions and dual-task walking in other populations (e.g., 

older adults and individuals with acquired brain injury). 
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ABSTRACT 
This systematic review aimed to synthesize the existing evidence of extended reality (XR) on pain and motion 

outcomes in patients with back pain. Following the Cochrane guidelines, relevant articles of any language were 

selected by two independent reviewers. Twenty-four articles were included in our review. All interventions were 

virtual reality (VR) based and involved physical exercises (n=17, 71%), hippotherapy (n=4, 17%), motor imagery 

(n=1, 4%), distraction (n=1, 4%), and cognitive-behavior therapy (n=1, 4%). Sixteen controlled studies were included 

in a meta-analysis which suggested that VR provides a significant improvement in terms of back pain intensity over 

control interventions (Mean Difference: -0.67; 95% CI: -1.12 to -0.23; I2 = 85%). While the specific set of studies 

showed high heterogeneity across several methodological factors, a tentative conclusion could be drawn that VR was 

effective improving back pain intensity and tend to have a positive effect on improving other pain outcomes and 

motion function. 

1. INTRODUCTION
The umbrella term of extended reality (XR) encompasses the spectrum of immersive experiences made possible 

between physical and virtual environments or mixed realities integrating virtual and physical components. While the 

effectiveness of XR on different conditions associated with pain have been reviewed (included musculoskeletal 

disorders,1 spinal cord injuries,2 neurological diseases,3 phantom limb,4 burn injuries,5 and dental treatment6), the 

effectiveness of XR on back pain has received relatively less attention. Therefore, we aimed to systematically review 

the existing evidence for the current application across the XR spectrum in improving pain and motion outcomes in 

individuals with back pain. 

2. METHODS
Using the Cochrane Guidelines, pertinent studies (irrespective of published 

language) were extracted from the following databases: CINAHL, Cochrane, 

Embase, PubMed, and Web of Science. The search strategy focused on 

keywords related to “back pain” and “virtual and mixed realities.” In an initial 

screening, two independent reviewers (MB and AS) selected eligible studies 

based on titles and abstracts. A second independent screening (MB and AS) was 

then conducted on full texts. In the event of disagreement, a third author was 

consulted (JT). All study designs that evaluated the effect of XR on pain and/or 

motor outcomes were selected. The presence of a comparator was not required for study inclusion. Two authors (MB 

and AS) extracted data and assessed the risk of bias of included articles independently. Discrepancies were resolved 

by consensus with a third author (JT). The second version of the Cochrane risk-of-bias tool for randomized trials (RoB 

2) was used to assess randomized controlled trials. The Risk Of Bias In Non-Randomized Studies-of Interventions

(ROBINS-I) was used to assess risk of bias in the results of non-randomized studies. In the meta-analysis, a random-

effects model was used to evaluate the effect of XR on pain. We included controlled before and after studies and

randomized control trials (RCTs) that used numeric rating scale (NRS) or visual analog scale (VAS) to measure pain

intensity.

3. RESULTS
3.1  Characteristics of included studies 

Twenty-four studies fulfilled our selection criteria and were included in the systematic review. These articles included 

a total of 900 back pain patients (523 included in experimental groups and 377 included in control groups). They were 

published in English between 2013 and 2020. The experimental designs identified included 1 case study (4%), 4 

uncontrolled before-after studies (17%), 3 controlled before-after studies (12%), and 16 RCTs (67%). All interventions 

were VR-based and involved physical exercises (71%), hippotherapy (17%), motor imagery (4%), distraction (4%), 

and cognitive behavioral therapy (4%).  
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3.2  Pain and motion outcomes 

Among included studies, pain outcomes were evaluated 

with pain scales (92%), and/or pain questionnaires (38%), 

and/or quantitative sensory testing (4%). To assess the 

influence of VR on pain intensity, a meta-analysis was 

conducted on 16 controlled studies (RCTs and controlled 

before-after) that quantified pain through VAS and NRS. 

These pain scales have previously shown to be strongly 

correlated to each other in the measurement of low back 

pain intensity. A statistically significant decrease in the 

average back pain intensity favored VR intervention when 

experimental cohorts were compared to control groups 

(Mean difference (MD): -0.67; 95% CI: -1.12 to -0.23; I2 

= 85%, Figure 2). Motor function outcomes were evaluated 

with scales (21%), and/or questionnaires (17%), and/or 

physical tests (54%). Due to the high heterogeneity across 

studies regarding motor function assessment procedures, 

study design, intervention duration, no meta-analysis 

could be carried out. 

Figure 2. Forest plot showing means and standard 

deviations of pain intensity scores (on a 0-10 scale) 

in experimental compared with control group after 

interventions. 

3.3 Risk of bias 

All non-RCTs studies included (n=8) and 81% RCTs (n=13) presented serious/high risk of bias. Most of studies 

presented a high risk of bias in the blinding components as 94% of RCTs (n=15/16) did not blind the participant or 

the care giver performing the intervention, and only 18% of RCTs (n=3/16) ensured that intervention status was 

blinded to the outcome assessors, while no non-RCT based studies blinded the outcome assessors. 

4. DISCUSSION and CONCLUSIONS
This systematic review is the first to address the impact of XR on pain and motion outcomes in back pain patients. All 

interventions were VR based. Despite high heterogeneity across several methodological factors, a tentative conclusion 

could be drawn that VR was effective improving back pain intensity and tend to have a positive effect on improving 

other pain outcomes and function through motion outcomes. The mechanism underlying these improvements remains 

elusive. However, the reduction in pain intensity and the improvement of pain and motion outcomes regardless of 

intervention opens the door for a greater uptake of XR technologies as they continue to advance. International 

guidelines for best practices (e.g., VR-CORE) should be considered to facilitate the development and evaluation of 

high-quality, efficient, and safe XR applications. Futures studies should also use standardized reporting tools (e.g., 

CONSORT Statement for RCTs) to describe, in a full and clear manner, the results yielded by their research, to 

facilitate article reading, quality assessment, and to be able to reproduce the intervention carefully. 
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People with Physical Limitation in the Lower Extremities 
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ABSTRACT 
This study focuses on people with lower limb physical disabilities that have been acquired during their lifetime.  

Research in the field of virtual reality technology in rehabilitation has shown that a virtual reality environment 

can provide enjoyment and motivation for the disabled. Their activities in the virtual world can feel like a real 

experience as they enjoy the movements, which they are unable to perform in the real world. The aim of the 

current study is to improve the participants’ ability in self-efficacy and mental wellbeing in virtual reality 

environments which would in turn lead to improvements in their daily life in the real world. The study includes 

ten participants with lower limb disabilities. The study clearly demonstrates a process of improvement in the 

self-efficacy and mental wellbeing of the participants. It was found that the virtual reality experience was 

beneficial to the participants in six different ways: two in mental wellbeing factors: independence and sport 

activities, and four in self-efficacy factors: emotional, discovery of mental flexibility, improved cognitive 

functions, and self-recovery after failures.  

1. INTRODUCTION 
This study focuses on people with lower limb physical disabilities that have been acquired during their lifetime. 

Research in the field of Virtual Reality (VR) technology in rehabilitation has shown that a VR environment can 

provide enjoyment and motivation for people with physical disabilities (Chamovitz & Weiss 2008). Their 

experience in the virtual world can feel real as they enjoy the activities they cannot perform due to their 

disability in the real world (Tariq, Rana, & Nawaz, 2018). Integrating VR in rehabilitation processes improves 

rehabilitation methods (Lange, Koenig, Chang, McConnell, Suma, Bolas & Rizzo, 2012). The ability to change 

the imagery, rating the level of difficulty in the task, and adapting it according to the participants’ abilities are 

important advantages in VR, since these characteristics are essential for physical and cognitive rehabilitation 

(Rizzo   & Schultheis, 2001). Therefore, VR has clinical significance for improving participant performance 

when dealing with the challenges of daily life (Lange et al., 2012). The concept of self-efficacy in a VR game 

among a population with a physical disability has not been yet investigated.  

2.  METHODS 
The study includes ten participants with a physical disability in their lower limbs who used the Oculus Quest 

with seven VR games. During the study we used four data collection tools: background questionnaire; mental 

wellbeing questionnaire based on Perceived Wellness Survey (PWS) (Harari, Waehker & Rogers, 2005); self-

efficacy questionnaire based on General Self-Efficacy Scale (Chen et al., 2001); and interview.  

The research method chosen for the current study is a mixed method: quantitative and qualitative methods. 

The study was built in two stages: design and development of research tools and the experiment. The 

experiment included nine individual sessions with each participant. During the experiment, the capacity for self-

efficacy and the sense of mental wellbeing were measured at three time points – pre, during the experiments, 

and at the end of the intervention. The sessions included VR activities performed in four stages (Figure 1). 

•Stage three: 

connect VR 

to the 

mobile 

phone via 

streaming to 

guide the 

participant.

•Stage four:

the 

participant 

sits in a 

wheelchair 

and interacts 

with the 

application of 

his choice.              

•Stage two: 

the 

participant 

chooses the 

application 

in which he 

is interested.

•Stage one: 

the researcher 

sets up 

boundaries 

for the safety 

of the 

participant.                     

-.
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Figure 1. Research setup 

3.  RESULTS 

The study demonstrates a process of improvement in the self-efficacy and mental wellbeing of the participants. 

A statistically significant improvement in the participants' mental wellbeing was found between the beginning, 

the middle and the end of the intervention, t (9) = 2.67, p = .026, Cohen’s d = 0.84. There was also a statistically 

significant difference t (9) = 2.39, p = .040, Cohen’s d = 0.76 in the degree of self-efficacy between the time 

point at the start of the intervention and the time point at the end of the intervention. There was a gradual 

increase in both mental wellbeing (before (3.04), during (3.32), and at the end (3.53) of the intervention) and the 

degree of self-efficacy (before (2.26), during (3.67), and at the end (4.06) of the intervention) of the participants 

following the use of VR. It was benefical to the participants in six different ways: two in mental wellbeing 

factors: independence and sport activities, and four self-efficacy factors: emotional aspects, self discovery of 

mental flexibility, improved cognitive functions, and recovery after failures (Figure 2).  

Figure 2. Participant functional and mental improvement 

 

4. DISCUSSION and CONCLUSIONS 

This study adds to the theoretical knowledge about the use of VR for rehabilitation purposes by people with 

physical disability. Chamovitz & Weiss’ (2008) research demonstrated that a VR environment can provide 

enjoyment and motivation for people with physical disabilities. Trick et al. (2018), showed that people with 

physical disabilities who perform motoric activities through VR (activities that they cannot perform in the real 

world due to their disability), have improved mental performance. Our study showed that exploring and gaming 

through VR environments provided enjoyment and motivation for people with physical disability. Furthermore, 

this study highlights the effect of VR on the improvements in the self-efficacy in people with physical 

disabilities that was not explored in previous studies.  

The results of this study may form the basis for further research, for example, focusing on examining the 

relationship between mental functioning to motoric or cognitive functioning; or the impact of the VR activities 

on self-efficacy and mental wellbeing and its influences on everyday life in the real world. 

 Research results could influence how we deal with the mental state of people with a physical disability in 

their lower limbs and could offer new mental rehabilitation hope to people with disabilities. 

5. REFERENCES  
Chen, G., Gully, S., & Eden, D. (2001). Validation of a new general self-efficacy scale. Organizational 

Research Methods, 4, 8-62. 

Harari, M. J., Waehler, C. A., & Rogers, J. R. (2005). An empirical investigation of a theoretically based 

measure of perceived wellness. Journal of Counseling Psychology, 52(1), 93. 

Tariq, A., Rana, T., & Nawaz, M. (2018). Virtual reality for disabled people: a survey. In 12th International 

Conference on Open Source Systems and Technologies (ICOSST) (pp. 17-21). IEEE. 

Lange, B., Koenig, S., Chang, C. Y., McConnell, E., Suma, E., Bolas, M., & Rizzo, A. (2012). Designing 

informed game-based rehabilitation tasks leveraging advances in virtual reality. Disability and 

Rehabilitation, 34(22), 1863-1870. 

Rizzo, A. A., Schultheis, M., Kerns, K. A., & Mateer, C. (2004). Analysis of assets for virtual reality 

applications in neuropsychology. Neuropsychological Rehabilitation, 14(1-2), 207–239.  

Yalon-Chamovitz, S., & Weiss, P. L. T. (2008). Virtual reality as a leisure activity for young adults with 

physical and intellectual disabilities. Research in Developmental Disabilities, 29(3), 273-287. 

23%

15%

25%

15%

15%
7%

Independence

Sports activity

Emotional aspects

Discovery of mental flexibility

Improved cognitive functions

Recovery after failures

45



A Wearable Device to Overcome Post–Stroke Learned Non-Use. 

The Rehabilitation Gaming System for wearables (RGSWear): 

Methodology, Design and Validation. 
J De la Torre Costa1,2,3, B R Ballester1,2, M Maier1,2, P F M J Verschure2,4

 
1Laboratory of Synthetic, Perceptive, Emotive and Cognitive Systems, Barcelona, Spain; 2Institute for Bioengineering 

from Catalunya; 3Universitat Pompeu Fabra (UPF), Barcelona, Spain; 4Institució Catalana de Recerca I Estudis 

Avançats (ICREA), Barcelona, Spain 
 

ABSTRACT 
After a stroke, a great number of patients experience persistent motor impairments such as hemiparesis. As 

a result, the lack of paretic arm use might be a main contributor to functional loss after discharge. We aim 

to promote the use of the paretic limb during activities of daily living (ADLs). To do so, we designed a 

system that consists of a wearable bracelet (i.e., a smartwatch) and a mobile phone, which monitors the 

paretic arm use at the patient’s home. A fundamental question is whether the loss in motor function may 

emerge as a consequence of decision–making processes that strive motor optimization, the so-called 

learned non-use phenomena. Our wearable system aims to reverse this behaviour by increasing the reward 

and implicitly reducing the expected cost associated with the paretic arm use, following the notion of 

reinforcement–induced movement therapy (RIMT). Here we validate the accelerometer-based measure of 

arm use obtained from the wearable system and its capacity to discriminate different activities that require 

intensive movements of the arm. We believe that an extension of these technologies will allow for the 

deployment of unsupervised rehabilitation paradigms during and beyond hospitalization time. 

1. INTRODUCTION 
Stroke is the main cause of adult disability worldwide. The massive health costs associated call for new strategies that can 

extend and reduce the charge of traditional rehabilitation approaches [1]. In addition, some patients seem to show a 

substantial decline in function once discharged from hospital care. Several studies suggest that this decline might be driven 

by a lack of using the paretic limb, resulting in a long-lasting vicious cycle of decreased neural representation and 

subsequently a loss of motor function, known as learned non–use (LNU) [2]. From a decision–making perspective [4], use 

might depend on factors that determine hand selection, such as the expected cost and the probability of success of using 

either effector. Han and colleagues proposed a functional model to understand the relationship between arm use and 

function (i.e., recovery) after stroke [5]. A key prediction from the model was that if spontaneous recovery, or training, 

or both, bring performance beyond a certain threshold, the repeated spontaneous arm use instantiates a virtuous cycle of 

motor learning that promotes future spontaneous use. Following this premise, rehabilitation approaches have tried to 

revert the vicious cycle through constraining the use of the healthy arm (CIMT) [6] or biasing the perceived outcomes of 

using the affected one (RIMT) [7]. Despite the promising results, these interventions are still limited to short sessions, 

and the generalization of improvement to ADLs is yet poorly understood. Thus, there is a lack of solutions that can 

promote and empirically test the relation between use and recovery in home settings. Wearables might become a relevant 

tool for this purpose. Moreover, we showed that providing feedback on this use seems to promote the integration of the 

paretic limb in ADLs [8]. Here we present the preliminary design of a wearable system that allows us to promote and 

monitor arm use remotely. We validate a measure of Arm Use using a single smartwatch for recording. 

2. METHODS 
System. The components of the system are a smartwatch (i.e., Fossil Gen 5) and a personal Smartphone. The watch is 

worn on the paretic limb. Its acceleration and gyroscope data is sampled at 100Hz for each directional component (x, y, 

z). To extract a meaningful quantification on the arm use, we compute the mean squared sum of the acceleration over a 

time window of 6 seconds, as in [8]. In Eq1, 𝛽 represents a proxy of paretic arm movement. This measure is corrected by 

𝛿 (whole-body activity), extracted from the steps and calibrated for each patient. N represents the number of recordings 

for each 2 min log. The app provides hourly feedback on the percentage of arm use compared to similar time intervals 

during previous days. 

Validation. To validate AU, we instructed healthy participants to perform a battery of ADLs with different levels of 

demand: 1) Low using phone and laptop, 2) Medium cleaning dishes and brushing teeth, 3) High brooming, cleaning 

shelves; and walking as control. Each activity was performed for five minutes, with resting periods of two minutes.
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Figure 1. A. Data recordings are sent through Bluetooth to the smartphone, which communicates with a dedicated 

SQL database via Wi–Fi. B. Phone application layout, summary of the Arm Points during the week (left) and steps 

(right). Bold bars represent the days when the daily goal was achieved. 

3. RESULTS 
We found a significant difference (p = 0.0002) in arm use between low– (μ = 0:46u, std = 0:32) and medium–intensity 

ADLs (μ = 1:15u, std = 0:33). This difference was also significant (p < 0.01) between medium– and high– (μ = 1:62u, 

std = 0:4) intensity activities. The arm use registered while walking (μ = 0:73u, std = 0:18) was significantly lower 

than medium (p < 0:05) and high–intensity (p < 0:01) ADLs. We further analyzed whether there was any difference 

on arm use between the dominant (DArm) and non–dominant arm (NDArm). Interestingly, the system was able to 

detect differences in the high–intensity activities such as brooming (DArm μ = 1:68; std = 0:17, NDArm μ = 1:077; 

std = 0:23 p < 0:05) or organizing shelves (DArm μ = 2:1; std = 0:18, NDArm μ = 1:64; std = 0:39 p < 0:05). 

Figure 2. A: Arm Use in different ADLs classified depending on the level of demand. B. Differences in AU between 

the Dominant and Non–Dominant Arm in the most demanding ADLs. Data is averaged across subjects. 

4. DISCUSSION AND CONCLUSIONS 
The successful validation of the arm-use metric during ADLs using a smartwatch and personal phone opens the way 

for integrating these interventions beyond healthcare facilities. Future work will test the usability and the impact of 

this wearable system on arm use through a longitudinal clinical study in the context of the RGS@Home EIT Health 

Project. We also plan to integrate a rehabilitation coach that sets specific goals and modulates the cost of achieving 

those depending on each individuals’ capabilities, together with a circle-drawing exercise routine that allows to 

remotely track functional improvements based on [9]. 
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ABSTRACT 
VSTEP Examination Suite, a battery of evidence-based standardized assessments for persons post- 

stroke was evaluated as a teaching tool by physical therapy faculty. Six faculty from the US and Israel 

assessed the system using a talk aloud procedure. Transcripts were coded deductively with a priori 

themes of usability, usefulness, and suggestions and then inductively for emergent themes. Deductive 

codes were represented with frequencies and valences. The VSTEP Examination suite was viewed as 

useful and usable with themes emerging related to clinical reasoning, teaching and reliability. 

The system is being iterated and tested with students. 

1. INTRODUCTION

Outcome measurement using standardized tests is a cornerstone of rehabilitation. Validity and reliability of the 

assessments are two requirements to assure the appropriate selection and administration of the instruments. Lack of 

time and knowledge and ability to interpret the of standardized assessments have been documented as barriers to 

apply them in physical therapy clinical practice (Jette 2009, Salbach, 2011). The VSTEP Examination Suite was 

developed as a training and clinical tool to address some of these barriers. The purpose of this study was to evaluate 

the usability and usefulness of VSTEP Examination Suite from the perspective of physical therapy faculty. 

2. METHODS

2.1 VSTEP Examination Suite 

The VSTEP Examination Suite is an evidence-based battery of self-reported and performance-based assessments of 

balance, mobility, coordination and balance confidence. The system uses the Kinect camera to capture kinematics 

of selected tests and visual displays to facilitate administration. Each test has a set-up and test administration 

diagram, as well as an instructions and results screen. (Fig 1). The tests were selected using a subset of assessments 

from the Stroke EDGE II task force for persons with stroke (see link in references) that would be compatible with a 

camera system, vetted through focus groups with clinicians and further refined based on the Clinical Practice 

Guidelines for Outcome Assessment (Moore). It consists of five assessments: 2 performance-based tests in which 

kinematics are collected Five Times Sit-to-Stand (5XSTS) and Four-Square Test (4SQT), 2 performance-based tests 

in which the results are recorded 10 Meter Walk Test (10MWT) and 6 Minute Walk Test (6MWT), 1 self-report 

test, the Activities Balance Confidence Questionnaire (ABC). 

Figure 1. Graphical User 

Interface sequence for 

instructions and results 

screens of the 5X Sit-to-Stand 

2.2 Method 

Participants were faculty in physical therapy programs in the United States and Israel who taught outcome 

assessments. Data were collected using a talk aloud procedure where faculty, either individually or in pairs used the 

VSTEP Examination Suite and executed the ABC, 5XSTS, 4SQT, 10 MWT and 6 MWT. The session was audio- 

recorded, transcribed and entered into NVIVO Pro 11. Content analysis was performed using deductive reasoning 
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with three a priori themes of Usefulness, Usability and Suggestions assigned positive, negative or neutral valence. 

Summary Statements were extracted based on the a priori themes, and emergent categories and themes were 

extracted (by three raters) using inductive reasoning of the summary statements (Hsieh 2005, Merriam 2009) 

 
3. RESULTS 

 

3.1 Frequency and Valence of Usability and Usefulness Codes 

 

Figure 2. Frequency of Usefulness 

and Usability and the percent of 

positive (dark color) and negative 

(light color) valence comments. Codes 

were primarily rated with a positive 

valence. 

 

 
 

3.2 Themes 

1. FEATURES PROMPTED CLINICAL REASONING: graphical representation of results, normative values, 

comments feature, assistive devices, sequential results allow for tracking progress, related to clients, bundling. 

2. TEACHING TOOL: instructions for tests, bundling of materials and documentation, interpreting the results 

(clinical meaning and movement pattern), patient explanations, comments to interpret test modification or failure 

3. RELIABILITY IN TEST ADMINISTRATION AND INTERPRETATION: standardized instructions provided before 

every exam, setup diagrams with distances labeled, cue for re-testing patients 

4. PREVIOUS KNOWLEDGE: may affect test administration and interpretation (4SQT, ABC, 5XSTS) “even if they 

are professors!” 

5. CAMERA CHANGES THE WAY YOU CAN PERFORM THE TEST: ascribe features to the system that it does not 

have, such as counting laps and automated start/end of trials 

6. USABILITY Navigation: organization is intuitive (positive valence), Ease of administration: instructions and 

images (positive valence) Graphical Representation: needs labeling (negative valence) 

 
4. DISCUSSION and CONCLUSIONS 

Faculty using the VSTEP Examination Suite determined it was usable and useful. It may be used as teaching tool as 

it was consistent with clinical reasoning, supported pedagogy and ensured reliability of testing. Interestingly, 

previous knowledge influenced the administration and interpretation of tests, re-enforcing the importance of having 

a consistent and vetted approach for instruction. As with any system there were suggestions to enhance its 

capabilities and improve existing features. However, usability was supported. The value of the VSTEP as a teaching 

tool will benefit from assessing student perspectives. 
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Abstract 
About 50% of right-side brain damaged stroke survivors and 30% of left-side brain damaged stroke survivors show 

symptoms of unilateral spatial neglect (USN) during hospitalization. VR@SN is an innovative, interdisciplinary 

project that validates an existing custom-made virtual reality (VR) prototype in terms of its design and diagnostic 

capabilities through a series of pilot single case experimental designs 

1. INTRODUCTION

USN patients have difficulties in attending and/or responding to events on the opposite hemi-space or body side of 

the brain damage, unrelated to motor or sensory deficits [1]. Patients with USN have worse rehabilitation outcomes 

than those without neglect, manifested in longer duration of hospitalization and rehabilitation, lower functional status 

at discharge, difficulties in activities of daily living and higher caregiver burden and stress [2]. 

Conventional rehabilitation activities to treat Spatial Neglect (SN) are time-consuming and resource-intensive for 

sufficient treatment effect [3] however, some activities may be replaced by self-training in Virtual Reality (VR) [4, 

5]. The project has two main goals:  

1. Evaluate the prototype with a number of patients and verify its value for making more precise diagnosis

2. Refine, implement, and validate additional diagnostic elements for neglect patients to support the clinical

personnel in their diagnosing

2. METHODS

VR@SN is based on a cross-platform, open-source, training game using off-the-shelf VR (i.e., HTC Vive) and eye-

tracking (i.e., Pupils Labs) hardware applied to assessment and treatment of SN. Established neurorehabilitation 

modalities have been integrated and allow for individualized training [6]. 

Following a user-centered design approach, our current application was conceived through a number of co-

design activities with therapists and refined through observations of patient interactions with previous prototype 

versions and their feedback to it. This project focuses on the validation of diagnostics from data logged by the current 

prototype through data collections from single case experimental designs [7]. 

A specialized university research clinic, Hammel Neurocenter in Denmark, will provide the expertise to 

validate its diagnostic capabilities and collect patient feedback. The department of Architecture, Design and Media 

Technology at Aalborg University will then refine the designed game-based activities in VR. Volunteering patients 

meeting inclusion criteria at Hammel Neurocenter will participate in the SCEDs. 

3. RESULTS

A prototype whack-a-mole VR training game has been developed for assessment and treatment of SN (Fig. 1). The 

game can present stimuli targets in the entire visual field, allow for uni- or bimanual user interaction, and individual 

adjustable difficulty levels. A web-based therapist dashboard facilitates data analysis on assessment and progress of 

treatment and allows for individual goal-setting of training (Fig. 2). 

Four evidence-based neurorehabilitation techniques (prismatic shift, mirror therapy, half-field eye-patching, and 

constraint induced movement therapy) can be applied one at a time or in combinations as therapeutic modifications 

of the training game. This allows for faster and more effective combination of therapeutic methods and the tailoring 

of treatment to the individual patients' SN symptoms and capabilities .  
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Usability and feasibility of the prototype is currently being tested on SN patients at an inpatient 

neurorehabilitation hospital while continuously adjusting and developing the assessment and treatment capabilities. 

Future research on the diagnostic accuracy and treatment effects is in the planning. 

 

 

Figure 1. Whack-a-mole gameplay.     Figure 2. Whack-a-mole dashboard. 

4. DISCUSSION and CONCLUSIONS 

The project is pioneering VR-based neurorehabilitation of SN and possibly paving the way for self-training and future 

tele-rehabilitation. Successful VR-based neurorehabilitation of SN should be individually tailored, combine several 

treatment techniques, and aim to increase specificity and intensity of the treatment. 
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ABSTRACT 
The purpose was to understand the differences between Younger (YA) and Older (OA) healthy Adults 

during circumvention of a virtual pedestrian with initially unpredictable path and different limb 

movements. Both age groups were immersed in a virtual shopping mall and circumvented a Virtual 

Agent (VA) who approached from straight ahead and either continued or deviated to the side with four 

different locomotor patterns of limb movements. Deviation onset distance, minimum clearance, body 

reorientation and gaze behaviour were analyzed. Across conditions, OA deviated later than YA, but 

neither group changed their minimum clearance. OA also looked at the VA for a greater percentage of 

time. Longer planning and prolonged gaze on the pedestrian by OA could be due to a greater amount of 

time needed to process the information from the pedestrian. This delay could lead to greater challenges 

in OA populations with declined mobility capacity. 

1. INTRODUCTION 

Circumventing another pedestrian is essential to maintaining independence in community displacement. From the 

little knowledge available, Older Adults (OA) show greater clearances (Gerin-Lajoie et al 2006) and different body 

segment reorientations to circumvent obstacles (Paquette & Vallis 2010). Younger Adults (YA) keep closer distances 

to circumvent a pedestrian versus a moving obstacle (Souza Silva et al 2018). Recently, it has been shown that 

pedestrian limb movements also affect minimal clearance in a predictable situation (Fiset et al 2020), but the effect of 

ageing on using such visual information remains unknown. Virtual reality can be used to manipulate pedestrian 

movement as it evokes similar locomotor adaptation as in real circumvention (Buhler & Lamontagne 2019). The 

purpose of this study was to understand the effects of normal ageing on the information used during circumvention of 

a virtual pedestrian with initially unpredictable path and varying limb movements. 

2. METHODS 

Nine healthy YA (22.3 ± 2.1 years) and nine OA (74.1±2.1 years) living in the community were immersed in a 

virtual shopping mall (Figure 1) with a Head Mounted Display (HMD; HTC Vive Pro Eye, 90 Hz). Kinematic data 

were collected (VICON; 90 Hz) with non-collinear markers placed on the HMD, trunk, pelvis, and hands. Gaze 

behaviour was measured in the HMD. Participants were asked to walk towards a shop located in front of them and to 

circumvent a virtual agent (VA) who approached from straight ahead and either continued or deviated to the side 

after walking 0.5m (catch trials to decrease predictability) with four different locomotor movements: 1- Normal 

Locomotor Movements (NLM) 2- Upper limbs Fixed (UpFix); 3- Lower limbs Fixed (LowFix); 4- both Upper and 

Lower limbs Fixed (UpLowFix). The VA was paired to participant age and walked at 75% of the participant’s 

walking speed beginning after the participant walked one meter. Five trials per condition were collected. 

Figure 1. Virtual environment representing a shopping mall with the virtual pedestrian. 

Circumvention deviation onset distance from the VA, minimum clearance (participant shoulder to VA shoulder), 

maximum head yaw angle during body reorientation, gaze reorientation onset, and object focused were analyzed. 

Nonparametric Analysis of Longitudinal Data was used to compare variables across the age groups and conditions. 
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3. RESULTS 

Two collisions occurred in the YA group and only one for OA. Across conditions, OA deviated later than YA 

(p=0.002; Figure 2A), had smaller head yaw (p<0.001) but neither group changed their minimum clearance (Figure 

2B). OA looked at the VA for a greater percentage of time. YA began circumvention further away from the 

pedestrian for LowFix and UpLowFix whereas OA only initiated deviation further when the pedestrian had 

UpLowFix (Figure 2A). 

Figure 2. Mean (+1 SD) values for onset (A) and minimal clearance (B) for younger (black; n=9) and 

older adults (grey; n=9). Significant post-hoc results illustrated by asterisks (*p < 0.05, **p < 0.01). 

4. DISCUSSION and CONCLUSIONS 

Similar minimum clearance between OA and YA differs from the literature (Gerin-Lajoie et al 2006) but could be 

explained by head-on VA trajectory in the present protocol. Contrary to predicable VA paths in Fiset et al (2020), 

only onset distance was affected by limb movements here, supporting previous observations that onset distance is an 

important control variable in less predictable situations (Gerin-Lajoie et al 2005). Longer planning and prolonged 

gaze by the OA regardless of pedestrian limb movements could be due to a greater amount of time needed to process 

the information from the pedestrian. This delay could lead to greater challenges in OA populations with declined 

mobility capacity and contribute to difficulties in community displacement. 
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ABSTRACT 
This functional MRI work investigates changes in brain activity related to the practice on eye control 

of virtual objects. One female participant was trained for two weeks in an eye-controlled version of 

the Matching Pairs (Memory) card game. After the training period, increases of activity were 

observed in the supplementary motor area, a region involved in different aspects of motor learning. 

These results have a potential application as a new game-based neurorehabilitation approach to 

enhance motor activity without resorting to limb movements. 

1. INTRODUCTION 

We have shown that the control of virtual elements with the eye enhances brain activity in sensory and motor brain 

regions (Modroño et al., 2015). Here we continue evaluating this neurorehabilitation approach by using an eye 

controlled version of the Matching Pairs (or Memory) game during a training period. On the basis of our previous 

works (Gebert et al., 2017), we expect to find activations in sensorimotor brain regions after such a training period. 

2. METHODS 

We included data of a neurologically healthy right-handed female (age = 24). The training task was a version of 

the Memory card game (Silva da Cunha et al, 2016). The participant had to match pairs of cards by moving a 

virtual cursor with the eyes (via eye tracking). She practiced this task 20 minutes per day during two weeks. One 

day before and one day after the training period, we registered her brain activity using fMRI; meanwhile she was 

engaged in an eye-controlled continuous tracking of a target (Figure 1) (Jones, 2015). The experiment consisted 

of two conditions: movement (tracking blocks) and fixation (focus the gaze on a gray cross: a basal condition). 

fMRI data processing was done using SPM12. Four conditions (fix-Day1, movement-Day1, fix-Day2, movement- 

Day2) were modelled. Motor performance was estimated using the mean absolute error. 

Figure 1. Continuous tracking task performed with the eyes during fMRI (pre and post-test). 

3. RESULTS 

Figure 2A shows the results of two contrasts: movement-Day1 > fix-Day1 (red voxels) and movement-Day2 > fix- 

Day2 (yellow voxels). Both contrasts show activations in the sensorimotor system, including the supplementary 

motor area (SMA), the premotor cortex, parietal regions, basal ganglia and cerebellum. Activations of the second 

day are similar but more extended than those observed for the first day. Figure 2B shows the direct comparison 

between the movement conditions of the two days (movement-Day2 > movement-Day1). This contrast revealed 

activations in the SMA. Furthermore, the subject improved her performance by 15% during the second day. 
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Figure 2. A: Sensorimotor activations during pre (red voxels) and post-test (yellow voxels). B: 

Yellow voxels: increases of activity in the supplementary motor area after the training period 

(movement-Day2 > movement-Day1). p<0.001 (unc.), minimum cluster size = 15 voxels. 

4. DISCUSSION 

The execution of the eye controlled continuous tracking task was associated to extended activations in 

sensorimotor regions, what is consistent with a previous motor control experiment based on a different eye- 

controlled task (Modroño, 2015). Furthermore, results show an increase of activity after the training period in the 

SMA, associated to a better performance. In this way, our experiment extends our previous results (Gebert et al., 

2017) to the scope of motor transfer (Censor, 2013), that is, the application of a learned skill in a different context 

or task. Because this is a preliminary study without a control condition, it could be argued that the activation in 

the SMA may reflect a factor other than training. However, this region consistently underlies motor learning 

(Hardwick et al.,2013) thus it seems reasonable to think that transfer of motor learning plays a fundamental role 

in the activation found. In the context of our previous studies (Modroño et al.,2015; Gebert et al., 2017; Modroño 

et al., 2020) we conclude that the training on eye control of virtual objects can induce neural changes in 

sensorimotor regions, what could be used as a new game-based neurorehabilitation approach. 

Acknowledgements: Ministerio de Ciencia, Innovación y Universidades - ULL (Iniciación a la actividad 
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ABSTRACT 
Physical activity decreases with age, and sedentary behavior is often observed in inpatients. During the 

COVID-19 pandemic, this behavior is reinforced by a lack of access to exercise equipment, reduced 

social interaction and low motivation. Virtual Reality (VR) exergames have previously been used to 

encourage exercise adherence in inpatients, and specifically social collaborative experiences may be 

preferred for the elderly. However, COVID-19 related isolation inhibits co-located social exergaming, 

therefore this study investigates how a collaborative biking exergame may be used to encourage both 

physical activity as well as fulfill the psychological need for social relatedness. Preliminary results 

indicate that the two modes (single player and collaboration) can encourage physical activity. 

1. INTRODUCTION 

Physical activity decreases with age, and during inpatient rehabilitation and hospitalization, sedentary behavior is 

often observable. Consequently, this can decrease the speed of recovery, reduce muscle strength and functional 

performance. During the COVID-19 pandemic, healthcare facilities worldwide faced unprecedented circumstances 

when compelled to restrict activities and isolate many vulnerable inpatients in single rooms, rather than in multiple 

occupancies and restrict their access to common areas, television rooms and exercise machinery (Kheirbek et al., 

2021). Consequently, many inpatients found themselves deprived of interpersonal relations due to restricted visitors 

or socializing with the other inpatients. Resulting frustrations are understandable since relatedness is posited to be 

one of the three basic human psychological needs (along with autonomy and competence). When these needs are not 

fulfilled, it can have negative consequences on motivation and wellbeing (Shankar, 2013). 

Virtual reality (VR)-based exertion games (exergames) have previously been applied to multiple areas of 

rehabilitation, due to its ability to combine physical activities with game-inspired design mechanics that instills both 

motivation and enjoyment for patients (Keshner, 2019). Research on social exergaming for elderly is increasing, yet 

still scarce, and original research oftentimes describe co-located social experiences, centered around competition 

(Nguyen, 2017). Since competitiveness tends to decrease with age (Mayr, 2012) and can lead to higher levels of 

stress and aggression in some individuals, we hypothesize, that vulnerable elderly individuals exposed to isolated 

conditions, will likely benefit more from social collaborative experiences. Moreover, the need to investigate the 

impact of remote social interaction is highly pertinent for meeting unsatisfied social needs in elderly isolated 

inpatients related to the current pandemic and beyond. 

2. METHODS 

The virtual environment was designed as a virtual biking tour in a mountain landscape, described in greater detail in 

our previous paper (Høeg et al. 2021). In VR participants biked on either a single bike or a shared tandem-like 

bicycle. In the collaborative mode, participants could hear each other through the Oculus Rift-S headset and see the 

other participant’s avatar. 

To evaluate the impact of social collaboration in the VR-based exergame, we performed a small study, which 

compared Single Player (SP) vs. Collaborative Player (CP). Two female participants (65-78 years) were recruited 

from a Danish municipal inpatient care unit. They answered both the Revised Competitiveness Index (RCI) to 

measure their subjective attitude towards competitiveness; The Basic Psychological Need Satisfaction and 

Frustration Scale (BPNSFS) to measure how the admission and situation affected their sense of autonomy, 

relatedness, and competence. To measure adverse events, we used the Simulator Sickness Questionnaire (SSQ), and 

a 12-item version of the Intrinsic Motivation Inventory (IMI) measuring three subscales (interest/enjoyment, 

perceived competence and perceived choice was used to measure motivation. A subsequent semi- structured 

interview was used to tap into the participants’ experience. 
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Figure 1. The bike-based collaborative exergame during a feedback-session with physiotherapists. 

Participants were co-located in the virtual environment on a side-by-side bicycle (social bike). 

3. RESULTS 

Table 1. Results of the different measurements reported as averages and standard deviations. 

 Baseline SP CP 

RCI – enjoyment / contentiousness 3±0 / 3±1   

BPNSFS – relatedness satisfaction / frustration 3±1 / 2±1   

SSQ – total score (reported as change scores)  0.3±1.1 -0.3±1.1 
IMI – enjoyment  6.6±0.5 5.9±0.5 

4. DISCUSSION and CONCLUSIONS 

The results indicate that the study participants enjoyed the experience both in collaborative and single player mode. 

Based on RCI results, the participants favored low competition, but surprisingly IMI scores for enjoyment was 

higher in SP than in CP. This may likely be due to the low number of participants at this point. Voice chat and 

generic avatars were insufficient to instill sense of co-presence, and the participants did not feel virtually co-located. 

This indicates that remote social collaboration needs high fidelity avatar representations to work properly for 

isolated inpatients. Hygienic protocols need to be clearly standardized to permit safe and continuous use for 

COVID-19 isolated patients. Beyond the pandemic, this solution may be beneficial for other isolated individuals. 
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ABSTRACT 
A research protocol is presented to characterize the variability in Sit-To-Stand spatial and temporal 

variables in real world and virtual environments among people post-stroke. Implemented using Unreal 

and an HTC Vive head-mounted display, the virtual environments will present two postural load 

conditions: overground and high. Full-body kinematics will be captured using an XSens MVN Link 

system, and variability of center-of-mass trajectory and of spatiotemporal movement parameters will be 

compared across conditions. The characterization of motor variability will provide a clinically relevant 

information about the motor control of STS and the effect of perceived increase in postural load. 

1. INTRODUCTION 

The level of an individual’s performance on a movement task is a result of an ongoing interplay between the task they 

perform, the environment in which they perform, and their own characteristics. Moreover, performance on such tasks 

involves cardiovascular, kinematic, and emotional dimensions among others. To reflect this complexity of movement, 

testing of motor performance needs to be ecologically valid, employ naturalistic tasks, and encompass a multi-level 

assessment (Harris et al., 2020). Virtual Reality (VR) holds a significant promise for overcoming these barriers. 

Movement variability is described as the trial-to-trial variations in movement characteristics within an individual 

(Davids et al., 2006). It is attributed to a redundancy in the motor system that allows a given individual to carry out 

variable movement solutions within environmental and task constraints (Newell et al., 1993). Variability contains 

important information about motor control mechanisms. For example, high spatial and temporal variability in walking 

is associated with functional decline and an increased risk of falls in community dwelling adults and in people with 

neurological diseases (Pieruccini-Faria et al., 2019). The person’s emotional state, specifically anxiety or fear of 

falling, is an important factor that may influence motor control, and therefore movement variability. Indeed, older 

adults with fear of falling demonstrate alterations in spatiotemporal gait characteristics, as well as increased movement 

variability (Sheikh et al., 2020). Similar findings are reported in people post-stroke. For example, among people with 

stroke, lower balance confidence was associated with higher center-of-pressure amplitude and higher stepping 

variability (Schinkel-Ivy et al., 2020). 

Sit-to-stand (STS) is described as a movement of the center of mass upward from a sitting position to a standing 

position without losing balance. STS consists of an important daily activity and when impaired it is related to poorer 

stability and a greater risk of falls (Bohannon, 2012). Variability in STS performance may hold important and 

clinically relevant information about the person’s function and capacity to adopt to external and internal (e.g., 

emotional) perturbations. 

The objectives of the current project are: 

1. To characterize STS variability in people with stroke in a VR setting vs. a real-world setting 

2. To compare STS variability across two VR-imposed postural threat conditions: overground vs. simulated 

height. 

2. METHODS 

2.1 Participants 

Twenty-four people at the chronic phase post-stroke (>6 months) between 60 and 75 years old who live in the 

community will be recruited. We will include participants with a presence of unilateral hemiparesis/hemiplegia, that 
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are able to complete the Five Times Sit-To-Stand (FTSTS) test without assistance and can follow three consecutive 

commands. Motor impairment, balance and motor function will be assessed by the lower extremity Fugl-Meyer test, 

the Berg Balance Scale and the FTSTS test, respectively. Balance self-efficacy will be assessed by the Activity-

specific balance confidence (ABC) scale and fear of falling by the question “Are you afraid to fall?”. 

Trait anxiety will be assessed by the State Trait Anxiety Inventory (STAI). and visual acuity will be assessed by 

the Early Treatment Diabetic Retinopathy Study (ETDRS) test. 

 

 

Figure 1. (A,B) Illustration of virtual environment under overground (A) and high (B) conditions. (C) 

Experimental setup of motion sensors. (D) example of joint angles for FTSTS in a healthy person. (E) 

Center-of-mass trajectory (blue) during the FTSTS. 

2.2 Virtual environment and procedure 

The virtual environment will be implemented using an Unreal Engine (version 24.6, Epic Games, MD, USA) and 

delivered via a Head Mounted Display (HTC Vive, HTC, Taiwan). The environment will present a virtual room in 

two simulated height conditions: overground (Figure 1A) and at 1.6 meters (Figure 1B). An avatar will be constructed 

based on kinematic data from an inertial motion capture system (Figure 1C; MVN Link, XSens, Netherlands) and 

presented to participants in real-time. Full-body kinematics at 240Hz will be recorded (initial demonstration of FTSTS 

kinematics is in Figure 1D and 1E). 

The experimental session will involve performance of 2 repetitions of FTSTS in each of three conditions: ‘VE 

overground’, ‘VE high’ and ‘real life’, in counterbalanced order. Sufficient rest will be provided. Center-of-mass 

trajectory, relative timing of STS phases and anteroposterior and mediolateral ranges of motion will be computed. 

Variability in each outcome measure will be calculated and repeated measures one way analysis of variance will be 

conducted to compare between conditions. 
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ABSTRACT 
This work evaluated dual-task performance of people with Persistent Postural Perceptual Dizziness 

(PPPD) and controls during a dynamic balance task in virtual reality (VR). Twenty-two people with 

PPPD and 29 controls completed the Four Square Step Test in a VR setting with and without an added 

cognitive task (serial-3 subtraction) and under 3 levels of visual load. Results showed that despite 

significant differences in cognitive function between groups, the cognitive-motor interference pattern 

was largely similar. These results extend previous work demonstrating similar cognitive-motor 

interference during gait in people with visual vertigo, a precursor to PPPD. However, future work is 

needed to examine the neural correlates associated with cognitive-motor interference in PPPD. 

1. INTRODUCTION 

Persistent Postural Perceptual Dizziness (PPPD) is a chronic functional disorder manifested in unsteadiness and non- 

spinning vertigo, and exacerbated by upright posture and/or in the presence of complex visual stimuli (1). Due to the 

role of the prefrontal cortex in modulation of sensory signals, for people with PPPD and other related conditions of 

visual sensitivity sensorimotor integration for movement may pose high cognitive demand. However, results on 

cognitive-motor interference in people with functional dizziness are mixed (2,3). 

To this end, the current work aimed to examine differences in dynamic balance performance under changing 

conditions of cognitive and visual load. It was hypothesized that cognitive-motor interference would be higher among 

people with PPPD especially when the visual complexity of the environment would be high. We chose the Four Square 

Step Test as a dynamic balance task and modified it to a Virtual Reality (VR) environment (FSST-VR; (4)) in order 

to provide graded visual challenge. 

2. METHODS 

This work is part of a multi-center study at New York University and University of Haifa. 

Details of the FSST- VR and of the sample are provided elsewhere (4). Participants were 

required to have independent ambulation and enough understanding of English/Hebrew to 

provide informed consent. Specific criteria for subject selection are described elsewhere (4). 

Briefly, participants completed the FSST-VR task (a series of 8 consecutive steps performed 

in a virtual reality subway platform environment) 3 times under each of 3 visual load 

conditions in a randomized order: empty platform, busy platform (people), and busy platform 

(people+trains). All conditions were also repeated with an added cognitive task: serial 

subtraction by 3. Head kinematics (movement time in msec, bidirectional range of motion in 

cm, and jerk – no. of peaks in the velocity profile, Figure 1) were captured using a head-

mounted display (HTC Vive, HTC, Taiwan). In addition, all participants completed a test of 

visual scanning and cognitive flexibility (Trail Making Test A and B; (5)) and a test of 

cognitive performance (Montreal Cognitive Assessment; MoCA (6)). 

2.1 Data analysis 

Descriptive statistics, T-tests and Mann-Whitney U tests were used to describe participant characteristics in both 

groups. Generalized estimating equations (GEE) were used with an identity link function to examine the effect of 

cognitive load (2 levels) and visual load (3 levels) on head kinematics for each group separately. For cognitive 

Figure 1: an example of 

FSST head kinematics.  
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performance (numbers told correctly), the model included group and visual load. 

3. RESULTS 

Twenty-two people with PPPD and 29 controls participated (4). 

People with PPPD had significantly lower MoCA scores (26.1±1.8 

vs. 28.1±1.5 respectively, p<0.001), and took longer to complete 

both TMT-A and TMT-B (TMT-A: 26.9[10.5] vs. 24.9[11.7], 

p<0.05, TMT-B:65.7[29.9] vs. 48.4[22.9] respectively, p<0.01). No 

differences in cognitive task performance were found between 

groups or visual load conditions. No interaction between cognitive 

and visual load was demonstrated for any spatiotemporal variable. 

For both groups, movement kinematics varied by cognitive load. 

When counting backwards, people with PPPD took on average 

3087.4 msec longer and controls took on average 2858.1 msec 

longer to complete FSST-VR (PPPD: χ2(1)=17.4, p<0.001, Control: 

χ2(1)=32.8, p<0.001), similarly increased movement range of 

motion in AP (PPPD: χ2(1)=12.3, p<0.001, Control: χ2(1)=39.4, 

p<0.001) and ML (PPPD: χ2(1)=9.4, p=0.002, Control: χ2(1)=20.4, 

p<0.001) and increased movement jerk (PPPD: χ2(1)=24.9, 

p<0.001, Control: χ2(1)=21.6, p<0.001, Figure 2). 

Visual load had no effect on movement time in either group. Varying group- specific effects of visual load were 

identified for the ML direction: an increase in ROM was found for controls (χ2(2)=6.5, p=0.04), but not for the PPPD. 

In contrast, movement jerk increased with visual load in the PPPD group (increased jerk; χ2(2)=9.8, p=0.007) but not 

in controls (Figure 2). 

4. DISCUSSION and CONCLUSIONS 

This work evaluated cognitive-motor interference during performance of a dynamic VR balance task in people with 

PPPD. Results suggest that despite lower scores on cognitive tests (MoCA, TMT) the cognitive motor interference 

pattern among people with PPPD was similar to that of healthy controls. Our results agree with those of Hoppes et al. 

(3) who demonstrated that for people with Visual Vertigo, a precursor of PPPD, dual-task decrements in walking 

performance are similar to controls. It may be that in the current work, visual load was too mild as to generate a change 

in cognitive-motor interference. Future work should examine, however, whether the ability to overcome visual 

distractors and achieve comparable performance to that of controls was associated with changes in prefrontal cortex 

activation among people with PPPD. 
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Figure 2: No. of peaks in the tangential velocity 

profile for people with PPPD (dashed) and controls 

(solid) under single- (blue) and dual- (red) task 

conditions. 
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ABSTRACT 
While presence in VR can be stimulated and observed behaviorally, there are not yet standardized ways 

to measure it objectively. This project aims to develop and validate a behavioral measure of the 

physical/spatial presence in VR to be designed as a free app. Several conditions will be tested to define 

the most reliable and valid way to measure presence behaviorally. The variables to be tested include the 

level of social realism, type of stimuli, predictability of the sequence of stimuli, and level of attentional 

engagement. Statistical comparisons will be used to help determine the effect of each independent 

variable on behavioral presence and overall presence will be compared across subjective and objective 

measures of presence. The final app can be used by the VR researchers and practitioners to make their 

virtual experiences more immersive. 

 
1. INTRODUCTION 

One conceptualization of presence is that it is a perceptual illusion of non-mediation (Lombard & Ditton, 1997). In 

other words, presence is a subjective cognitive state that results from perceiving some simulated and/or mediated 

environment or process (e.g. a virtual environment), while failing to fully recognize the perception as being 

simulated and/or mediated i.e. through a medium, such as virtual goggles. Under the principle of “behavioral 

realism” (Freeman et al. 2000; Laarni et al. 2015), it has been proposed that a person who experiences presence may 

act (or react) on the sense of non-mediatedness (or ‘naturalness’, ‘realness’, and so on). As Floridi (2005) puts it, 

presence includes the capacity of acting and interacting with the environment, both pragmatically and 

epistemically. In other words, observing VEs can be the relevant behavior that indicates presence in it. 

Despite the fact that presence can be measured behaviorally it is still typically done via self-report (Grassini & 

Laumann, 2020). This is, in part, because questionnaires are easy and accessible. But there are many issues with 

their validity for reasons such as insufficient and heterogenous conceptualization of presence (Laarni et al. 2015), 

perceived abstractness of the questions (Bailenson & Yee, 2008), and the possibility of response bias (Freeman et al. 

2000). Because of these threats to validity, it has been argued that presence (in VR) should be measured 

behaviorally (Bailenson & Yee, 2008). This project aims to develop and validate a behavioral measure of the 

physical/spatial presence in VR to be designed as a free app. Creating an accessible measure may contribute to 

replicability of the presence research, and also to stimulate more diverse research of the factors of presence. 

Technology is not the only factor of it, because it is about everything that is affecting the perceptual process. 

Therefore, this measure can help to create more immersive experiences for VR practitioners. 

 
2. METHODS 

VEs are being developed using Unity and tested in an HMD to test behavioral measures of presence in VR in 

various conditions. The stimuli will represent a mild threat (Bouchard, St-Jacques, Robillard, & Renaud, 2008); but 

a postural measured reaction will be based on diverse but a single vertical or horizontal axis postural change (Laarni 

et al. 2015). The protocol will also include a “pit” condition behavior will also be tested during the same sessions. 

The current study will sample from students at a northeastern university in the United States but it may also include 

members of the larger university community, including staff and visitors. Participation will be incentivized using a 

payment or course credit.  

 

2.1 The study design 

Participants will be randomly assigned to one of the between-subjects groups designed to define the most valid and 

reliable VE conditions. Four tested groups will be based on two independent variables. One variable is the level of 

attention. There will be two attention levels involving counting objects (less than 10 of them) or not counting 

objects. This simple attentional task should be enough to give participants purpose for their virtual experience and 

create some control of attentional focus (Wirth, et al. 2007) without being too involving and therefore distracting. 

The other between-subject variable will be predictability of the stimuli. This will involve exposing participants to 

predictable and unpredictable sequences of the stimuli. Specifically, in the predictable sequences, walls and ceiling 

elements will start the deconstruction process in front of the participants at the beginning of the virtual room moving 

towards the participants, therefore, the stimuli will approach the participants by the end of events sequence. In the 

unpredictable sequence, participants will not be able to anticipate when the stimulus will approach them. 
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The within-subject independent variable will be the degree of social realism of the VEs (Lombard & Ditton, 

1997), which is the level of correspondence with social reality boundaries. There are two VEs, i.e. of high and low 

social realism. The high realism VE, will be a construction site. The construction site was chosen as the most 

appropriate realistic space for the study because it is a real setting in which parts of the room would reasonably be 

expected to move around, and it also naturally leads to a pit condition (Insko, 2003). The second VE with low 

realism will simulate an identical series of events with walls and floor parts moving and undergoing disassembly 

however, realistic details, such as textures, objects, sounds, and so on will be lacking. 

 

2.2 Procedure and measures 

Before the session, participants will be instructed to not walk around. Overall, each participant will perform two 

VR sessions. During the VR sessions, participants will observe a virtual room being deconstructed via a sequence 

of independent events for 3.5 minutes, during which a series of moving walls and ceiling elements will be moved 

and closely approach them. This series of events will include sequences of two walls from the left and two walls 

from the right, and two elements of the ceiling from above. Once all but 2 of the floor blocks have fallen away the 

participant will be left standing on the edge of a pit, and the final two walls will approach them in sequence. 

Immediately following the first VR session a presence questionnaire will be conducted. 

Following that the participant will repeat the same session, i.e. with the same attentional level and stimuli 

sequence but with a different level of realism. After the second session, another round of the presence questionnaire 

will follow. A smaller sample will also be re-invited to participate in the follow-up session to test long terms 

learning effects and test-retest reliability.  

The amplitude of the postural reaction along a single axis (whether a vertical one stimulated by ceiling or a 

horizontal one stimulated by wall elements) will be the primary behavioral measure of presence. It will be measured 

via tracking the location of the participants headset in the virtual space. 

 

Figure 1. The stimulus, i.e. the elements of the room that will approach participants 
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ABSTRACT 
This work focuses on developing an understanding of collision avoidance behaviour between pedestrians for persons 

with a moderate-to-severe traumatic brain injury (m/sTBI). Moreover, the aim is to investigate how different emotional 

gaits of another influences the avoidance behaviours of persons with and without m/sTBI. Thirteen participants (10 

healthy controls, 3 m/sTBI) were immersed in a virtual environment and instructed to walk to a targeted area. 

Participants were to avoid collisions with the approaching virtual pedestrian (VRP) that expressed an emotion through 

whole-body movement. Preliminary findings showed that m/sTBI participants had a larger clearance distance when 

passing the VRP compared to the control group. Moreover, emotion affected the onset of avoidance behaviour for the 

control group but not for the m/sTBI group. The consistent onset of avoidance behaviour irrespective of the emotional 

gait pattern may be a result of impaired emotion perception during such a task following m/sTBI. 

 
1. INTRODUCTION 

The ability and accuracy of reading emotional expression is a fundamental prerequisite for successful community 

navigation and social interactions in public spaces. Most studies on emotion and VR examine either facial expressions, 

or videoclips of facial expressions (Jackson et al., 2015). Some studies now include body movements; however, no 

one has yet looked at this while engaged in a complex task like walking to avoid obstacles. Safe goal-directed 

navigation and collision avoidance between walkers is already complex and a difficult task for patient populations 

with sensorimotor dysfunctions that limit their ability to ambulate in community environments (Aravind and 

Lamontagne, 2014; Darekar et al., 2017). An inability to recognize emotion during a collision avoidance task can be 

additionally challenging and have significant negative effects on social interpersonal interactions, leading to social 

cognition deficits and difficulties in social participation (Tousignant et al., 2016). It is already known that m/sTBI 

leads to dysfunction in social cognition, including specifically a decreased ability to read the emotions of others 

(Bornhofen and McDonald, 2008). Our main questions are: 1) What avoidance strategies are involved when interacting 

with an emotional individual? 2) How do these strategies change following m/sTBI? 

 
2. METHODS 

Ten healthy control (29±4.56yrs, mean±1SD) and, to date, three m/sTBI participants (39.67±7.41yrs) were immersed 

in a virtual environment replicating the entrance to a subway station (Figure 1), which was viewed through a VIVE 

Pro Eye HMD. Participants began each trial outside the subway station and were instructed to enter the station and 

avoid any collisions with a single approaching VRP. The VRP expressed one of four possible emotions through whole- 

body movement only (i.e., facial expression remained neutral): angry, happy, sad, or neutral (Figure 1). Per trial, 

participants would approach the subway from outside, the doors of the subway entrance opened and the VRP would 

approach the participants from one of three possible directions: directly in front of the participant or ±40° either side 

of the direct approach condition. For each direction of approach, the VRP crossed the participant’s path at a theoretical 

point of collision. Dependant variables included minimum clearance distance (m), interpersonal distance (IPD, in m) 

at onset of avoidance, and average walking velocity (m.s-1). 

Figure 1. Left, four emotional gait patterns: sad, angry, happy, and neutral. Right, an example trial. 
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3. RESULTS 

We observed a trend between groups for the average velocity with the control group walking faster (1.22±0.19m .s-1 

for neutral, 1.20±0.22m.s-1 for angry, 1.21±0.20m.s-1 for happy and 1.20±0.19m.s-1 for sad) than the m/sTBI group 

(1.02±0.12m.s-1 for neutral, 1.04±0.12m.s-1 for angry, 1.01±0.12m.s-1 for happy, 1.06±0.12m.s-1 for sad). Moreover, the 
control group had a smaller clearance distance at crossing compared to the m/sTBI group (Figure 2, left). However, for 

both average velocity and clearance distance, no trend was observed as an effect of emotion for either group. For IPD 

(Figure 2, right), we observed a trend for emotion on IPD for the control group but not the m/sTBI group. 
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Figure 2. Overall effect of emotion on clearance distance (left) and on IPD (right). 

 
4. DISCUSSION and CONCLUSIONS 

The reported clearance distance of the control group was similar to previous findings (Buhler and Lamontagne, 2018). 

However, the consistency of clearance distance irrespective of emotion for both groups may suggest that clearance 

distance is a result of the physical task and the capabilities of the participant (Darekar et al., 2017). The m/sTBI 

populations have known residual deficits for walking even after a good recovery (Vallée et al., 2006), which may 

account for the observed larger clearance distance. The larger IPD at onset of avoidance may be the result of a 

perceived threat from the approaching angry VRP. The m/sTBI group did not show an effect of emotion on the IPD 

which may be a result of the decreased ability to read the emotions while avoiding collisions with others. 
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ABSTRACT 

Falls represent a significant risk to older adults, so there is a need to readily assess balance abilities in 

to prevent future falls. A critical component of balance is sensory integration, but to objectively assess 

it requires expensive devices, such as the Neurocom Smart Equitest, that are often not accessible outside 

the clinic. The current study compares a novel VR head-mounted display sensory integration test to the 

Neurocom Smart Equitest to evaluate criterion-measure validity and determine the novel VR device’s 

sensitivity to age-related balance differences.  Current results suggest that the VR-based test provides a 

portable and affordable alternative for detecting age-related deficits in postural control.  

1.  INTRODUCTION 

One out of every four adults over the age of 65 fall each year and fall-related injuries can be devastating to the overall 

well-being of older adults, leading to broken bones, head injuries, and psychological changes (Bergen, Stevens, & 

Burns, 2016; Florence et al., 2018). Therefore, it is important to objectively assess fall-risks in older adults to help 

reduce this risk. Sensory integration is crucial for maintaining stability and preventing falls. However, objective 

assessments for sensory deficits in the clinic can be costly. The gold-standard for computerized dynamic 

posturography is the Neurocom Smart Equitest’s Sensory Organization Test (SOT), which has been shown to be 

sensitive for detecting the effects of aging on sensory integration for balance and fall-risk (Wallmann, 2001). However, 

this equipment can cost tens of thousands of dollars and is inaccessible beyond the clinic. With the recent advances in 

virtual reality, the current study examines the feasibility of assessing deficits in visual, vestibular and somatosensory 

processing for postural stability using a low-cost, portable VR head-mounted display (HMD) as compared to the SOT. 

2.  METHODS  

Fourteen older adults (mean age = 704 yrs) and 16 healthy younger adults (mean 275 yrs) participated in the study. 

The participants first completed balance questionnaires and assessments that included: Activities Balance Confidence 

(ABC), Fall Efficacy Scale (FES), Timed up-and-Go (TUG), and Berg Balance Scale (BBS). Participants then 

performed the three trials of the six Neurocom SOT conditions and eight conditions of a custom-designed VR Sensory 

Integration in Balance (SIB) test (see Table 1).  Participants wore an HMD (Lenovo Mirage, Hong Kong, China) that 

displayed a space station during VR SIB tests. Center of pressure from Neurocom and head displacement from HMD 

were used to calculate the Equilibrium Score (ES) to indicate postural stability (Vanicek, King, Gohil, Chetter, & 

Coughlin, 2013). The ES ranges from 0 to 100, where 0 represents a fall and 100 represents perfect stability. ANOVA, 

Binomial logistic regression, and ROC curve analysis were performed on the ES.  

3.  RESULTS  

Paired T-Tests revealed significant differences between age groups in age (p < 0.001), ABC (p<0.05), FES (p<0.05), 

and BBS (p<0.005) scores, but not in TUG (p=0.16, n.s.). Repeated-measures ANOVA showed younger adults 

performed significantly better than the older adults on all conditions when tested with VR SIB (F1,27=22.2, p<0.001) 

and with the NeuroCom SOT (F1,27=11.7, p=0.002).  

Table 1. Description of the six NeuroCOM SOT and the eight VR SIB conditions. 
Condition NeuroCom SOT VR SIB 

1. EYES OPEN FIRM Eyes open standing on firm surface. Eyes open in VR standing on firm surface. 

2. EYES CLOSED FIRM Eyes closed standing on firm surface. Eyes closed standing on firm surface. 

3. EYES OPEN SWAY REFERENCE 

VISUAL 

Eyes open standing on firm surface with sway reference wall 

(i.e., when user tilts forward, the walls also tilt forward). 

Eyes open in sway referenced VR standing on firm surface. 

The point of view of VR scene moved with the user. 

4. EYES OPEN SWAY REFERENCE 

SURFACE 

Eyes open standing on a sway referenced surface (i.e., when 

the user tilts forward, the platform tilts forward). 

Eyes open standing on a ~2.5-inch foam pad. 

5. EYES CLOSED SWAY-

REFERENCE SURFACE 

Eyes closed standing on sway referenced surface Eyes closed standing on a ~2.5-inch foam pad. 

6. EYES OPEN SWAY-REFERENCE 

VISUAL + SURFACE 

Eyes open standing on sway referenced surface with sway 

referenced wall surround.  

Eyes open in sway referenced VR standing on a ~2.5-inch 

foam pad.  

7. VISUAL DYNAMIC FIRM 

SURFACE (DYN FIRM) 

n/a Eyes open VR scene rotating clockwise or counterclockwise 

standing on firm surface 

8.VISUAL DYNAMIC FOAM 

SURFACE (DYN-Foam) 

n/a Eyes open VR scene rotating clockwise or counterclockwise 

standing on a ~2.5-inch foam pad 
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Binomial logistic regression (Forward stepwise method) revealed that the VR SIB condition 8 (DYN-Foam) could 

discriminate age groups with 89.7% accuracy while the Neurocom SOT condition 6 (Sway-reference visual and 

surface) was 82.8% accurate. ROC curve analysis of these results showed area under the curve (AUC) of 0.83 with 

the VIB-SIB and 0.82 with the Neurocom (Fig 1.b). 

Figure 1. SOT/SIB results across age cohorts. (a.) The sensitivity in detecting differences in balance performance 

between older (blue) and younger (red) adults were comparable on the Neurocom SOT and VR-SIB. (b.) ROC curves 

for novel VR device (thick black line) with AUC=0.83 and Neurocom (thin gray line) with AUC=0.82. EO = Eye 

Open; EC = Eyes Closed; SR-v = Sway Reference – Visual; DYN = Visual Dynamic.  

4. DISCUSSION and CONCLUSIONS 

The current study reveals using VR to assess sensory integration in balance in healthy older adults versus healthy 

young adults was as sensitive at discriminating balance differences based on age-cohort as the Neurocom. Older adults 

had the greatest difficulty with test conditions involving visual-vestibular conflict, which challenged the postural 

control system to adjust its reliance on visual and somatosensory inputs (i.e. Neurocom SOT condition 6 and VR SIB 

condition 8). Further analysis of these conditions revealed challenging dynamic visual conditions with the VR device 

were higher than the Neurocom (89.7 vs. 82.8%) in discriminating between the two age-groups, and that AUC between 

devices were statistically equivalent. Functional assessments (TUG and BBS) on this same cohort of older and younger 

adults had notable weaknesses. TUG was not sensitive to age group comparison (p=0.16, n.s.) and BBS suffered from 

a ceiling effect in both cohorts. This is commonly seen in older adults on the BBS, which is limited in its ability to be 

challenging enough for community dwelling older adults or to predict fall-risk (Boulgarides, McGinty, Willett, & 

Barnes, 2003; Langley & Mackintosh, 2007).  

In conclusion, technology-based instrumented tests can be objective, repeatable, and valid tools to assess balance 

control. The current evidence suggests the novel VR SIB matches the gold-standard of Neurocom SOT and exceeds 

functional tests in detecting age-related deficits in balance control. However, the novel VR device has the advantage 

over other instrumented devices by being more cost-efficient and transportable, so it can be used in any location and 

even during a home-visit. 
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ABSTRACT 
Postural control deficits are a major concern for a variety of clinical populations. Yet, standard 

posturography equipment is often costly and lacks portability, limiting the availability of objective 

balance testing. Recent evidence suggests virtual reality head mounted displays (HMDs) may offer a 

valid means of assessing whole body posture without the need for additional equipment. Therefore, the 

purpose of this study was to assess the ability of the HTC Vive HMD to measure postural sway during 

an upright balance task. Participants performed eight balance conditions which varied the visual scene 

presented in the HMD and feedback provided by the support surface. Linear position and rotation of the 

head were tracked while a Wii Balance Board force plate (WBB) simultaneously recorded center of 

pressure (COP). Pearson's product and time series correlations showed the relationship between both 

devices was strong across testing conditions and posture variables, especially in the medial-lateral and 

anterior-posterior directions. These findings provide support for the validity of the HTC Vive to 

accurately measure whole-body posture, which may allow for the development of affordable and cost-

effective balance tests. 

1. INTRODUCTION 

Deficits in postural control impact numerous populations, including patients with traumatic brain injuries, vestibular 

disorders, and the elderly.1,3,5-6 These impairments have significant implications for a patient’s quality of life, as 

ongoing symptoms such as frequent dizziness, visual dependence, and poor standing balance can prevent 

independence and limit activities of daily living.1,3,5 Therefore, the development of valid and reliability postural control 

measures is essential for optimizing the diagnosis and treatment of balance disorders, with the goal of improving 

quality of care for patients.  

Traditional posturography equipment presents significant limitations for 

widespread clinical application due to high costs and limited portability.2 To 

address these concerns, researchers have developed alternatives by adapting 

commercially available technology to objectively measure balance.2,4,6 Emerging 

evidence suggests that virtual reality (VR) head-mounted displays (HMDs) can 

accurately measure whole-body posture without the need for additional 

posturography equipment.4 However, more research is needed to establish the 

validity of HMDs across devices, testing conditions, and populations. Therefore, 

the purpose of this study was to assess the ability of the HTC Vive HMD to 

measure whole-body changes in postural sway during an upright balance task. 

2. METHODS 

Participants (n = 23) performed a previously validated balance protocol which 

varied the visual input presented in VR and somatosensory feedback provided 

by the support surface.6 Twenty-four trials across eight conditions (3 trials per 

condition) were performed: (1) EO-Firm – eyes open with an earth-referenced, 

stable visual scene and stable support surface (i.e., WBB) and, (2) EC-Firm – 

eyes closed with dark screen and a stable support surface, (3) DYN-Firm – eyes 

open with a rotating visual scene and a stable support surface, (4) SWAY-Firm 

– eyes open with sway-referenced visual scene and a stable support surface, (5) 

EO-Foam – eyes open with a stable visual scene and an unstable support surface (Airex foam pad placed on top of the 

WBB), (6) EC-Foam – eyes closed with a dark screen and unstable support surface, (7) DYN-Foam – eyes open with 

 
 
Figure 1. Image demonstrating the VR 

balance task with the firm and foam 

support surfaces. Participants were 
required to maintain an upright stance 

while the HTC Vive and WBB 

simultaneously tracked head position and 
COP, respectively. 
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a rotating scene and unstable support surface, (8) SWAY-Foam – eyes open with a sway referenced scene and unstable 

support surface. Center of pressure (COP) was recorded from a Wii Balance Board force plate (WBB) in the anterior-

posterior direction (AP) and medial-lateral direction (ML). Linear head position in the AP and ML directions, and 

rotational head position in the roll, pitch, and yaw directions, were simultaneously tracked with the HTC Vive’s 

infrared cameras and internal gyroscopes (Fig. 1). 

3. RESULTS 

Pearson’s product correlations found very strong relationships between COP velocity and linear head velocity (r = 

0.94), as well as COP sway area and linear head sway (r = 0.91) across conditions (Fig. 2, left). COP velocity and 

head rotational velocity were also found to be strongly correlated across conditions (r = 0.88), but COP sway area and 

head rotation were only weakly related (r = 0.33) and may vary by condition (Fig. 2, left). Additionally, time series 

correlations found strong relationships across balance conditions in the ML and AP directions, while the relationship 

was moderate when comparing pitch angle of the head to COP in the AP direction (Fig. 2, right).  

 

 
Figure 2. (left) Pooled correlations between the HTC Vive and Wii Balance Board across posture variables. 

(right) Time series correlations between the HTC Vive and Wii Balance Board by condition. 

 

4. DISCUSSION and CONCLUSIONS 

These findings provide support for the validity of the HTC Vive to accurately measure whole-body posture without 

the need for additional posturography equipment such as a force plate. Our study supports prior research, which 

showed the relationship between an Oculus Rift HMD and WBB is strong across multiple conditions and variables 

under similar testing parameters.4 This study found correlation coefficients were consistently high in the ML and AP 

directions for the time series analyses and across posture variables, suggesting a strong relationship between COP and 

linear displacements of the head. However, the relationship between rotational displacement of the head and COP 

changes was less clear and may require additional research to determine how head rotation is impacted by our VR 

balance test. Taken together, our findings suggest that HMDs may provide a promising avenue for measuring postural 

control, which could improve the cost, portability, and availability of fall risk assessments and balance treatment 

options to a wide range of clinical populations.   
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ABSTRACT 
In this case report, a 59-year-old woman with mild-moderate Parkinson’s Disease and dyskinesias of 

the head and left lower extremity bicycled in 2 different virtual reality conditions, semi-immersive and 

fully-immersive. Despite dyskinetic head movements, the participant tolerated the head-mounted 

display well in the fully-immersive condition and had a reduction in cybersickness. She worked harder 

and had a lower perceived exertion in the fully-immersive condition. This case report suggests that 

certain individuals with Parkinson’s Disease and dyskinesia may tolerate moderate-high intensity 

exercise in a fully-immersive virtual environment. 

1. INTRODUCTION 

The tolerability of fully-immersive Virtual Reality (VR) wearing a Head-Mounted Display (HMD) has not been 

explored for persons with Parkinson’s Disease (PwPD) and dyskinesia during exercise. For PwPD, minimal side 

effects were reported in a VR walking task displayed on an HMD (Kim 2017) using the Simulator Sickness 

Questionnaire (SSQ). (Kennedy 1993) However, dyskinetic movements are  often an exclusion criterion for studies 

investigating fully-immersive exercise. (Finley 2021) The purpose of this report was to explore if  interacting with 

VR displayed on an HMD during moderate-high intensity bicycling was tolerable for PwPD and head dyskinesia. 

2. METHODS 

2.1 Participant 

A 59-year-old woman with PD and moderate dyskinesia of her head and left lower extremity signed written consent 

to participate in this protocol. She had  mild motor impairment (UPDRS-III score of 22) (Martinez-Martin 2015) 

with more severe impairment on her left side. Dyskinesias (chorea) were observed throughout the motor 

examination (Schrag 2000) and during bicycling as twisting, dance-like motions of her head and left leg. 

2.2 Protocol 

After clinical assessments, the participant completed a baseline SSQ. (Kennedy 1993) After familiarization she 

bicycled in two different VR conditions for 5 minutes each. In the semi- immersive condition, she viewed the 

simulation on a projector screen. For the fully-immersive condition, she wore a HTC VIVE PRO HMD. The 

simulation created with Unity 3D (Figure 1) responded to her cadence using visual feedback to maintain a target 

cadence of 25-40% faster than her comfortable bicycling cadence. (Gallagher 2016) After the fully-immersive bout, 

the participant again completed the SSQ. During both conditions, heart rate and cycling cadence were recorded 

continuously. (1 Hz) Ratings of perceived exertion (RPE) were also recorded at 3 timepoints. (Penko 2014)  

 

Figure 1. Virtual bicycling environment providing visual feedback on cadence. 
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3. RESULTS 

3.1 Tolerability and simulator sickness 

The baseline SSQ was a 7/48 with scores indicating nausea, disorientation, and oculomotor disturbance. After the 

fully-immersive condition, her SSQ decreased to a 3/48 indicating slight discomfort, fatigue, and blurred vision. 

3.2 Exercise Intensity and Perceived Exertion 

On average, mean HR and RPM were higher in the fully-immersive condition. Rating of Perceived Exertion (RPE) 

at the end of the trial, was lower in the fully-immersive (RPE = 14) compared to the semi-immersive (RPE = 18) 

condition. (See Figure 2 for HR, cadence time series and RPE) 

Figure 2. Heart rate (BPM) and cadence (RPM) for the two conditions. The center gray bar shows 

the target cadence range. The top gray bar shows 60-70% of age-adjusted maximum HR (161 bpm). 

4. DISCUSSION and CONCLUSIONS 

Despite dyskinetic movements during bicycling, the participant completed both cycling tasks. Simulator sickness 

decreased, and perceived exertion was lower in the fully-immersive compared to semi-immersive condition. Further, 

she preferred the fully-immersive over the semi-immersive condition and was able to exercise at a higher intensity. 

The findings from this case suggest fully-immersive VR exercise may be tolerable for some PwPD and dyskinesia. 
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ABSTRACT 
Many people lose function in their arm after a stroke and treatment interventions aimed at helping 

patients regain function rely on motor learning. However, despite intensive rehabilitation, many patients 

do not attain the maximal recovery of function possible. One explanation is that traditional rehabilitation 

programs do not target motor control deficits or account for individual factors that may result in 

differences in motor recovery. Training programs using virtual reality (VR) platforms can be more 

engaging, motivating, and challenging than traditional approaches. Thus, our goal is to develop a 

personalized virtual rehabilitation application that uses enhanced feedback to improve the recovery of 

upper limb mobility following a stroke. The new program includes an interactive game-like activity that 

involves reaching for targets that appear randomly within a calibrated workspace. We will evaluate the 

feasibility of the new program in healthy subjects who will use the program to enhance motor learning. 

The information gained from this project will be an important factor in the development of a personalized 

training protocol that uses enhanced feedback and help inform therapists about the design of more 

effective treatment interventions for people with difficulty using their arm following a stroke. 

1. INTRODUCTION 
Stroke is the leading cause of long-term disability with persistent sensorimotor deficits of the upper limb (UL).1 To 

date, many studies report that the recovery of UL movement is less than ideal using current training strategies.2 One 

possible explanation is that traditional rehabilitation programs do not adequately target motor control deficits. As well, 
it is likely that traditional programs do not account for individual differences in cognitive and motor ability that may 

result in differences in motor recovery of the arm.3 

Training programs created in virtual environments can be manipulated to optimize the patient’s motor learning by 

being altered to be more engaging, motivating, and challenging. Rehabilitation of the upper limb through VR offers 

the opportunity for patients to interact with simulated environments in which objects are comparable to real-world 

stimuli. As well, therapists have complete control over the delivery of the training.3 Error augmentation (EA) is a 

feedback modality that is thought to improve motor learning by providing enhanced intrinsic feedback that can be 

used by the nervous system to adapt to motor errors.4 EA provides feedback that magnifies motor errors and forces 

the participant to move into larger joint ranges. Several researchers have implemented EA for upper limb training, but 

the results have been disappointing in terms of functional improvement (e.g., 5, 6). The reason for the lack of functional 

effects is likely that EA has only been applied in a generalized way, without consideration of specific upper limb motor 

deficits of the patient. Thus, a training program that uses EA feedback and takes into account the specific joint range 

in which movement is disrupted is likely to provide challenging training that promotes enhanced individualized motor 

learning for the recovery of upper limb function. 

2. METHODS 
The objective of this project is to 1) develop a personalized virtual rehabilitation program that includes EA feedback, 

and 2) to evaluate the acceptability and feasibility of the new training program in healthy subjects. We created a 

custom-made semi-immersive virtual rehabilitation program that includes EA feedback. The program is developed in 

UnReal Engine (Version 4.25), an advanced platform for the creation of three-dimensional programs and games. 

Participants view an avatar depicting their arm and hand on a large screen 2 m in front of them (Figure 1A), while 

vision of their physical arm movement is blocked by specialized glasses to minimize visual-proprioceptive mismatch. 
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The position and angles of the depicted arm will be determined using input signals from real-time data that is collected 

from active markers and rigid bodies that are continuously recording using NDI Principles and a 2-camera Optotrak 

Certus system (Figure 1B). When EA is enabled, an error in the representation of the elbow angle of 10-20 is 

incorporated so the arm is perceived as moving less than the actual physical movement. 

To calibrate the arm workspace, participants will move their arm from left to right with the elbow maximally 

extended. Arm movements will be restricted to the horizontal plane by a passive robotic manipulandum. Targets of 

different diameters will appear randomly in the calibrated horizontal arm workspace. To successfully hit a target, the 

participant must hold the position of the midpoint of their palm over the target for 1 second. Feedback in the form of 

task success is presented at the end of each reaching trial to increase motivation and engagement. Task difficulty can 

be increased by decreasing target size and allocated reaching time based on Fitts’ Law. 

Figure 1A. View of a participant´s right arm avatar and arm workspace for the training in VR. The orange spheres 

represent the arm movement during calibration of the workspace. Figure 1B. Active marker setup and placement. 

To test the feasibility of the new program, we will recruit 24 healthy participants (≥ 18 y/o) who will undergo VR 

training three times in one week with either EA feedback or without. Participants will be instructed to reach as quickly 

and as accurately as possible towards each target for 30 minutes with their non-dominant arm. In the VR-EA group, 

the introduced error causes the subject to perceive their hand position as undershooting the target. Therefore, the 

subject’s task is to solve the problem of moving the arm further by learning to incorporate more elbow extension into 

the whole arm reaching task. Reaching kinematics are assessed before the first session, after the last session, and 1 hour 

after the last session using a standardized reaching task of reaching rapidly towards a fixed target. Outcome measures 

are the index of performance to identify motor learning using speed and precision, the level of fatigue experienced by 

the participant, and their degree of motivation in performing the task as assessed by questionnaires. 

3. EXPECTED OUTCOMES/DISCUSSION 
Once feasibility has been established, we will continue to test the new EA program in people who have had a stroke 

resulting in mild to moderate movement deficits of the arm. As well, we will use this program to investigate the role 

of cognition on motor learning by assessing learning outcomes in people who have had a stroke that resulted in mild 

to moderate cognitive and/or perceptual deficits. The development of a new training program that uses enhanced 

feedback in a virtual environment can move rehabilitation in a promising direction by encouraging the creation of 

personalized training protocols and help inform therapists about the design of more effective treatment interventions 

for people with difficulty using their arm following a stroke. 
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ABSTRACT 
INTRODUCTION: We performed a supervised pilot study to validate the safety, feasibility, and 

acceptability of a new virtual rehabilitation platform in patients with chronic post-stroke upper limb 

hemiparesis. METHODS: The participants (n = 9) participated in 40 rehabilitation sessions, twice a 

week, for a period of 20 weeks. Their experiences with the platform were documented using a Likert-

scale survey. Changes in motor function were evaluated using the Chedoke Arm and Hand Activity 

Inventory (CAHAI) and the Wolf Motor Function Test (WMFT). RESULTS: All participants expressed 

that they enjoyed the experience and felt comfortable using the platform. Preliminary results showed 

significant motor recovery (P = 0.0039) according to the WMFT scores. Patients with significant 

impairment showed no improvement in upper limb task-oriented motor function after therapy. 

CONCLUSIONS: The new platform is safe and well-accepted by patients. The improvement in motor 

function observed in some of the participants should be attributed to the therapy since spontaneous 

functional recovery is not expected in chronic stroke patients. 

1. INTRODUCTION 

The use of video games and movement sensors has proven to be an effective tool for motor rehabilitation after stroke 

(Aramaki et al., 2019; Laver et al., 2011; Saposnik et al., 2011). The Laboratory of Research and Development of 

Interactive Applications for Neuro-Rehabilitation (LANR) has developed an original video game platform associated 

with position and movement sensors, to complement rehabilitation therapies for patients with upper limb hemiparesis. 

This supervised pilot study aims to demonstrate the usability, safety and possible benefits provided by the LANR's 

virtual rehabilitation platform, in patients with chronic post-stroke upper limb hemiparesis. 

2. METHODS 

Patients with chronic upper limb hemiparesis, secondary to an ischemic or hemorrhagic stroke were recruited between 

January and December 2019. The intervention consisted of 40 sessions of 45 minutes of video game therapy in a 

hospital, twice a week, for 20 weeks. A 4-point-based 20-question Likert-scale satisfaction survey was applied at the 

end of the intervention. The Likert questions were rearranged into the 3 main components of the flow experience: 

enjoyability, attention maintenance, and motivation (Park et al., 2010). The change in motor function was evaluated 

using the Wolf Motor Function Test (WMFT) (Hodics et al., 2012) and the Chedoke Arm and Hand Activity Inventory 

(CAHAI) (Barreca et al., 2004). Both tests were applied before and at the end of the intervention. 

The LANR platform was developed to be used in tele-rehabilitation. It consists of four original video games (Figure 

1) and a central server in which both patients and therapists are registered. Games were assigned by LANR team 

members in a personalized way to each participant, which did not receive any other rehabilitation therapy during the 

intervention. 
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Figure 1. Screenshots of the LANR´s rehabilitation platform’s videogames used by participants in this 

intervention. (a) Penal Madness©, (b) Topocrisis©, (c) Charlie’s Escape© and (d) Sandwichmania©. 

3. RESULTS 

Table 1 summarizes the results of the Likert survey applied to the 9 participants that finished the protocol. Participants 

reported the experience to be very enjoyable, and they expressed to be comfortable and in control while performing 

the therapy. During the study none of the patients reported any adverse effects like pain, sickness, or dizziness. There 

were no incidents that required suspending the exercises. 

On the outcome assessments, an average gain of 2.67 points (P = 0.094) was obtained in CAHAI, and 5.44 points 

(P = 0.0039*) in WMFT. Only patients with a Fugl-Meyer score > 21 showed motor recovery with therapy. 

Table 1. Participants’ experience with the LANR video games compressed into the 3 main 

components of flow experience. 

Statement Rating 

1. Playing LANR video games was fun for me (Intrinsic interest or pleasure) 3.77 ± 0.41 

2. Playing LANR video games was uncomfortable for me (Intrinsic interest or pleasure) 1.42± 0.54 

3. I thought about other things while playing LANR video games (attentional focus) 1.94 ± 0.78 

4. I only thought about what I was doing while playing LANR video game (attentional focus) 3.67 ± 0.47 

5. I felt I had control when I played LANR video games (Control) 3.42 ± 0.59 

6. I felt frustrated with what I was doing while playing LANR video games (Control) 2.11 ± 0.87 

The scale’s maximum score is 4, which represents that the patient strongly agrees with the statement, and the 
minimum is 1, meaning that the patient strongly disagrees with the statement. 

4. DISCUSSION and CONCLUSIONS 

For this sample, the LANR platform was safe and very well received by participants. Preliminary data shows that the 

beneficial effects of therapy with the platform only seem to be reflected in patients with a certain degree of mobility 

(Fugl-Meyer score > 21). However, the impact of the LANR platform is expected to be observed when tele-

rehabilitation is applied. 
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Figure 1. A: participant wearing MoCap 

markers and observing his self-avatar’s leg via 

the HMD; B: avatar with a long leg shown in 

3PP; C: avatar with a large leg shown in 3PP; 

D: “normal” avatar stepping on the first target 

from the footprints. 

Evaluating the Effects of Embodying an Avatar with an Asymmetrical 

Morphology on a User’s Movement 
V Vallageas1, R Aissaoui2, D R Labbé3

 
1,2,3École de technologie supérieure, Montréal, Canada 

 

ABSTRACT 

This paper explores the motor consequences of owning and controlling a virtual body with an 

asymmetrical lower body. Body change illusions have been shown to affect perceptual and 

psychological behaviors. Moreover, modifying the perception of one’s body has been demonstrated to 

impact one’s body schema. This project aims to investigate the impact of embodying deformed 

asymmetrical avatars on the user’s action planning and control through the analysis of kinematic and 

kinetic data. Inducing specific changes in the self-avatar representation could then generate precise 

modifications in the sensorimotor process. Motor adaptation being at the heart of rehabilitation, the 

outcomes of this study could greatly contribute to better understanding the relation between body image 

and motor behavior. 

1. INTRODUCTION 

In rehabilitation, in order to improve motor performance, patients have to reduce the systematic error driven by a 

perturbation. This motor adaptation can be recreated on healthy subjects by adding obstacles or multisensorial 

stimulations during a specific movement (Shmuelof, Krakauer, & Mazzoni, 2012). When using immersive virtual 

reality (VR), it is possible to generate perturbations as a change in the virtual environment (VE) or a change on the 

virtual body itself. Thence, users can experience the illusion that a virtual body, or self-avatar, has substituted their 

own body. This feeling, called embodiment, can be induced when a self-avatar replicates the user’s movements and 

is viewed from a first-person perspective (1PP). Numerous studies have shown that a modification in the self-avatar’s 

morphology can lead to a change in perceptual behavior. For example, Kilteni et al. (Kilteni, Normand, Sanchez-

Vives, & Slater, 2012) strongly altered a self-avatar by lengthening one of its arms. The users felt a proprioceptive 

drift correlated to the length of the arm and the embodiment was maintained during the entire experiment. According 

to Asai (Asai, 2014), modifying the perceived body image can also induce changes in the user’s movements. Indeed, 

determining the appropriate motor command is a decision process influenced by multisensory information about the 

body current state. Altering the self-avatar’s morphology could then disrupt action planning. This study aims to modify 

an inertial parameter of one lower limb during a gait initiation task. This asymmetrical self-avatar could generate 

dynamic compensations modifying the user’s motor behavior, demonstrating that embodiment is an important 

component in the sensorimotor control process. 

The objective of this study is to evaluate the impact of different levels of 

embodiment of a self-avatar with one long or large tibia segment on the 

kinematics and kinetics of the user during a 2-step gait initiation task. This 

dynamic task is greatly affected by the visual, vestibular and proprioceptive 

systems. Therefore, body balance can easily be influenced when a 

perturbation appears (Day & Bancroft, 2018). Therefore, we make the 

hypothesis that any motor adaptation to an asymmetrical self-avatar would 

then be translated to a modification in the controlling balance strategy. 

2. METHODS 

The biomechanical variables studied for this project are the position, 

speed, and acceleration of the center of mass (COM) and of the center of 

pressure (COP) from the stationary standing position to the first heel-strike. 

Kinematic data will be assessed with a motion capture system (MoCap) 

involving 12 optoelectronic cameras tracking passive markers fixed on the 

participant (Figure 1A). Kinetic data will be recorded using AMTI force 

platforms split-belt treadmill. The subjective feeling of embodiment will be 

measured by a standardized questionnaire (Peck & Gonzalez-Franco, 2021). Attentiveness to the deformation (the 

long or large leg) and the level of concentration on the task will be studied using eye-tracking data recorded by an 

HTC Vive Pro Eye head-mounted device (HMD). A personalized avatar will be implemented for each participant by 
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assessing his/her morphological features such as the height, weight, gender, skin color and the neck, bust and waist 

circumferences. 

 

Forty participants will perform series of 2-step gait initiations with their preferred limb in three conditions: a 

normal self-avatar; a long tibial segment (Figure 1B); and a large tibial circumference (Figure 1C). Twenty trials will 

be performed in each condition. Before each trial, synchronous or asynchronous visuotactile feedback will be given 

to induce either a higher or a lower embodiment feeling, respectively (Kokkinara & Slater, 2014). The VE will be a 

replica of our research lab. Foot placement targets will be displayed at either 80% or 100% of the participant’s initial 

step length to eliminate variability between participants and conditions. The order of the conditions and of the targets 

distances will be randomized to avoid ranking effects. In each condition, participants will have to observe their self- 

avatar in a virtual mirror. Targets will appear 1s before an auditory cue indicating to perform the task. A 3-minute 

washout period will be imposed between two successive conditions to avoid any adaptation to the avatar and to answer 

the embodiment questionnaire.

 
swing limb; ST: stance limb. 3. EXPECTED RESULTS 

The hypothesis is that participants will perceive their deformed leg as 

heavier than it really is, thus modifying the action planning to make their 

first step. Their COM and COP will be similar as adding weight to one 

leg during gait initiation (Caderby et al., 2017): dynamic adjustments will 

focus on the mediolateral axis ; the COM will be transferred on the 

ipsilateral leg during the anticipatory postural adjustments (APA) to 

maintain balance ; and the COM and COP displacement trajectories will 

have increased amplitudes during APA. Lengthening or enlarging the 

tibia will have the same dynamic consequences on the COP and COM. 

Besides, increasing the embodiment feeling will lead to greater changes 

on the kinematic and kinetic data. 

4. DISCUSSION and CONCLUSIONS 

This paper presents a methodology, which enables the investigation of 

motor modifications due to the embodiment of a self-avatar with an 

asymmetrical lower body. According to the Bayesian decision theory in sensorimotor control, action selection is a 

decision based on the knowledge of our objectives and of the state of the world, including how we perceive our own 

body. Consequently, observing modifications in the COM and COP data with one large or long leg during a high 

embodiment condition would demonstrate that an embodiment in a deformed self-avatar could alter action planning, 

thus modifying the user’s motor behavior. A possible application would be a virtual training tool dedicated to 

rehabilitation integrating personalized avatars depending on the patient’s weaknesses (hemiparesis for example). The 

kinematic and kinetic modifications could counterbalance motor deficits observed on the patient. Future work will be 

directed on the strength of this illusion and possible correlation between motor and proprioceptive drift of the foot. 
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Figure 2. COM displacements on the 

mediolateral axis during gait initiation with a 

normal avatar (blue), a long leg (green) and a 

large leg (red) from the APA to the toe-off of the 

stance leg (preliminary results of one pilot 

participant). SW: swing limb; ST: stance limb. 
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ABSTRACT 
 

Carpal Tunnel syndrome (CTS) is one of the most common peripheral neuropathies of the upper 

extremities. Classic rehabilitation therapies are based on exercise routines and kinesiologist supervision. 

The incorporation of technologies such as virtual reality, video games and haptic devices have been 

improving the effectiveness of rehabilitation. However, the difficulty of supervision in the execution of 

movement still remains a challenge. This work proposes to use 3-axis sensors and a microcontroller that 

are integrated into Unreal Engine, recording movement data in order to animate a virtual character. 

Through real-time monitoring, the user receives visual and sensory feedback on movements. 

1.  INTRODUCTION 

The prevalence of CTS in the general population is about 4% [1] and it is produced by the entrapment and compression 

of the median nerve in the wrist, causing sensory and motor damage and pain. To improve adherence to the therapy, 

haptic devices have been developed to simulate tactile responses, such as exoskeletons and gloves [2], [3]. Among the 

commercial devices, Leap Motion and Microsoft Kinect can track motion, but are limited by lighting and position [4], 

[5], while Novint Falcon generates force feedback, but does not track motion [6]. On the other hand, video games 

have also been incorporated in rehabilitation, to improve motor and cognitive function, in addition to adherence [7]. 

Combining these aspects with Virtual Reality (VR) enhances the user experience [8], allowing the simulation of safe 

interaction environments and delivering perceptual feedback. 

The aim of this work is to develop a prototype – provided of sensors and microcontrollers – capable of generating 

a visual response of human movements in a virtual character using Unreal Engine, in order to reproduce rehabilitation 

exercises for the upper extremities. 

2.  METHODS 

The haptic devices here created are composed of 3-axis MPU9250 sensors and an ESP32 microcontroller, using wired 

connection. The sensors capture the rotations in each axis (X, Y, Z) from the movements. This information is processed 

by the microcontroller using the Mahony algorithm and sent to Unreal Engine in degrees (using Euler's formula), by 

serial connection. The data received in Unreal Engine is transformed into yaw, roll and pitch, then the real movement 

is reflected in the virtual character. Figure 1 schematizes the connection between hardware and software devices. 

To validate the prototype, a sensor was placed on the arm and another on the forearm of a person and it was verified 

if the real movements are synchronized with virtual character movement. A freehand device was also tested, in order 

to check the behavior in unrealistic movements of an arm. 

 

 
Figure 1. Communication architecture. 
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3.  RESULTS 

The devices placed on a person's arm have shown that the movement is reflected in the virtual character, but the delay 

time in Unreal must be taken carefully into account in order to synchronize both movements. In the case of freehand 

tests, the values for no realistic movements of the character were detected. This information was then included into 

the simulation to limit the movements. Alerts will be incorporated in a further stage. 

 

 
Figure 2. Unreal Engine prototype. 

4. DISCUSSION and CONCLUSIONS 

Traditional rehabilitation methods for CTS are median nerve mobilization and stretching exercises that can be 

repetitive and tedious. To improve adherence, different technological solutions have been created combining features 

of video games, VR and haptic devices. However, their most important limitation is that the feedback only considers 

the force performed. This work proposes to complement exercises with motion tracking. Although it is an initial 

prototype, the virtual character is the basis for creating a video game with mechanics for CTS rehabilitation exercises. 
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ABSTRACT 
In immersive virtual reality, it is possible to simulate visual self-representation by mapping one's body 

movements to those of a virtual body (self-avatars). The acceptance of the virtual body as part of 

one's own body creates an ownership illusion. Previous studies have shown that altering an embodied 

avatar's movements can lead to unconscious motor adjustments in a subject's movement. However, 

not much is known about the possible adaptation effects and the physical limits of these unconscious motor 

adaptations. This paper describes a protocol to quantify the perception threshold of step length 

asymmetry between subjects and their self- avatars during treadmill walking. 

1. INTRODUCTION 

Virtual reality (VR) has been accepted to be a useful tool for assessment and treatment in rehabilitation (Howard, 

2017). In immersive VR, virtual bodies (or self-avatars) that replicate the user's movements can be used to substitute 

the real body, which is not visible inside the virtual environment (VE). By preserving the visuomotor synchronization 

between user and avatar, the user can experience a sense of ownership over the avatar. More recently, evidence showed 

that manipulating the one-to-one mapping by introducing a spatial offset between avatar and user can affect the user's 

motor behaviour. The conflict between visual and proprioceptive signals led subjects to unconsciously alter their own 

body movements to fit the virtual body's location in order to diminish the incongruence (Gonzalez-Franco et al., 2020). 

This adaptation phenomenon which is also referred to as the "follower-effect" becomes particularly interesting for gait 

rehabilitation in post-stroke individuals who suffer from gait asymmetry. Step length asymmetry which is prevalent 

post-stroke, improves less than balance and walking speed after locomotor training. In such a context, the avatar's step 

length can diminish the appearance of a deficit or inversely, amplify it by exaggerating the gait asymmetry. The avatar's 

modified kinematics could implicitly affect the patients' movement to alter their step lengths and drive a more 

symmetrical pattern. However, to date, the follower-effect has been mainly explored on motor tasks such as reaching 

and flexing in the upper limb. Not much is known about the possible adaptation effects on gait. Here, we present a 

protocol that aims to understand the physical limits of these unconscious motor adaptations. Documenting the 

perception threshold between the actual movements of the user and the movements of the avatar can improve the 

future design of step length modulations aimed at inducing corrections of the gait pattern. The purpose of this is to 

investigate the perception threshold between the movements of the avatar and subject when modulating the step length 

of the avatar gradually over time during treadmill walking. 

2. METHODS 

2.1 Real-time step length modulation tool 

To evaluate the perception threshold between a subject and their self-avatar, we developed an algorithm that can 

gradually lengthen or shorten the step length of one of the avatar's legs in real-time. The participants will be fitted with 

16 rigid body marker clusters tracked by a 12-camera optoelectronic system running Vicon Tracker 3.6. Vicon Pegasus 

Advanced 1.2.2 is used for retargeting the body positions onto the virtual avatar (Figure 1). The step length is gradually 

increased/decreased from mid-swing until the heel strike of the same foot, where the modulation gradually returns to 

baseline. The FinalIK (inverse kinematics solution) asset is used in Unity to solve the new position of the avatar's full-

body kinematics. 
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2.2 Protocol 

Thirty healthy subjects will be recruited to take part in this study. The step length of the avatar will be gradually 

augmented/reduced over time until the mismatch between actual and virtual step length is detected. The avatar's step 

length will be increased/decreased by 1% of the baseline step length, every ten heel strikes of the same modulated leg 

until the point of detection is verbally reported. The perception threshold will be evaluated using an 

ascending/descending series approach. In the ascending series, the avatar's step length will gradually increase the gait 

asymmetry until the participant reports that he/she perceives that the avatar is not accurately replicating his/her 

movements. Visa versa for the descending series where the avatar's step length will be decreased until the point of 

detection is reported. At point of detection, the threshold value (percentage of the modulation) will be obtained and 

an embodiment questionnaire (Peck & Gonzalez-Franco, 2021) will be used to assess the strength of the illusion and 

if a break in illusion occurred at the point of detection. The step length calculation for each participant will allow to 

evaluate if the follower-effect occurs at any time from baseline to point of the detection. 

 

 

Figure 1.: Left: A participant wearing mocap 

marker clusters and walking on an AMTI split-

belt treadmill. Right: The grey leg represents the 

baseline step length of the participant. The other 

leg illustrates the step length modulation. 

 

 

 

3. EXPECTED RESULTS 

The first hypothesis is that subjects will be able to detect the difference between their step length and the step length of 

their self-avatar. The ShorteningThreshold will be detected faster and therefore has a lower threshold than the 

lengthening threshold to maintain and maximize their stability during gait. Secondly, we hypothesized that the step 

length modulation affects the step length of healthy subjects and influences gait symmetry before point of detection 

in both thresholds. 

4. DISCUSSION and CONCLUSIONS 

The phenomenon of ownership illusion through avatars has been widely discussed before. However, the limits of the 

motor adjustment that occurs within virtual body ownership still remain unknown. Here, we present a protocol to 

evaluate the perception threshold between subject and avatar when modulating the step length of an avatar during 

treadmill walking. Future studies will focus on the effect of modulating the step length of the avatar in healthy subjects 

on gait symmetry. A method will be developed in attempt to simulate asymmetrical gait as observed in stroke. To 

evaluate if the avatar modulations can restore gait symmetry, four different motor learning strategies will be used in 

this study: two correcting approaches (lengthening the shorter step and shortening the longer step) and two error-driven 

approaches (exaggerating the lengthening of the longer step and reducing the shorter step). Another study will confirm 

if the avatar is also capable of restoring gait symmetry post- stroke. 
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ABSTRACT 
A neural network is specifically associated with emotion perception from biological motion (BM). 

However, how such network interacts with other brain regions involved in motion interpretation and 

social interaction remains to be elucidated. Our primary objective is to map activated regions and 

characterize signal changes within the brain using event-related potential (ERPs) and functional 

connectivity (FC) while healthy young observers discriminate the emotions conveyed by the gait pattern 

of virtual pedestrians approaching from different directions. The secondary objective is to determine 

whether variables such as sex/gender of observers and pedestrians modulate brain activation variables. 

Pedestrians with emotional gait (happy or angry) are hypothesized to evoke larger amplitudes and shorter 

latencies of early (N170 in occipitotemporal) and late (N300 in posterior superior temporal sulcus) 

components of ERPs compared to those with a neutral gait. FC analyses will reveal a network associated 

with the perception of BM and social/emotion representation (e.g., amygdala). Female observers are 

hypothesized to show greater FC compared to males in response to both male and female pedestrians. 

Results will enhance the understanding of brain mechanisms involved in emotion perception from body 

movements and will serve as a basis for comparison for populations with deficits in social interaction. 

1. INTRODUCTION 

Emotions can be conveyed verbally or through nonverbal communication, for instance through our body movements 

as we performed an activity. Walking, a common and essential activity of daily life, is no exception as its kinematic 

characteristics were shown to be modulated not only by the sensorimotor abilities of the individuals, but also by social 

factors such as emotion and gender (Alaerts, Nackaerts, Meyns, Swinnen, & Wenderoth, 2011). A body of research 

also indicates that gait kinematics information is used by an observer to decipher the emotion of individuals (Halovic 

& Kroos, 2018), resulting for instance in alterations in interpersonal distances during pedestrian interactions (Stins et 

al., 2011). The present neuroimaging and virtual reality-based study is being conducted as a first step to understand the 

healthy brain processes involved in deciphering different emotions conveyed by the locomotor movements, with the 

ultimate purpose of unveiling defective mechanisms involved in poor pedestrian interaction skills presented by 

populations with social cognition deficits. 

There is compelling neuroimaging evidence suggesting the existence of a brain network that is specific to the 

perception of biological motion (BM) (Pelphrey et al., 2003). The emotion perception from bodily expressions has also 

been shown to involve areas such as the posterior superior temporal sulcus (pSTS) and social brain areas such as the 

amygdala (Allison, Puce, & McCarthy, 2000; De Gelder, 2006). Additionally, an emotional stimulus would elicit an 

enhanced neural response among fusiform body area (FBA) and extrastriate body areas (EBA), which are also 

responsible for motion selectivity (Goldberg, Christensen, Flash, Giese, & Malach, 2015). Biological sex of observers 

is another factor that influence the ability to read body language. A BM study argued that female observers have 

increased recognition rates of emotion (Alaerts et al., 2011) and at the neurophysiological level, sex difference of 

observers was shown to modulate the cortical response to emotion conveyed by BM (Pavlova, Sokolov, & Bidet-Ildei, 

2015). Until now, however, our understanding of neurofunctional substrates of emotion perception through locomotor 

movements is very limited. In addition, whether the social brain exhibits sex-specific responses to emotion perception 

from locomotor movements remains unclear. 

Objectives & Hypotheses: Our primary objective is to map brain activation regions and characterize the brain signal 

changes involved in emotion perception from BM, while focusing on event-related potentials (ERPs) and functional 

connectivity (FC). Our secondary objective is to determine whether the sex of observers as well as gender and 

approaching direction of the pedestrians modulate brain activation. We hypothesize that brain activation is enhanced 

in response to emotional vs. neutral gait and that it is modulated by the gender and approaching direction of the 

pedestrian. Largest activation may be observed for the angry male pedestrian approaching from head-on, which might 

be perceived as the most threating condition. We further hypothesize that female observers show enhanced activation 

82



Start of the 

trial 

Onse

t 

Respons
e 

Figure 1. The time course of a trial. 

in response to emotional gait compared to male observers. Enhanced brain activation translates by larger amplitudes 

and earlier latencies of ERPs (N170 or N300 components) (Hirai, Senju, Fukushima, & Hiraki, 2005), as well as 

greater FC among key brain areas involved in the perception of BM and emotion (e.g. EBA, FBA, hMT/V5+, pSTS 

and amygdala). 

2. METHODS 

2.1 Material and set-up 

A 275-channel CTF magnetoencephalography (MEG) system is 
used to measure brain activation while healthy young adults (n=24; 

50% female) passively view and discriminate the emotion of 
virtual pedestrians walking at the entrance of a virtual subway 

station. The virtual environment, controlled in Unity, is projected 

using a PROPixx projector and a rear-projection screen (37.2 x 

52.5 cm2). The virtual pedestrian, either female or male, walked 

towards the observer from three possible directions (0° and ± 40° 

right/left) while displaying one of three emotional gait patterns 

(angry, happy & neutral), in a random order. 

2.2 Emotion discrimination task 

A variable interstimulus interval (ISI) of 750-1200ms during which a black screen is presented is set between trials 

(Fig. 1). A crosshair is also present at all times to minimize eye movements. Participants are instructed to passively 

observe the virtual pedestrian, and then to identify the perceived emotion when prompted by the interactive response 

screen. A total of 480 trials is delivered, yielding 40 trials per emotion, gender and direction condition. 

3. SIGNIFICANCE 

Results will allow understanding the healthy brain mechanisms involved in emotion recognition from locomotor 

movements in an ecological context, as well as the potential influence of sex/gender and direction of approach of a 

pedestrian on these brain processes. They will also serve as a basis for comparison to identify defective brain processes 

involved in social cognition deficits in population such as individuals with traumatic brain injuries and autism 

spectrum disorder, assisting with the design of virtual scenarios used for assessment and training in rehabilitation. 
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