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1.	Narrative	

Introduction	
Parkinson’s disease (PD) is a progressive neurodegenerative disorder resulting from a loss of 

multisystem degenerations and neurotransmitter deficiencies such as dopaminergic and cholinergic 
degenerations [1]–[4]. The degenerations lead to typical clinical manifestation in people with PD is 
primarily motor functions such as postural instability, impairments in gait, rigidity, tremor, and 
bradykinesia [2], [4]–[9], but also a wide range of cognitive dysfunctions such as deficits in executive 
functions and visuospatial processing [10]–[13]. These symptoms exacerbate as the disease progresses 
and lead to declines in locomotion and high risk of falls [3], [7], [14]–[17]. Among individuals with PD, 50-
68% of them experience one or more falls every year related to walking [14], [15], [18], [19]. Moreover, 
PD results in a disturbance in the ability to negotiate obstacles due to difficulties in gait initiation, 
switching locomotor commands, or adapting to perturbations. These difficulties are related to high risk of 
falls. Therefore, typical walking rehabilitation for people with PD focuses on obstacle negotiation training 
in the clinic [20], [21].  

Despite multisystem involvement in PD, dopamine replacement therapy (DRT) is a standard 
treatment to alleviate many PD-related motor symptoms such as bradykinesia, rigidity, and tremor. Other 
motor symptoms such as gait impairments and postural instability, however, are not well responsive to 
DRT. Moreover, DRT may cause impairments on relatively intact structures in the early stages of PD [22], 
[23]. The relationship between the level of dopamine and its performance works in the inverted U-shape 
relationship such that there is an optimal level of dopamine to function its optimal performance. 
Therefore, both a lack of or excessive level of dopamine can cause impaired performance [23]. This is 
referred to as an overdose hypothesis. The neural structures such as the caudate nucleus and ventral 
striatum, which is less affected by dopamine depletion, are important motor skill acquisition and 
motivational contributions to motor learning [24]–[26]. Therefore, the overdose effect may negatively 
alter the process of motor learning during gait in people with PD [27].  

In addition, people with PD often have difficulty executing acquired motor skills in different 
contexts [28]–[31]. More strikingly, the problem executing the skill also occurs when seemingly irrelevant 
contextual cues (i.e., incidental context) such as a background color of the scene are different [28], [32]. 
This challenge is commonly referred to as context-dependent learning (CDL) [33]. CDL is defined as 
superior retention of learned skills when retention is performed in the same context as the training [33]. 
Over-reliance on irrelevant contextual cues may limit the generalization of learned skills. Although CDL 
has been observed during upper extremity tasks in people with PD, limited evidence for CDL during 
locomotion exists. Consequently, it is crucial to understand the effect of PD on context-dependent 
locomotor learning. 

Here, the goal of this project was to assess the influence of PD on locomotor skill learning and CDL 
using immersive virtual reality (VR). Recent advances in technology have allowed us to use cost-effective 
and high-quality VR to investigate motor tasks that are difficult to create in typical clinical 
environments[34]–[36]. Therefore, we aimed to develop a task in VR to investigate obstacle negotiation 
skill learning in people with PD and age-matched controls and to determine how environmental context 
affects retention performance.  

Results	
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Development of a Virtual Obstacle Skill Learning Task 

We developed an obstacle skill learning task in VR to investigate motor learning during obstacle 
negotiation. We provided a locomotor learning platform in VR with performance feedback and 
manipulated virtual environmental context that was not directly associated with the skill learning task. 
Each iterative process to find an appropriate study design and protocol included changing the height and 
numbers of obstacles, the number of practice blocks, duration of each block, the distance between each 
obstacle, and order of retention test blocks.  

The final virtual obstacle skill learning task consisted of a total of 32 virtual obstacles in a virtual 
hallway (Figure 1A). 16 of 32 obstacles were 5 cm high and the others were 18 cm high. Each height was 
associated with pre-defined success ranges. Participants were instructed to step over obstacles while 
maintaining their foot height within the success range. They received auditory feedback based on their 
performance.  

Figure 1. (A) The virtual corridor 
where participants performed the 
obstacle negotiation task. The 
environment consisted of a long 
hallway, doors, chairs, and ceiling 
lights. Obstacles were randomly 
placed on the left or right side, and 
a success score was presented in 
front of the participant. (B) A third-
person view of interactions 
between the leg representation 
model and obstacles. 
 

Participant’s lower extremity movement was tracked using infrared-emitting LEDs (Qualisys, 
Sweden) placed on the following landmarks bilaterally: second toe, heel, lateral femoral epicondyle, and 
greater trochanter (Figure 2). Participants viewed the environment (Figure 1A) and the virtual 
representation of their legs from a first-person perspective (Figure 1B). Their body was represented by a 
set of spheres located at the toe, heel, knee, and hip, bilaterally and lines connecting the spheres to 
represent the limb segments [35]. The velocity of the virtual scene was synchronized with a treadmill 
(Bertec Fully Instrumented Treadmill, USA) at the participant’s self-selected walking speed, and an IMU 
within the HMD controlled the orientation of the viewpoint. The interaction among lower extremity 
movement, treadmill, and VR simulation was controlled using Vizard (WorldViz, USA). 
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Figure 2. Experimental setup. Participants wore an HMD and a harness, then stepped over virtual 
obstacles while walking on a treadmill. Motion capture cameras tracked infrared-emitting LEDs on body 
landmarks to reflect participant’s lower extremity movement in VR. The location of the HMD was 
tracked by two laser-based positional tracking cameras provided by the HTC Vive. All experimental 
equipment was synchronized using Vizard.   

Retention of Virtual Obstacle Skill Learning in People with PD and Age-matched Adults 

Twenty-two people with PD and eight age-matched older adults were recruited for the study. On 
Day 1, participants practiced the obstacle negotiation task in VR. On Day 2, they came back to the lab and 
performed a retention test without auditory feedback. We found that participants successfully reduced 
performance error during learning on Day 1. On Day 2, participants were divided into either a SAME or 
SWITCH group in a counterbalanced manner. Participants in the SAME group performed the skill in the 
same virtual environment while those in the SWITCH group performed in a different virtual environment. 
Participants in the SAME group reduced performance error on Day 2 compared to baseline on Day 1, 
indicating that these participants retained the obstacle negotiation skill after 24 hours (Figure 3).    

Figure 3. 
Representative foot 
clearance changes in an 
age-matched control 
and a person with PD in 
the SAME group. Colors 
represent blocks. BASE: 
Baseline, NFK: No 
Feedback.  
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Context-dependent Retention after Virtual Obstacle Skill Learning in People with PD 

We investigated context-dependent retention of virtual obstacle skill learning by comparing 
performance error of participants in the SAME and SWITCH group. We found that participants who 
performed retention in the SWITCH environment retained performance error better than those who 
performed retention in the SAME environment on Day 2 (Figure 4).  

Significance	and	impact	
Motor learning is a fundamental component of rehabilitation and understanding how motor skills 

are learned in VR is critical for its utility in rehabilitation settings. Moreover, the ultimate goal of 
rehabilitation for patients is to return to the community in which the environmental context is different 
from the clinical setting. Therefore, it is crucial to examine how environmental context influence motor 
performance in people with PD. Here, we developed an error-based locomotor learning paradigm to study 
locomotor skill retention and context-dependent locomotor learning in virtual reality in people with PD 
compared to age-matched adults. Our results will lead to a better understanding of the process of 
locomotor learning in people with PD and the effect of environmental contexts in locomotor skills. 
Ultimately, our VR-based training approach provides potential ingredients of more effective, patient-
specific clinical interventions for locomotor learning that can be utilized in patient care. While the results 
have not been published, we have so far observed that individuals with PD and age-matched controls 
learned and retained the obstacle negotiation skill in VR. Moreover, different environments affected the 
expression of learned locomotor skills, supporting the notion that exposing people with PD to different 
environments during rehabilitation is important for flexible locomotor performance.   

Where	might	this	lead?	
The results of this project will lead to a better understanding of neurological factors influencing 

the acquisition and retention of locomotor skills in people with PD. The behavioral evidence we establish 
may help the clinical community improve current interventions to enhance the generalization of 
locomotor skill training to the community.  

2.	How	did	the	fellowship	make	a	difference?	
The Link Fellowship allowed me to work on my dissertation project without additional work as a 

teaching assistant. Moreover, it allowed me to refine our current version of the VR training system to 
investigate future research questions. I also passed my candidacy exam, and my proposal was approved 

Figure 4. Representative 
foot clearance changes in 
an age-matched control 
and a person with PD in 
the SWITCH group. Figure 
description is the same as 
Figure 3. 
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by the committee. I greatly appreciate the opportunity that the Link Foundation provided me, and I am 
honored to be a Link Foundation Fellow.  

3.	Future	Plans		
I plan to finish the experiment this year and to complete my PhD training within two years. After 

I graduate, I would like to pursue post-doctoral training to continue working in the field of 
neurorehabilitation using virtual reality.     

4.	Publications,	Presentations,	and	Other	Outputs.			

Presented 

Aram Kim, Giselle Petzinger, James M. Finley. Influence of environmental context on locomotor skill 
learning in virtual reality in people with Parkinson’s disease. International Society of Posture & Gait 
Research. Edinburgh, UK, 2019 

Published 

Aram Kim, Nicolas Schweighofer, and James M. Finley. Locomotor skill acquisition in virtual reality shows 
sustained transfer to the real world. Journal of NeuroEngineering and Rehabilitation 16, 113 (2019). 

Planning to submit with acknowledgment to the Link Foundation. 

1. A conference abstract to NCM 2020 regarding a study about associations between locomotor 
learning in VR and resting-state brain functional connectivity 

2. A conference abstract to SfN or ASNR 2020 regarding the study about locomotor skill learning in 
VR and the effect of environmental context in people with Parkinson’s disease compared to 
healthy older adults 

3. A paper about locomotor skill learning in VR and the effect of environmental contexts in people 
with Parkinson’s disease compared to age-matched adults. The journal is to be determined.  

4. A paper about associations between resting-state brain functional connectivity and locomotor 
skill learning in VR in people with Parkinson’s disease. The journal is to be determined.  

Other Outputs 

I have passed my candidacy exam and proposal. 
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