Virtual reality to improve lower extremity function, kinematic
parameters, and walking speed post-stroke: Preliminary results.
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ABSTRACT

Introduction: Virtual reality (VR) is a tool that can enrich
physiotherapy treatment in individuals with strokée increased
use of feedback provides them with useful additionf@rmation
to improve walking speed, kinematics, and functiiymaf the
lower extremity (LE). Our aim is to evaluate thedenges and
describe the intervention in two individuals witktroke. Case

description: A 58-year-old man (4.5 months post-stroke) and a

49-year-old man (3 months post-stroke) followedRa tvaining to
improve kinematics, functionality, and gait speéutervention:
Each participant underwent 15 sessions (VR tredtroea hour
daily in addition to the one-hour CP progra@utcomes. The LE
Fugl-Meyer scale (FM) improved in both participants motor
evaluation, participant 1 increased 4 points artibpg2 increased
6 points. Participant 1 was highly functional badhdifficulty in
the race at baseline, while participant 2 improved the
Ambulatory Functional Scale (FAC) from 3/5 to 4fxdahe Berg
Balance Scale (BBS) from 50 to 53, with a consgermanent
score of 122/126 on the Functional IndependencesMeascale
(FIM). Both participants improved the kinematic aaeters in leg
stance on plegic LE (showed a decrease in theasator and in
submovements and walking speed > Minimally Clinically
Important Difference (MCID) (participant 1: imprawent of
0.16m/s, participant 2: 0.34m/spiscussion: Results of the
combined treatment of CP and VR treatment are ipesin
improving the performance of motor tasks and stsbih leg
stance on the plegic side, with improvement of fiomality
during walking. Controlled studies are needed ttemaine the
role of VR in these improvements.
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Categoriesand Subject Descriptors
I.2.1[Applications and Expert Systems]: Medicine and Science.
H.5.1.Multimedia Information Systems]: Artificial, Augmented,
and Virtual Reality.

General Terms: Experimentation.

Keywords— Virtual reality, stroke, gait speed, feedback,
physiotherapy.

1. INTRODUCTION

The VR treatment includes the use of computer-basedrams
designed to simulate real-life events [1], amongeotuses.
Deficits in gait remarkably limited functionality individuals who
suffered a stroke and many of them who recoverddyato walk
without physical assistance are still disabledh®jirtslow walking
speed and can only walk short distances [2]. Sewetthors have
addressed the use of VR systems [3-8] in recovdtirgunction
of the plegic LE (obtaining satisfactory resultstire increase of
gait speed [3-8], cortical re-organisation [5], avade [8] and
kinematic parameters [7]. Reinforced VR systemshsas the one
used in this study, allow individuals to simultaosly see the
images generated by the computer and the physiodti\v@around
them, providing mixed solutions and a reduced le¥é@nmersion.
Reinforced feedback (RF) is an important resouncerihancing
motor learning in stroke individuals [9]; therefpits integration
in VR systems is an additional benefit to CP. Qutem provided
auditory and visual feedback, knowledge of perfaroea (KP),
and knowledge of results (KR). It has been shova the use of
visual and proprioceptive feedback can be usedhfave spatial
parameters and running speed in this disorder; onere to
improve gait patterns, an assistance-as-neededdigaramay
promote greater gains than with locomotor trainiwghout
assistance [10].

A kinematic evaluation is important in assessingriovements in
the quality and precision of movement. Satisfactasults were
obtained by using a VR-based system with free sofiveoupled
to a motion tracking in the assessment and tredtofearm motor
deficiency after stroke [11]. During this periode vwexperimented
with the use of a system of this kind in order tody the
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kinematics of LE movement in the restorative precaier stroke.
In this case series, we describe the interventigdh veinforced
feedback in virtual environment (RFVE), aimed atproving

kinematics and motor function (especially gait sf)d®y analyzing
the results of the two participants described below

2. CASE DESCRIPTION
Participant 1.

The first participant was a 58-year-old man witfi leemiparesis
diagnosed from an ischemic stroke (posterior linfilthe right
internal capsule, corona radiata) 4.5 months pidoevaluation.
After suffering from the stroke, he recovered imefabilitation
hospital where he was reintroduced to gait and cbakiily
activities, obtaining a good level of functionaligorking with CP
techniques. His past medical history was insigaific However,
before the stroke he exercised regularly and aftérg discharged
his physical limitations became evident: a sligéfict in the left
hemibody was shown, particularly in the precisioh fme
movements of the left hand and decreased gait sptedame to
our hospital for specialized rehabilitation usingbatics to
improve the quality of hand movements and VR toroup LE
motricity and gait. He could be classified as aratort
independent on the Functional Ambulation Classiiica(FAC):
the patient can ambulate independently on uneveh aren
surfaces, stairs, and inclines. He also showednidmdmum score
on the Berg Balance Scale (BBS) and on the Furaition
Independence Measure (FIM) scale. He scored 106#bits on
the total LE scale of the Fugl-Meyer assessmentaibr recovery
after stroke (FM), with no pain and no restrictiohjoint range,
29/34 in motor evaluation and 13/14 in balance. Wasured
spasticity in the LE found no proximal spasticitypwever, we
aimed for a spasticity of 2/5 in the modified Ashtto scale
(MAS) at the ankle plantarflexors, which exhibiteduscular
weakness as well as spasticity. We measured gaidsmand
obtained 259.4 m in the 3-minute-walking test (3MM/Table 1].

Participant 2:

The second participant was a 49-year-old man wéhmiparesis
after a hemorrhagic stroke (left cerebellar intrepahymal and
paraventricular) 3 months prior to evaluation. Hisdical records
were insignificant. He completed a CP program leefecovering
good functionality in activities of daily living (BL), but used a
wheelchair for long trips. Our program involves rieasing
walking speed and stability, improving kinematic®d aavoiding
the misuse of compensation. He could be classifisd an
ambulator-dependent for supervision, scoring 3/5tha FAC:
person requires supervision or verbal stand-by Hedm one
person without physical contact. He obtained aescor the FIM
almost 122/126 and 50/56 on the BBS. He reachedoee sof
100/112 on the FM, with top marks in pain-joint ganand
sensitivity (no restriction of joint range). He abited 26/34 points
in the functional assessment of the LE and 10/1thenbalance
evaluation. As the data demonstrates, patient 2 ehageater
balance deficit than patient 1. We measured thespdsticity and
we didn’t find spasticity at proximal level, but wéscovered the
same level of spasticity in the same location (amiténtar flexors)
as in patient 1. We took different measures of imalkspeed,
obtaining 140 m in the SMWT.

3. INTERVENTION

Our equipment included a computer workstation coteteto a
3D motion-tracking system (Polhemus FasTrak 3Spdeenont,

USA) and a high-resolution LCD projector which désmd the
virtual scenarios on a large wall screen. The metagnetic
sensor was positioned at different locations on ghgent's leg.
The physiotherapist could create numerous virtuakkg
(participants were asked to perform these taskordowm to
constraints previously specified) through the ude flexible
software called VR Rehabilitation System (VRRS -yifleia
Group, ltlaly), originally developed at the Massas#tts Institute
of Technology (Cambridge, MA, U.S.). In the virtisdenario, he
determined the starting position and the differgraths of
movement the patient was asked to perform. VRR®legaus to
visualize additional virtual objects to increase ttomplexity of
motion, giving information about their leg moveneiuring the
performance of motor skills (KP) based on the maaenof the
sensor virtual representation. The physiotherapistvement and
trajectory could also be displayed in the backgdcbahthe virtual
scene in order to facilitate the subject's perogpéind adjustment
to motion errors (learning by imitation) [12]. Maneer, the KR
regarding the achievement of a requested motorviaskgiven to
participants in the form of standardized scorem@lovith an
augmented sensory feedback when the score surpaased
predetermined threshold [Fig. 1]. Initially the akmentioned
scores were KP and KR provided at a frequency aertitan 90%
and gradually decreased as performance improvéd [11

Fig. 1: Representation in the virtual environment of the task
created showing the performance feedback. Patient 1 performs
a motion (path with the sensor placed in the right healthy foot
touching two points above the ground with the leg plegic lower
limb in stance to improve proprioception). Representative
trajectories were scattered at the baseline (a), but became more
regular after training sessions (b).

Participants received VR treatment one hour ddipr{day to

Friday) in addition to the one-hour CP program,ddotal of three
weeks (15 sessions). CP did not include specifigimams using
robotics or complex systems for the treatment oflbH balance to
avoid biased results. None of the participants dyalthsia, apraxia
or cognitive impairments; therefore, we should eesan adequate
understanding so that a proper assimilation of maésks is

carried out. Both therapies were focused on LE moto
rehabilitation. In the RFVE program, the subjectsvasked to
perform numerous motor tasks. As an example, t@jies were
designed with a starting point and an ending p6iith a slim

trajectory line between them) that participants evéo follow

during their workout. If they did not complete thatire circuit,
they did not receive auditory feedback on arrivaladdition, if
during this practice the distance of the trajectixierged from the
range of position marked, the sound became loudeit got
further away (auditory feedback) and a ball whidmutated

sensor location changed color [Fig.1]. Both paptcits received
VR treatment to improve the stability of monoposiapport on the
plegic LE and the quality of distal movement therdihe closed-
chain work helped us reduce spasticity at ankleljeachieving an
eccentric muscle work at triceps surae level. Tioeee we
proposed basic exercises that could progress fitudif as the
patient advanced. For instance, one of the exargiaeticipant 1



completed was an analytical exercise in leg stamcéehe plegic
side. The participant was asked to lift his heeicéps surae
concentric work) to improve the generation of poweeded in the
final support stage and to achieve an adequate Istegith. A
sensor was placed at the level of the participdmsl and an
initial trajectory was recorded allowing him to lewpart of his
weight while leaning on a stick he was holding lire topposite
hand. Thus, the center of gravity was centeredthedveight that
fell on the plegic LE was lower, allowing maximurewation of
the heel (greater amplitude in the range of doflsaion). This
was repeated and as the exercise progressed liegg was placed
on the stick and more weight fell on the plegic. IEgally, the
participant managed to achieve this task withoumgishe stick

[Fig. 2].

~Y [

Fig. 2: Patient 1 is seen leaning
on the plegic side, the sensor is
placed at the plegic calcaneus
level and ask him to rise the hed,
increasing ankle plantar flexion,
significant movement on toe-off in
the pre-swing phase. The patient
gets continuous feedback, more
accentuated on the arrival so that
the range of movement s
completed.

As the participant was able to meet the objectthe, therapist
could add on to the exercise by placing a sensdherop part of
the torso. This sensor was simultaneously conneittetie heel
sensor so that if the patient tried to compensgafiteking his torso
during leg movement, the ball deviated from thekadrpath. This
last point was important in order to improve thefgenance of
selective movements while avoiding the typical cenmgation that
individuals with stroke rely on when walking (dugirthe final
stage of support, the hip has to stay extendethé\same time, it
is important that we aim to improve the strengthttoé ankle.
There must be a system to guide the participartoanto position
the rest of the body so a more global sequenceasement is
obtained). The physiotherapist continuously intexdcwith the
system and modified all the above parameters basedhe
patient's potential to make progress. Participantg asked to use
his healthy foot to reach reference points on tioeiigd in order to
work on the proprioception of the supporting plefiot. The
distance between the points was progressively asee To avoid
visual compensation, the participant was askedotik lat the
screen and not his foot after several repetitioreking it harder to
locate points exponentially high off the groundff®ient elements
were introduced in the real world and these wefleated in the
virtual surroundings to partially modify the exeseiso that the
participant would be able to face new challengégh(kteps, etc.).
Trajectories were plotted in such a way so thatpéuicipant had
to touch different objects located at differentghgs. In addition,
tactile feedback was obtained when touched withhisathy toe.
Therefore, when moving from one point to another time of
support on the plegic side was increased and thieitdition of
weight on the supporting foot was more balanceds fmproving
proprioception. This mechanism prevented the ppéit from
looking at his leg while performing the task sotasiraw greater
attention to the intrinsic proprioception proceBgercises in this
line were also carried out with participant 1 usingre complex
methods.

4. OUTCOMES

Despite the fact that no FIM pre-postraining défeces were
observed due to the ceiling effect in patients Whi based on a
certain functionality [13], both participants refemt an

improvement in functionality in difficult tasks. R&ipant 1 was

able to run at a higher speed and started to plaststhat he used
to play such as tennis. Participant 2 managed &velethe

wheelchair that he used for long journeys on stgldeind.

Table 1: Pre-post outcomes: Clinical evaluation (gait speed
and scores on scales) and kinematics of exercises created in leg
stance on plegic side starting with the knee extended and
ending with controlled knee flexion.

Participante 1 Participante 2
Pre Post Pre Post
FAC 5 5 3 4
FIM 126 126 122 122
BBS 56 56 50 53
Total 106 111 100 108
cs Pain- 40 40 40 40
FM | AMP
Sensit. 24 24 24 24
Motor 29 33 26 32
Eval
Balance 13 14 10 12
3MWT(m) 259,4 289 149 210,5
GS (m/s) (1,44) (1,60) 0,83) | (1,17)
SE (mm2) 5055,4| 3.123,0 | 6882,9 | 5146,8
K 2 1 4 9
P | Speed (mm/s)| 136,92 140,92 60,12 61,93
Submov 7,1 5 19,4 10,9

CS: Clinical Scales; KP: Kinematic Parameters; Amupplitude;
Sensit: Sensitivity; Motor Eval: Motor EvaluatiorGS: Gait
Speed; SE: Spatial error; Submov: submovements.

In the BBS, participant 1 continued to obtain thghkst score, an
improvement of 3 points over participant 2. Spatstidecreased in
both patients by two points in the MAS at the artkla score of 1.
In the FM scale, both participants improved LE IskiParticipant
1 increased motricity by 5 points (4 points in mr@galuation and
1 in balance) and participant 2 by 8 points (6 tmiim motor
evaluation and 2 in balance). This indicates arrawgment of the
plegic LE in both participants. Participant 1 iresed his walking
speed by 10.24% (0.16 m/s) in the 3AMWT. With pgraat 2
there was an increase of 29.21% (0.34 m/s) in M&/3. In the
kinematic parameters, we can see that the speethegain
exercise did not vary significantly in both paniants; however,
variations were present in spatial error (SE), timakcating how
much the participants deviated from the trajectmng the mean
number of submovements (or speed peaks, the grami@unt of
submovements the choppier and less fluid the morebecame).
Patient 1 experienced a decrease of 38.22% inEhenl 29.58%
in submovements. Patient 2 also showed a decreadeoth
parameters, 25.22% in SE and 43.81% in submovements
Execution speeds remained more or less constanboiin
participants, being a kinematic parameter we igndtet is, an
increase in speed does not imply improved kinemait could
create a lack of control in monopodal support wittapid collapse



of the plegic limb due to gravity. However, the wetion of SE
and submovements has positive results and leadgrdater
precision in performing the task.

5. DISCUSSION

The average spontaneous speed in adults is 1.3Amvfamen and
1.43m/s in men [14]; participant 1 initially walked a speed of
1.44m/s, which would normally be acceptable if iaswa
comfortable speed. However, our participants weiea to walk
at the fastest speed possible during the 3MWT. Ttigsincrease
by more than 0.16m/s in the maximum speed obtalmedhe

participant is clinically significant as it coin@d with the MCID
(minimally clinically important difference) refemy to acute
stroke [15]. This increase is significant, considgrthat in

participant 1 the starting score was high (and assalt more
difficult to improve), in order to reach our furmtial objective of
increasing gait speed and facilitating the raceactivity that the
participant was able to perform prior to the str@tkee SMWT not
only measures gait speed but also the subjectistaese while
walking thus the application of this method is camgble to the
data obtained with the 6MWT) [16]. As for particiia2, who

initiated from a much more inferior gait speed, therease of
0.34m/s is also clinically significant as it is sytymous with

functional improvement. It is difficult to compateese results
with those from other authors who have used othRrsystems
since the participants’ conditions differed fromosk of our
participants [17]. The walking speed has beenedl&d a recovery
rate evaluated by FM. The result of Harro et @8@) shows that
patients with <90% score had difficulty increasithgir walking

speed, comparing them to subjects with higher regovevel

scores> 90% [18]. Our two cases obtained values @4 in FM,

hence there is potential for increasing walkingespeHowever,
this increased capability also depends on otherctiomal

parameters. The increase in gait functionality ioleté in FAC by
patient 2 is outstanding. This indicates that a&ide increasing
walking speed, functional independence increaseegaRling

kinematic results, it has been impossible for usampare results
during walking with those from other authors [1#chuse our
kinematic evaluation was in analytical sequences aas not
during walking itself. However, the fact is thatraystem allows
us to create open and individualized evaluationptatas for

specific deficits and to evaluate not only the g motion but
also the accuracy of it. To that extent, resules\ary satisfactory
taking into account that this assessment focusethénplegic

monopodal stance, which was the most deficient ifemboth

participants as shown in their results from clihszales. Thus, the
decrease of submovements and SE indicates thatr rooturol

improved, which carries clinical importance, sirae increase in
gait speed without this control would imply competasy

mechanisms [19]. Results of the combined treatroér€P and

VR treatment are positive in improving the perfonoa of motor
tasks and stability in leg stance on the plegicesieith

improvement of functionality during walking. Howeyea

kinematic evaluation of gait by means of a gaitlysis could

enhance our results. Controlled studies are nedéetermine the
role of VR in these improvements.
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