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ABSTRACT

Virtual reality (VR) in neurorehabilitation allows to reduce
patient’s risk and allows him to learn on a faster way. Up to
now VR has been used in patients with Parkinson disease
(PD) as a research tool and none of the developed systems are
used in clinical practice. The goal of this project is to develop a
VR-based system for gait therapy, and gait research of
patients with PD designed based on published evidence. The
developed system uses a digital camera to measure
spatiotemporal gait parameters. The software was developed
in C#, using Open-Source libraries that facilitates VR
programming. The system has potential uses in clinical and
research settings.

Key words. Virtual reality. VR. Virtual environments.
Parkinson’s disease. PD. Cueing. Treadmill.

INTRODUCTION

Virtual reality (VR) has been used in the neurore-
habilitation field to provide interfaces where pa-
tients can interact within virtual worlds that
simulates real worlds. VR allows a high level of con-
trol of the interaction and the experience provided

Diserio basado en evidencia y desarrollo

de un sistema de banda sinfin con RV para
investigacién y rehabilitacién de pacientes
con enfermedad de Parkinson

RESUMEN

La realidad virtual (RV) aplicada a la neurorrehabilitacién
permite reducir el riesgo al que se somete el paciente y le per-
mite a éste aprender una tarea mds rdpido. A la fecha, la RV
se ha utilizado en pacientes con enfermedad de Parkinson
(EP) s6lo como herramienta de investigacién, ya que ningu-
na de las aplicaciones desarrolladas ha alcanzado el punto
de aplicacion en la clinica. El objetivo de este proyecto es de-
sarrollar un sistema de RV para investigacién y terapia de
marcha de pacientes con EP, con disefio basado en la eviden-
cia. El sistema desarrollado utiliza una cdmara digital para
registrar pardmetros espacio-temporales de la marcha del
paciente. El software del sistema fue desarrollado en lengua-
je C# usando librerias de cédigo abierto que facilitan la pro-
gramacién de VR. El sistema desarrollado tiene utilidad
potencial en el ambito de investigacién y la clinica.

Palabras clave. Realidad virtual. RV. Ambientes virtuales.
Enfermedad de Parkinson. EP. Estimulacién. Banda sinfin.

to the patient within the virtual world.! This allows
health care professionals to make tasks easier, to re-
duce the patient’s risk, to improve patient’s attach-
ment to treatment by making it more entertaining,
to provide controlled stimuli to patient, to measure
the patient’s response, and finally to optimize the
effect of therapy by individualization of therapy
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based on patient condition and progress. It shows
the advantages of VR-based therapies compared with
traditional procedures.?

Motivated also by advantages of technology and
reduction of costs, during the last years more VR-
based therapies have emerged, some of them based
on over-excitement and unrealistic expectations by
developers and health care professionals.!

Evidence about the efficacy of VR-based therapies
should be analyzed carefully. The best evidence in
evaluating the efficacy of a therapy is the results of
systematic reviews and randomized, controlled clini-
cal trials (RCT). However, up to now there is no
systematic review or RCT about efficacy of VR-based
therapies for Gait rehabilitation of patients with
Parkinson’s disease (PD).

VR has been used in PD patients to study cogniti-
ve deficits,3* sleep dysfuntions,® perception dysfun-
tions,%7” motor learning,®? postural control!®!! and
gait,212 but the only published RCT studies the
effect of a VR-based therapy just on postural con-
trol'! and not on gait.

Patients with PD suffer from a progressive disa-
bling disorder, which is mainly due to the involve-
ment of the basal ganglia.!® Characteristic
symptoms of the disease are tremor, rigidity, postu-
ral instability, loss of speed or limiting the extent of
movement (hypokinesia) and inability to perform vo-
luntary movements (akinesia).'* Hypokinesia is one
of the major motor limitations and determines the
disability and quality of life of these people.'®

Most of the previous VR-based systems developed
to study PD dysfunctions are research systems and
none of them have reached the application stage
during clinical practice.l> One reason is that systems
are too complex and too expensive for common clini-
cal practice due to its high power. This capability
allows users to study a wide range of neurological
conditions; however, these systems are too complex
for clinical practice. The design of those systems
should be based both on a human centered appro-
ach! and on the best published evidence.

Therefore the aim of this work is to design and
implement a VR-based system for gait therapy and
gait research for patients with PD based on publis-
hed evidence and on human centered approach.

MATERIAL AND METHODS
Design philosophy

Philosophy of design was based on Evidence-Ba-
sed Medicine and on Human centered design for in-

teractive systems like the standard ISO 9241-
210:2009.16 Therefore a clear understanding of task
is needed: context of use, user requirements, organi-
zation requirements, and appropriate allocation of
function. As a result, the present system will be
used in gait research and gait therapy as a supple-
ment to conventional pharmacological treatment of
ambulatory PD patients within a high specialty pu-
blic hospital such as the Instituto Nacional de Reha-
bilitacién (INR). Further system design parameters
are based on published evidence. A review of the me-
dical and technical literature was conducted in the
MEDLINE and XPLORE databases looking for stu-
dies about Gait Therapies for PD subjects including
the terms external cueing (EC) and treadmill trai-
ning (TT).

PD subjects

PD subjects intended to use the system should
have a Hoehn-Yahr (H&Y) score from 1 to 3, and on
stable pharmacological treatment. PD subjects
should not have cognitive impairment, uncorrected
visual and hearing impairments, or unpredictable
large off episodes. That means that PD subjects are
able to walk with few or any physical assistance
and consequently to be able to walk safely over
treadmill. Also they should not have any motor alte-
rations due to medication changes, perceive properly
visual and hearing stimulus and finally they must
be able to understand and manage virtual environ-
ments.

The typical range of walking speed and cadence
for the PD subject is 1.3-3.9 km/h and 1.36 to 2.22
steps per second respectively, according to published

Table 1. Characteristics of PD subjects intended to use the system.

Age [years] 20-80

Sex Male/Female

EP diagnostic Confirmed by neurologist
Pharmacologic therapy Stable and controlled
Hoehn & Yahr Scale 13

UPDRS 29 23

UPDRS 37 0

UPDRS 39 <2

Mini Mental Test >23
Average height (SD) [m] 1.55 (0.09)
Average gait velocity (SD) [m/s] 0.83(0.19)
Mean cadence (max) [steps/min] 105.3 (122)
Step length (min) [cm] 47.7 (22)

UPDRS: Unified Parkinson’s disease rating scale. SD: standard deviation.
Min: minimum. Max: maximum.
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results!3 and previous experiments performed by the
group at the INR.#? Complete characteristics for PD
subjects are shown on table 1.

Gait therapies

There are more than 50 studies and one systema-
tic review found in the literature!'” about EC in PD
subjects. It can be seen that visual, auditory, pro-
prioceptive, attentional, tactile, vibrational and ki-
nesthetic cues are used to improve gait of PD
subjects. However most of studies have a lack of me-
thodological quality because do not describe proper-
ly the intervention. Also there are more than 103
studies and 12 reviews>1%151826 ghout TT in pa-
tients with PD. It is concluded that T'T improves
gait velocity and step length in patients from 1 to 3
stages of H&Y scale immediately after training.!?
However it is concluded that further research is nee-
ded before using this therapy in clinical practice due
to methodological differences between studies such
as training design, velocity, intensity and duration
of therapy.

Outcomes measures

Differences between gait therapy studies are also
shown in outcomes measures. Outcome measures in-
clude clinical outcomes and functional ones measu-
red either by subjective or objective ways. In order
to identify essential functional outcomes within a
gait therapy intervention for PD subjects, health
care professionals were consulted and selected publi-
cations from previous search about EC!7 and
TT?213.15.18-26 wwere reviewed.

For this research, gait velocity, cadence, step
length and step time variability (STV) were selected
as functional outcomes.

Model for gait therapy of PD subjects

A simple model of gait for therapy is proposed ac-
cording to identified essential functional outcomes
measures of gait. Gait consists of three fundamental
spatiotemporal parameters: walking speed, cadence
and step length. Parameters are related as follows:

walking speed = cadence * step length

EC and TT interventions are intended to give
control over spatiotemporal parameters. Step length
has been controlled mainly by using visual stimu-
1i.27-38 More effective visual stimuli are transverse li-

nes placed over the floor?®3° with 50 cm length and
5 cm width3? and separated at a distance equal to
the ideal step length for the subject based on his
height, age and gender.2:32:33,36 Auditory stimuli
have been used to control cadence.31-3537:39-46 Aydi-
tory stimuli are high frequency beats of 40 ms dura-
tion produced by headphones®»*? at the same
frequency of subject’s cadence,3>4144 or from10 to
20% bigger for PD subjects who do not suffer
freezing of gait.3! Treadmill has the function of con-
trolling the walk-ing speed. Treadmill training has
been used in combination with other therapy moda-
lities like body weight support (BWS), however it
has been found that positive effect of treadmill trai-
ning is independent of BWS.%6-48 Training treadmill
velocity equal to speed of PD subject on over ground
walking is preferred due to the fact that it allows
more PD subjects who are not in a high fitness state
to benefit from this therapy,*® and avoids fatigue is-
sues for gait research and it has the same effect
than training at maximum tolerated walking
speed.6:50

Safety issues

The main safety concerns about VR-based syste-
ms are motion sickness and degraded limb and pos-
tural control. However recent similar studies have
not found any of them.?!2 Furthermore motion sick-
ness is not expected since a mismatch between the
optical flow perceive by the subject and his move-
ment is either expected. Additionally, changes in
walking speed for gait therapy and gait research in
patients with PD are seldom and minor.!3

System validation

Bench tests and performance tests were done to
validate the system. Bench tests were made to test
the performance of the software used to calculate
gait related parameters. Simultaneous measures of
on-floor gait of 2 healthy volunteers were done
using the software developed to calculate gait para-
meters and the commercial GaitRite system (CIR
Systems Inc., Clifton, USA) which is the gold stan-
dard for this kind of measures. Measures were taken
along a 3 m flat surface corresponding to GaitRite
sensing area. Camera used by the software for calcu-
lation of gait parameters was placed next to the Gai-
tRite system at a distance enough to ensure a
complete sagittal view of the GaitRite sensing area.
The subjects’ step length measures were compared
between both systems and the percentage error was
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calculated as a measure of software performance on
calculation of gait parameters.

Performance tests were made to test whole sys-
tem performance on 5 healthy volunteers during a
complete 20 min gait therapy session. Simultaneous
measures of gait related parameters of all subjects
walking on a treadmill were performed using an ins-
trumented treadmill GaitTrainer II (Biodex, Shirley,
USA) and the developed system during 6 min at 3 di-
fferent treadmill velocities: 1.5 km/h, 2.5 km/h and
3.5 km/h. Treadmill speed was increased on a period
of time of 1 min. Subjects’ step length, cadence and
gait velocity were compared and the percentage
error for each measurement was calculated as a
measure of system’s performance.

OBJECTIVES

Therefore we focused on the design and imple-
mentation of a VR-based system for gait research
and gait rehabilitation for PD subjects with a H&Y
score from 1 to 3, who are able to walk with few or
any physical assistance, and do not have any cogni-
tive impairment, uncorrected visual and hearing im-
pairments, or unpredictable or large off episodes.
This system should allow the control over walking
speed, cadence and step length by means of treadmill,
auditory stimuli and visual stimuli respectively.
Visual stimuli are delivered through a virtual envi-
ronment with transverse lines placed over the floor
of the virtual environment with 50 cm length and 5
cm width and separated a distance equal to the ideal
step length for each subject based on his height, age

and gender. Visual stimulus is accompanied by an
auditory stimulus consisting of high frequency beats
of 40 ms duration produced by headphones at the
same frequency of subject’s cadence. Treadmill velo-
city is set equal to over ground walking speed of PD
subject. This system aims to measure gait velocity,
cadence, step length and STV parameters through
image processing techniques in real time. All PD
subjects wear for safety, a body support harness se-
cured to an overhead system.

RESULTS
Technical requirements

The main requirements of the system are both ac-
curate detection of steps over treadmill by image
processing techniques and deployment of visual and
auditory stimuli in time with a latency of the fee-
dback lower than 50 ms.?

System was built up according to previously men-
tioned design parameters based on published eviden-
ce. Whole system description is as follows.

Hardware and spatial
configuration of the system

The treadmill’s lower speed used by the system
was around 1.5 km/h. This feature is essential to
allow PD subjects to use the system. Camera used for
image acquisition was placed at the side of the tread-
mill. The system used a camera with a sampling rate
at least of 22 frames per second (fps). This characte-

Figure 1. Concept
design and picture of the
developed system.
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ristic is essential to guarantee the step detection
with an error around 10 percent when PD subject is
walking at 2.22 steps per second. Theoretically maxi-
mum time error in step detection could be 45 ms.

Previously mentioned visual stimuli are delivered
through a virtual environment. To display the vir-
tual environment the system uses three screen dis-
plays. The first screen has a size of 2 x 2.60 m and
is in between other two screens of the same size.
Screens guarantee complete subject’s immersion in
the virtual environment when he is walking over a
typical treadmill of 160 cm long positioned at 1 m
distance to frontal screen.*’ For safety of the patient
the system comprises a partial body weight support,
designed at the INR, for avoiding the camera occlu-
sion. Conceptual design and spatial configuration of
the system is shown in figure 1.

Virtual environment is displayed with three short
throw projectors model MX810ST (Benq, Taipei,
Taiwan) with a throw distance value of 0.6 m, and a
display update rate of 60 Hz. Projectors are positioned
to a distance around 160 cm away from the screens
and 273 cm above the level of the floor. The computer
has an Intel core i7 processor, 16 Gb Ram memory,
and a ATI HD 5970 1Gb graphic card, that supports
up to three monitors and real time rendering.

Software

The software was programmed in C# language for
Windows 7. This programming language was chosen
because it has the libraries to control low-level hard-
ware such as webcams, and graphics cards for the de-
velopment of virtual environments, and also has free
tools that facilitate the game programm-ing called Mi-
crosoft XNA (Microsoft, Redmond, WA, USA). The
system software displays the virtual environment, and
also deploys the visual and auditory stimuli; such sti-
muli are displayed depending on the detection of
events like heel strike and speed. The program uses
threads to ensure a good performance of the system.
There are three main actions running in threads:

* Image acquisition and marker detection.

* (Calculation of walking parameters (step length,
cadence and gait velocity).

* Display of the VR interface.

Image acquisition and image processing is perfor-
med using the library touchless (Microsoft, Red-
mond, WA, USA), which is an open source library;
this library allows video flow stream and detection
of color markers. Markers are detected and segmented

Figure 2. A. Ca-
mera calibration grid. B.
Indoor virtual environment
showing transverse lines
used as visual stimuli. C.
Beach like outdoor virtual
environment showing the
current step line highlig-
hted on green color with a
feedback footprint above
the line meaning that last
step was larger than re-
quired step. D. Forest
like outdoor virtual envi-
ronment.
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in Hue-Saturation-Lightness (HSL) color space.
Subject’s feet are detected using two color mar-
kers.?! Each foot has a different color. In order to
obtain spatial coordinates of markers, the camera
calibration is carried out using a rectangular grid,
as shown in figure 2A.

Gait velocity, cadence, and step length parame-
ters are calculated based on identification of gait
events like heel strike and toe off. Gait events are
detected based on local minima and maxima of feet
coordinates: local minimum coordinates along time
indicate heel strike i.e. cadence is calculated as the
number of heel strikes in a minute. Step length is
calculated as the spatial difference between the local
minimum of the first foot and the next maximum of
the contralateral foot. Walking speed in meters per
second is calculated every minute using both feet
average step length in centimeters (SL) and number
of steps (NS):

Walking speed = SL * NS * 60
100,000

Once acquired these parameters the software
sends the visual and auditory stimuli to the patient
through the VR interface.

Virtual environment

The virtual environment (VE) was developed in
Softimage, this program developed by Autodesk is

free license for non-commercial projects, and facili-
tates the development of models in 3D and integra-
tion to XNA library for games. The system has three
VEs, the first one simulates an indoor therapy in a
hall way with doors (Figure 2B), the second and
third environment simulates outdoor training in a
beach and a forest respectively (Figures 2C-2D). The
system displays the three VE in an infinite hallway
that is made thought the duplication of finite ha-
llways.

System stimuli and feedback

As mentioned above the auditory feedback is 40
ms beats with a frequency of 1,500 kHz. Auditory
stimulus is controlled by a timer event. Visual sti-
mulus consists of two elements, a current active
step line which is green highlighted and a footprint
which shows the length of the previous subject’s
step. If the last step length is larger than the requi-
red step length the footprint will be deployed further
the green highlighted line. If last step length is shor-
ter than required step length, footprint will be dis-
played before the green highlighted line. An example
is shown in figure 2C.

System database
The database is an internal control that manages

patients list and studies list. Information is stored
in an excel spreadsheet to facilitate data manage-
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ment. The patient’s list keeps information such as
name, last name, date of birth, and age for proper
identification of the patient. Further optional data
as the length of the legs, height, age and maximal
heart rate can be saved for further analysis. Also a
patient’s picture and relevant comments can be
saved optionally. The figure 3 shows how the sys-
tem allows adding a new patient. The data stored in
each study are the number of study, patient identifi-
cation number, date of study, step lengths and a stu-
dy video.

System validation

It was mentioned before that bench tests were
done to compare the results of the algorithm to cal-
culate step length with simultaneous measures of
on-floor gait recorded by the GaitRite system. The
average percentage error of step length calculation
of the 2 healthy volunteers was 2.6% while the
maximum percentage error was 6.2%.

As mentioned before, performance tests were done
to compare the results of the algorithm with simul-
taneous measures of treadmill gait recorded by the
GaitTrainer II. In total 10,000 steps were recorded
during the 20 min of treadmill gait of the 5 healthy
volunteers. Average and maximum percentage of
error of step length calculation are 4.7% and 6.2%
respectively. Average and maximum percentage of
error for cadence are 2.1 and 6.1% respectively. Ave-
rage and maximum percentage of error of gait velo-
city are 4.9 and 11.4% respectively.

DISCUSSION

VR has a big potential in neurorehabilitation
however VR applications should be analyzed carefu-
lly. More research is needed to understand both the
positive and negative effects of VR interventions.

The first step within this process is system de-
sign. Design of the interactive systems should consi-
der human centered issues and also previous
published data in order to make meaningful applica-
tions that can help to solve clinical and research
questions and so, it is possible to accelerate the pro-
cess of providing a technological product applied
into clinical practice.

This requires interdisciplinary teams including
professionals of neuro-psychology, technology, medi-
cine and therapists.

The developed system fulfills all the previous
requirements. This system is based on evidence
coming from published studies and on knowledge of

health care professionals, consequently it has the
potential to be used not only in research field but
also into clinical setting.
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