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A B S T R A C T   

Background: Many people with Parkinson disease (PD) experience freezing of gait (FoG), a transient gait 
disturbance associated with increased fall risk and reduced quality of life. Head-mounted virtual reality (VR) 
systems allow overground walking and can create immersive simulations of physical environments that induce 
FoG. 
Research question: For people with PD who experience FoG (PD+FoG), are kinematic gait changes observed in VR 
simulations of FoG-provoking environments? 
Methods: In a cross-sectional experiment, people with PD+FoG walked at their self-selected speed in a physical 
laboratory and virtual laboratory, doorway, and hallway environments. Motion analysis assessed whole-body 
kinematics, including lower extremity joint excursions, swing phase toe clearance, trunk flexion, arm swing, 
sagittal plane inclination angle, and spatiotemporal characteristics. One-way repeated measures analysis of 
variance was conducted to examine the effects of environment on gait variables, with planned contrasts between 
laboratory environments and the virtual doorway and hallway. 
Results: Twelve participants with PD+FoG (mean age [standard deviation]=72.8 [6.5] years, disease 
duration=8.8 [8.9] years, 3 females) completed the protocol. The environment had significant and widespread 
effects on kinematic and spatiotemporal variables. Compared to the physical laboratory, reduced joint excursions 
were observed in the ankle, knee, and hip when walking in the virtual doorway and in the knee and hip when 
walking in the virtual hallway. In both the virtual doorway and hallway compared to the physical laboratory, 
peak swing phase toe clearance, arm swing, and inclination angle were reduced, and walking was slower, with 
shorter, wider steps. 
Significance: Virtual doorway and hallway environments induced kinematic changes commonly associated with 
FoG episodes, and these kinematic changes are consistent with forward falls that are common during FoG epi
sodes. Combined with the flexibility of emerging VR technology, this research supports the potential of VR 
applications designed to improve the understanding, assessment, and treatment of FoG.   

1. Introduction 

Freezing of gait (FoG) is an episodic gait disturbance, common 
among people with Parkinson disease (PD), in which a person is 

transiently unable to start or continue walking. Subjectively, people 
experiencing FoG describe feeling “glued to the floor,” alluding to their 
inability to initiate or maintain forward progression despite efforts to 
continue walking [1]. The prevalence of FoG in PD is approximately 
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25–50% and increases with longer disease duration [2–4]. For people 
with PD, FoG is associated with reduced quality of life, increased 
disability, and falls [2,4–6]. Despite the prevalence and impacts of FoG, 
its clinical management is challenging. As an episodic gait disorder, FoG 
is notoriously difficult to elicit in clinical or laboratory settings, making 
accurate assessment and effective treatment difficult [7]. FoG episodes 
are attenuated by dopaminergic medications for some people with PD 
but are unresponsive to medications for others, and worsening of FoG 
can occur with deep brain stimulation (DBS) [8]. 

Episodes of FoG are typically brief, lasting 10 s or less. During FoG 
episodes, gait is characterized by marked reductions in gait speed and 
step length, increased cadence, and reduced lower extremity joint 
excursion [9,10]. These gait abnormalities persist outside of FoG epi
sodes. Compared to those without FoG, people with PD and FoG 
(PD+FoG) demonstrate reduced speed and step length and increased 
gait variability [11]. Kinematic abnormalities are also observed just 
prior to a FoG event, with lower extremity joint excursions reduced in 
the steps before a freezing episode compared to normal walking or a 
planned stop [10]. The changes observed during and preceding FoG 
episodes can increase the risk of anterior instability [12], and FoG is 
associated with both falls [5,6,13] and near falls [14]. Falls during FoG 
episodes are predominantly in the forward direction [13]. Among peo
ple with PD who experience recurrent falls, FoG is associated with for
ward falls that are more severe and that commonly occur during walking 
or turning [15]. 

Specific task, environment, cognitive, or affective factors can pro
voke FoG episodes. Confined spaces and doorways are among the most 
common factors inducing FoG [16], and replication of such environ
ments with virtual reality (VR) has been used to study FoG [17,18]. Prior 
research incorporated projected virtual doorways or hallways to 
examine the underlying neural substrates of FoG [19]. Among people 
with PD+FoG, immersive virtual simulations of FoG-inducing environ
ments cause slower walking with shorter, wider, and more variable steps 
compared to both physical laboratory and virtual laboratory environ
ments [20,21]. However, prior work focused on spatiotemporal char
acteristics, and it is unclear if virtual simulations of FoG-provoking 
environments also induce the kinematic changes that characterize FoG 
episodes [10] and may contribute to falls. 

The purpose of this study was to examine the effects of virtual 
doorways and hallways on gait kinematics among people with PD+FoG. 
Kinematic changes are critical to reflect whole-body motion, detect 
potential biomechanical instability, and describe clinically relevant gait 
changes. We hypothesized that, compared to physical and virtual 

laboratory environments, virtual doorway and hallway environments 
would exacerbate kinematic deficits, including reduced lower extremity 
joint excursions, toe clearance, and arm swing. We also anticipated that 
people with PD+FoG would demonstrate more pronounced forward 
flexion of the trunk and reduced sagittal plane inclination angle at initial 
contact, reflecting a relative position of the center of mass closer to the 
anterior limits of the base of support. The ability to replicate kinematic 
as well as spatiotemporal characteristics of FoG would support the 
utility of virtual environments for understanding the mechanisms and 
improving the clinical management of FoG. 

2. Methods 

2.1. Participants 

Participants were recruited from a metropolitan region (Seattle, WA, 
USA) through the community, local clinics, and the Washington State 
Parkinson Disease Registry. Eligibility criteria included: a self-reported 
diagnosis of PD without dementia; self-reported or clinician-observed 
FoG; the ability to walk 400 m without assistance from a device or 
another person; no uncorrected vision or hearing deficits; and the 
absence of any medical conditions that would limit safe participation in 
the protocol. For people using DBS, consistent use and settings for the 4 
weeks prior to the experimental session were required. Before partici
pation in any study procedures, informed consent was obtained in 
accordance with approved University of Washington Institutional Re
view Board procedures. 

2.2. Procedures 

Overground walking was compared across physical and virtual en
vironments using a cross-sectional experimental study design. After an 
initial phone screen to determine eligibility, participants completed a 
single experimental session at the University of Washington Amplifying 
Movement and Performance Laboratory. Walking was assessed in four 
conditions: physical laboratory, with no VR (Phys-Lab); VR simulation 
of the physical laboratory (VR-Lab); virtual doorway (VR-Door); and 
virtual hallway (VR-Hall). Participants first walked in the Phys-Lab 
condition to ensure appropriate motion capture quality, and then the 
order of VR conditions was randomized. 

Virtual environments were developed using the Unity platform 
(Unity Technologies, San Francisco, CA, USA) and were viewed with an 
HTC Vive headset (HTC Corp., New Taipei City, Taiwan) using SteamVR 

Fig. 1. (A) Whole-body marker set. Static calibration markers were used for biomechanical modeling and were removed for the walking trials. (B) Exemplar data of a 
participant’s wrist path over a complete trial during the Phys-Lab condition. Traces from individual strides are plotted in gray, and the mean path is shown in black. 
(C) Illustrative definition of sagittal plane inclination angle. CoM: Center of mass. 
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software (Valve Corp., Bellevue, WA, USA). A researcher managed 
headset cables to prevent obstruction of participant movements. After 
walking in virtual environments, participants completed the Simulator 
Sickness Questionnaire (SSQ) to assess VR tolerance (range: 0–236) 
[22]. 

Prior to gait analysis, we collected demographic (age, height, weight, 
medical comorbidities) and PD-related information (time since diag
nosis, medication and surgical treatment) in a focused interview. 
Trained clinicians then completed standardized assessments of PD 
severity, FoG, balance, and cognition. Motor severity was assessed with 
the Movement Disorder Society Unified Parkinson’s Disease Rating 
Scale (MDS-UPDRS) Part III, Motor Examination subscale (range: 
0–132) [23]. The New Freezing of Gait Questionnaire (NFoG) assessed 
the severity and impact of FoG (range: 0–28) [24]. The Mini-Balance 
Evaluation Systems Test (Mini-BEST) assessed balance (range: 0–28) 
[25]. Global cognitive function was assessed using the Montreal 
Cognitive Assessment (MoCA; range: 0–30) [26]. Participants were 
instructed to take their typical PD medications on the day of testing, and 
levodopa-equivalent daily dose (LEDD) was calculated for participants 
taking PD medications [27]. 

Table 1 
Participant characteristics.   

PD+FoG (n = 12) 

Demographic information  
Age (yrs) 72.8 (6.5) 
Sex (F:M) 3:9 
Height (m) 1.74 (0.08) 
Weight (kg) 82.1 (13.9) 
Medical comorbidities (#) 2.1 (1.8) 
*MoCA 27 (18–29) 
Mini-BEST 21.3 (3.4) 
SSQ 15.0 (15.8) 

PD-related information  
Time since diagnosis (yrs) 8.8 (8.9) 
LEDD 903.2 (585.0) 
UPDRS, Part III 42.5 (16.1) 
*Hoehn & Yahr 2 (2–3) 
NFoG 13.8 (3.7) 

*Indicates median (range). All other values are mean (SD). Medical co- 
morbidities (#) does not include PD. MoCA: Montreal Cognitive 
Assessment; Mini-BEST: Mini-Balance Evaluation Systems Test; SSQ: 
Simulator Sickness Questionnaire; LEDD: Levodopa-equivalent daily 
dose; UPDRS: Movement Disorder Society Unified Parkinson’s Disease 
Rating Scale Part III, Motor Examination; NFoG: New Freezing of Gait 
Questionnaire. 

Fig. 2. Environments (column 1) used for the (A) Phys-Lab, (B) VR-Lab, (C) VR-Door, and (D) VR-Hall conditions. For a representative participant: corresponding 
sagittal plane kinematic traces are plotted at 10% increments for two consecutive gait cycles (column 2), sagittal plane inclination angle at initial contact is shown 
(column 3), and arm swing traces, expressed in the pelvis’s local coordinate system (column 4), are plotted. For arm swing, paths from individual strides in the trial 
are shown in gray, and the mean path for each condition is shown in black. 
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2.3. Gait analysis 

Retroreflective markers were placed bilaterally on the head, trunk, 
arms, and legs (Fig. 1A) and tracked at 120 Hz using 10 Oqus infrared 
motion capture cameras (Qualisys, Gothenburg, Sweden). The labora
tory measured 10 m x 17 m, with motion capture and VR volumes of 
interest centered in the laboratory. In each condition, participants 

walked approximately 7 m at their self-selected speed, with gait analysis 
completed only for strides in the central 4–5 m of the walkway to 
minimize impacts of acceleration, deceleration, and turning. 

Visual3D motion analysis software (C-Motion Inc., Rockville, MD, 
USA) was used to filter marker position data (zero-lag, fourth-order, 
low-pass Butterworth filter with 6 Hz cutoff), build a 13-segment 
biomechanical model, and compute all spatiotemporal and kinematic 
variables. For each participant, variables were calculated based on a 
minimum of 5 strides and an average of 10 strides per condition, with 
the exception of one participant who had data of sufficient quality for 
only three strides in the VR-Lab and four strides in the VR-Door condi
tion. To understand the effects of environment on whole-body kine
matics, we calculated sagittal plane ankle, knee, and hip joint excursions 
across the stride (maximum – minimum joint angle), mean trunk flexion, 
arm swing excursion, toe clearance, and sagittal plane inclination angle. 
Each variable was averaged across available right and left strides 
because prior research [28] and data inspection revealed minimal dif
ferences between sides. Toe clearance was defined as the distance from 
the distal foot to the ground and calculated: (1) at mid-swing (oper
ationalized as the point of peak knee flexion) and (2) as swing phase 
maximum [28]. Arm swing was quantified as the total path distance 
traveled by the wrist relative to the pelvis over a stride [29] (Fig. 1B), 
with the origin of the pelvis’s local coordinate system defined as the 
midpoint between the iliac crest markers. Sagittal plane inclination 
angle was calculated as the angle, at initial contact, between a vertical 
axis through the calculated ankle joint center and a line connecting the 
center of mass and ankle joint center [30] (Fig. 1 C). We also charac
terized the effects of environment on spatiotemporal variables repre
senting independent domains of gait [31], including pace (gait speed, 
step length), rhythm (step time), variability (step length variability, 
measured as standard deviation, SD [32]), asymmetry (step time 
asymmetry), and postural control (step width, % of gait cycle spent in 
double limb support). The frequency of festination was determined by 
calculating the percent of steps in each VR condition with step length 
< 3 SD below the mean in the Phys-Lab condition. 

2.4. Statistical analysis 

All statistical analyses were completed in SPSS (IBM SPSS Statistics, 
v19.0, Armonk, NY, USA). Descriptive statistics summarized participant 
characteristics. After testing assumptions of normality and sphericity, a 
one-way repeated measures analysis of variance (ANOVA) was con
ducted to determine whether there was a statistically significant effect of 
environment on spatiotemporal and kinematic variables, with signifi
cance set at α = 0.05. Effect sizes are reported using partial eta squared 
(ηp

2). Data from one participant were excluded from the analysis of arm 
swing excursion and inclination angle because that participant required 
handheld assist when wearing the VR headset. Violations of sphericity 
were corrected using Greenhouse-Geisser for festination, knee excur
sion, and mean trunk flexion ANOVAs. For ANOVAs with significant 
main effects, four planned contrasts were used to determine the specific 
effects of VR-Door and VR-Hall environments compared to laboratory 
environments (Phys-Lab and VR-Lab). Significance was set at α = 0.05 
for this exploratory work, and only statistically significant results are 
reported below. 

3. Results 

3.1. Participant characteristics 

Demographic and PD-related characteristics for the 12 enrolled 
participants are summarized in Table 1. One participant had DBS, which 
was turned on throughout the session. Participants had moderate PD, 
with evidence of cognitive impairment, based on MoCA scores, and 
balance impairments, based on MiniBEST scores. Two participants were 
not taking PD medications, and one participant completed testing in the 

Fig. 3. Sagittal plane joint angles at the (A) ankle, (B) knee, and (C) hip for a 
single participant (same as in Fig. 2). Solid lines represent the average joint 
angle across all available strides and dotted lines represent the start of swing 
phase for the Phys-Lab (black), VR-Lab (gray), VR-Door (blue), and VR-Hall 
(orange) conditions. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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morning prior to taking their first dose of medications (900 min since 
last dose). For the remaining nine participants, the average time from 
their last dose of medications to the start of testing was 186 (90) mi
nutes. At the completion of the session, low SSQ scores indicated good 
tolerance of VR environments. 

3.2. Kinematic variables 

Figs. 2 and 3 provide an example of gait, inclination angle, arm 
swing, and lower extremity joint excursions for a representative 
participant. Overt FoG episodes did not occur for any participant, and all 
analyses below reflect walking while maintaining forward progression. 
Environment significantly affected all lower extremity joint excursions, 
arm swing, and sagittal plane inclination angle (Table 2). Toe clearance 
at mid-swing was not affected by environment, but peak toe clearance 
was. The effect on trunk flexion was marginally significant. Planned 
contrasts (Table 3) showed that the VR-Door condition resulted in 
reduced ankle, knee, and hip excursions compared to the Phys-Lab. In 
the VR-Hall condition, only knee and hip excursions were lower than in 
the Phys-Lab. Trunk flexion was increased in the VR-Hall condition 
compared to both the Phys-Lab and the VR-Lab. Peak toe clearance, arm 
swing, and inclination angle were reduced in both the VR-Door and VR- 
Hall conditions compared to the Phys-Lab. 

3.3. Spatiotemporal variables 

Environment significantly affected spatiotemporal variables repre
senting pace, rhythm, variability, postural control, and festination, but 
not asymmetry (Table 2). Planned contrasts (Table 3) showed that the 
VR-Door condition resulted in reduced gait speed and step length and 
increased step length variability, step width, double limb support, and 
festination compared to the Phys-Lab. Step length variability was also 
increased in the VR-Door compared to the VR-Lab. The VR-Hall condi
tion resulted in reduced gait speed and step length and increased step 
width, double limb support, and festination compared to the Phys-Lab. 
In addition, step time was shorter in the VR-Hall compared to the VR- 
Lab. 

4. Discussion 

This study examined kinematic changes among people with PD+FoG 

when walking in virtual doorway and hallway environments compared 
to laboratory environments. Compared to the virtual laboratory, gait 
changes in the doorway and hallway environments were largely limited 
to spatiotemporal measures. Compared to the physical laboratory, there 
were widespread kinematic and spatiotemporal changes in the virtual 
doorway and hallway environments. In virtual doorway and hallway 
environments, people with PD+FoG demonstrated reduced lower ex
tremity joint excursions, peak toe clearance, arm swing, and sagittal 
plane inclination angle. Gait speed was reduced, with shorter, wider, 
and more variable steps, increased double limb support, and more 
frequent festination. 

Our hypothesis that virtual doorways and hallways would elicit 
whole-body kinematic changes was partially supported. In this study, 
average lower extremity joint excursions in the physical laboratory were 
comparable to values previously reported during forward walking in 
people with PD+FoG [28,33] and people with PD in the off-medication 
state [34]. Consistent with our hypothesis, joint excursions decreased 
when walking in virtual doorway and hallway environments compared 
to the physical laboratory, which aligns with prior research demon
strating reduced joint excursions in the strides prior to a freezing episode 
[10]. In addition, peak toe clearance, arm swing, and sagittal plane 
inclination angle decreased in virtual doorway and hallway environ
ments compared to the physical laboratory. Trunk flexion increased only 
in the virtual hallway compared to the physical and virtual laboratories. 

Reduced inclination angle could result from a combination of shorter 
steps and increased forward trunk flexion. In this study, step length 
decreased in virtual doorway and hallway environments compared to 
the physical laboratory. Trunk flexion increased, though this was sig
nificant only in the virtual hallway. The whole-body kinematic changes 
we observed, reflected in a reduced inclination angle, could contribute 
to biomechanical instability as the center of mass approaches the ante
rior limits of the base of support. Our findings align with recent research 
demonstrating anterior instability, reflected in a reduced distance be
tween the center of mass and base of support, in people with PD+FoG 
compared to those without FoG [12]. These biomechanical changes are 
consistent with research demonstrating that falls associated with FoG 
episodes are predominantly in the forward direction [13] and that more 
severe freezing is associated with forward falls [15]. 

The use of doorways to elicit FoG is well established. When 
approaching physical doorways, people with PD+FoG walk more slowly 
than healthy older adults and people with PD who do not freeze, and 

Table 2 
Effect of VR environments on spatiotemporal and kinematic gait variables.   

Phys-Lab VR-Lab VR-Door VR-Hall F p ηp
2 

Kinematic variables 
Ankle excursion (◦) 27.0 (5.6) 25.0 (6.3) 24.5 (5.5)* 25.9 (6.2) 4.81 .007 .30 
Knee excursion (◦) 55.7 (5.8) 53.0 (8.9) 51.6 (7.4)* 53.5 (6.6)* 5.43 .01 .33 
Hip excursion (◦) 33.0 (5.8) 30.9 (7.9) 29.6 (6.2)* 30.5 (6.2)* 9.29 < 0.001 .46 
Trunk flexion (◦) 11.4 (8.2) 11.3 (8.8) 12.9 (9.2) 12.3 (8.9)* † 3.85 .05 .26 
Toe clear., MS (cm) 3.7 (1.6) 3.7 (1.5) 3.6 (1.6) 3.5 (1.5) 2.38 .09 .18 
Peak toe clear. (cm) 12.4 (2.7) 11.3 (3.0) 10.7 (2.8) 11.1 (2.8) 11.4 < 0.001 .51 
Arm swing (m) 0.47 (0.22) 0.39 (0.24) 0.34 (0.20)* 0.37 (0.20)* 6.80 .001 .40 
Inclination angle (◦) 12.9 (2.9) 11.2 (4.2) 10.6 (3.7)* 11.4 (3.4)* 8.08 < 0.001 .45 

Spatiotemporal variables 
Gait speed (m/s) 0.95 (0.17) 0.82 (0.23) 0.80 (0.20)* 0.86 (0.18)* 8.62 < 0.001 .44 
Step length (m) 0.53 (0.08) 0.47 (0.12) 0.45 (0.10)* 0.48 (0.10)* 11.53 < 0.001 .51 
Step time (s) 0.57 (0.07) 0.59 (0.07) 0.58 (0.06) 0.56 (0.05)† 3.05 .04 .22 
Step length var. (m) 0.03 (0.01) 0.03 (0.01) 0.05 (0.02)* † 0.04 (0.01) 3.97 .02 .27 
Step time asym. (s) 0.03 (0.02) 0.02 (0.01) 0.03 (0.02) 0.02 (0.02) 0.48 .50 .04 
Step width (m) 0.13 (0.03) 0.15 (0.03) 0.15 (0.03)* 0.14 (0.03)* 9.41 < 0.001 .46 
DLS (%) 31.9 (3.4) 34.8 (5.3) 35.1 (5.2)* 34.0 (5.2)* 4.76 .007 .30 
Festination (%) 0.0 (0.0) 23.4 (34.9) 31.9 (28.4)* 11.2 (9.9)* 4.64 .02 .30 

DLS: Double limb support; MS: Mid-swing. Values for each condition are mean (SD). F(3, 33) values, p-values, and ηp
2 are for one-way repeated measures ANOVA 

results. For arm swing path and inclination angle, one participant was excluded from the analysis resulting in F(3, 30). Greenhouse-Geisser correction resulted in F(2.0, 
21.8) for knee excursion, F(1.6, 17.2) for trunk flexion, and F(1.9, 20.9) for festination. Symbols indicate post hoc differences determined with planned contrasts: 
* Significant difference compared to the Phys-Lab condition (p < .05). 
† Significant difference compared to the VR-Lab condition (p < .05). 
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those with PD+FoG also exhibit gait changes characteristic of freezing, 
such as reduced step length and increased step variability [35,36]. These 
findings have been replicated using virtual doorways in immersive VR 
environments [21,37], suggesting that virtual doorways are a reliable 
proxy for their physical counterparts and may be particularly provoca
tive for FoG. 

Virtual environments offer several advantages as a platform for un
derstanding, assessing, and treating FoG. With VR technology, it is 
possible to create both standardized clinical tools and customized en
vironments that incorporate elements that provoke or ameliorate FoG 
for a given person. For example, in virtual environments, one can 
manipulate the width of doorways or add perceptual aspects, like 
complex surface textures. Visual cues that alleviate FoG, such as lines 
perpendicular to the walking path, can be incorporated into FoG- 
provoking environments. The flexibility of VR environments supports 
the potential of this technology to inform research and rehabilitation of 
FoG and other gait impairments in PD [17,18]. In this study, the repli
cation of kinematic changes associated with FoG in virtual doorways 
and hallways highlights potential biomechanical markers of instability 
and fall risk. Accurate replication of the gait characteristics associated 
with FoG is essential to the clinical utility of VR applications designed to 
assess and treat FoG, particularly if reduced fall risk is a therapeutic 
goal. Future development and research in this area is merited, with an 
initial need to understand the acceptability, safety, and efficacy of such 
tools in supervised clinical or research settings before broader imple
mentation is examined. 

Limitations of the current work should be taken into consideration. 
First, medication status varied across participants; thus, it is not possible 
to determine the specific effects of medication from this study. Future 
research comparing off-medication and on-medication gait changes 
could elucidate whether kinematic changes in FoG-provoking VR envi
ronments are more substantial in the off-medication state. Second, given 
the high level of data quality required for kinematic analyses, an average 
of 10 strides per person per condition were available. This compares 
favorably to other kinematic studies of FoG [28,33] but is lower than the 
recommended number of strides for optimizing reliability of spatio
temporal measures, particularly variability [32]. Spatiotemporal and 
kinematic changes were observed primarily between the virtual 
doorway and hallway conditions compared to the physical laboratory. 

Limited exposure to immersive VR and the lack of an avatar, or digital 
representation of the body, may have impacted the current findings. 
Longer acclimation to VR environments is important for future studies, 
and the use of avatars can provide valuable feedback about a person’s 
position and movements within the virtual space. The environments in 
this study were relatively simple, with only static VR elements. More 
sophisticated VR environments could create more realistic and immer
sive experiences. Finally, this study was limited to environments 
designed to provoke FoG during forward walking. More complex tasks, 
such as gait initiation, side-stepping, turning, or stepping backward, can 
also trigger FoG episodes. The use of a head-mounted, immersive system 
allows overground walking in any direction, and virtual simulations of 
environments that require these types of mobility tasks can be created 
with VR. Future work should examine the utility of VR across a broader 
repertoire of movement tasks causing FoG. 

For people with PD, FoG has profound consequences, including falls 
and reduced quality of life. However, the fact that FoG is difficult to 
elicit in clinical and laboratory settings contributes to current short
comings in the clinical management of FoG. This study demonstrates 
that virtual simulations of FoG-provoking environments can induce ki
nematic changes associated with FoG episodes and suggests the sagittal 
plane inclination angle as a potential biomechanical marker of increased 
fall risk associated with FoG. Future research examining VR applications 
to assess and treat FoG is merited, given the flexibility of this platform to 
replicate FoG-provoking environments and its ability to provoke 
spatiotemporal and kinematic characteristics of FoG. 

Funding 

During the period of work on this project, Dr. Besharat was sup
ported by the Veterans Affairs Advanced Fellowship Program in Par
kinson’s Disease. Momona Yamagami, Olivia Bellatin, and Nawat Nhan 
received fellowships and grants from the University of Washington. 
Funding sources were not involved in the study design; collection, 
analysis, or interpretation of data; or manuscript preparation and sub
mission. This research was supported by the University of Washington 
College of Engineering. 

Table 3 
Planned contrasts between FoG-provoking VR environments and laboratory environments.   

VR-Door  VR-Hall  

Compared to Phys-Lab Mean diff. (95% CI) p Mean diff. (95% CI) p 

Kinematic variables 
Ankle excursion (◦) 2.5 (1.3, 3.8) .001 – – 
Knee excursion (◦) 4.1 (1.8, 6.5) .003 2.2 (1.0, 3.5) .002 
Hip excursion (◦) 3.3 (2.0, 4.7) < 0.001 2.5 (1.7, 3.3) < 0.001 
Trunk flexion (◦) – – − 0.9 (− 1.8, − 0.01) .048 
Peak toe clearance (cm) 1.7 (1.0, 2.3) < 0.001 1.2 (0.9, 1.6) < 0.001 
Arm swing (m) 0.13 (0.04, 0.21) .007 0.10 (0.03, 0.16) .009 
Inclination angle (◦) 2.2 (1.2, 3.3) .001 1.5 (0.9, 2.1) < 0.001 

Spatiotemporal variables 
Gait speed (m/s) 0.15 (0.09, 0.22) < 0.001 0.09 (0.01, 0.16) .03 
Step length (m) 0.08 (0.05, 0.11) < 0.001 0.05 (0.03, 0.08) < 0.001 
Step length var. (m) − 0.014 (− 0.025, − 0.003) .02 – – 
Step width (m) − 0.02 (− 0.02, − 0.01) .001 − 0.01 (− 0.02, 0.00) .03 
DLS (%) − 3.2 (− 5.0, − 1.4) .002 − 2.1 (− 4.2, 0.0) .048 
Festination (%) − 31.9 (− 50.0, − 13.9) .003 − 11.2 (− 17.4, − 4.9) .002 

Compared to VR-Lab Mean diff. (95% CI) p Mean diff. (95% CI) p 

Kinematic variables 
Trunk flexion (◦) – – − 1.1 (− 1.6, − 0.5) .002 

Spatiotemporal variables 
Step time (s) – – 0.03 (0.00, 0.05) .03 
Step length var. (m) − 0.015 (− 0.025, − 0.004) .01 – – 

DLS: Double limb support. Significant results from planned contrasts, showing mean difference (95% confidence interval, CI) and p-values. Phys-Lab and VR-Lab were 
the reference conditions for all contrasts. 
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