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ABSTRACT

This paper is designed 1o introduce the reader to the use
of virtual environments (VE) in rehabilitation by describing
the theorctical and practrical basis for the technigue.
Climeally relevant aspects of visual display devices which
are ayailable for use in VE are discussed. Next, key features
of a VE system developed by the authors and colleagues are
presented. The system s designed o enhance motor learn.
ing through the use of augmented feedback provided by a
virtual teacher, Finally, preliminary: clinical findings from a
study in which the system wis utilized to retrain UE motor
control in subjects with chronic stroke dare reported.
Following treatment, subjects were found to have significant
(p=0.05) Improvements in the FuglMever Test of Motor
Recovery, the Waoll Motor Test, and selected strength tests.

INTRODUCTION

The past 10 years have brought mapid change and signif-
icant  advances in the feld of computerrelated
technologies. One such technology that has tremendous
potential for application to the field of neurorchabilitation
i5 that of virmal environments (VE). In this paper our goals
are ton (1) provide the clinician with a basic explanation of
VE and the theoretical basis for their use in rehabilitition;
(23 discuss clinically relevant aspects of selected visual dis-
play and motion caprure devices; (3) describe key features
of a VE system developed by the authors and their col-
leagues oy enhance motor learning; and (4) present
prefiminay Andings fromos stody on motor leurning in sub-
jects with stroke in which our VE system was utilized,

What is a virtnal environment? A VE is 1 simulation
of a real world environment that is generated through com-
puter software and is experienced by the user through a
humian-machine interface. A wide variety ol hardware
devices and softwire can be used to create virtul environ-
ment simulations of varying degrees of complexity. To
undersiand the concepl more intitively, think of how one
gathers information about the environment in the real
world—through the vse of one’s senses, [0 a virnual envi-
ronment, one utilizes these same senses and receptors, but
they will now obtain information about the virtual world
through a human-machine interface (eg, a computer moni-
wr or head-mounted viswal display), The information
gathered about the virtual environment, through the inter
face, is then used o guide interactions of the subject within
the virtual world environment.

Wiy use a virtual envivonment? One might ask, why
hother using a virtual environment for neurorehabilitation

treatments when one cian just as casily use a real environ-
ment? There are many answers 1o this question, from both
a theoretical and practical perspective.

While it may seem intuitive that it is better to practice
the real task in order to ledarn it there is some experimental
evidence that learning may be easier in @ virtual environ-
ment.**  For example, Todorov et al' found that healthy
subjects who practiced a mble-tennis stroke in 2 virtual
environment, with augmented feedback from a virtual
teacher, performed bétter following training on a real world
performance test, than did subjects who had practiced the
table tennis stroke with feedback from an expert coach or
had just practiced on their own, In addition, Brooks® found
thar a patient with amnesia was able to learn 2 routes
around @ (real world) hospital rehabilitation unit following
tmining (for 15 min a day/3 weeks) in a VE simulation of
these routes. Later, this same patient was trained on 2 addi-
tional routes in the same rehabilitation unit—one in VE and
one in the real world, After 2 weeks of tmining, she had
learned the route trained in VE, but not the route trained in
the real world,

What might account for these findings? Learning may
be enhanced because VE allows one to utilize principles
derived [rom neuroscience and motor learning research (o
tacilitate learning in some unique ways. For example, in VE
training one can use the hypothesis that the brain plans
movements in terms of the kinematics of the endpoint of
the moving limb by displaying only the cndpoint of the
limb to the subject during training, This idea of plinning in
terms of endpoint kinematics is supported by 2 types of
experimentit] fAindings: (1) I 4 subject’s endpoint move-
ment  trajectory is  repeittedly  distorted by external
perturbation forces, or perceptually via distorted  visoal
fecdback, the motor system often adapts so that the move-
ment trajectory returns to the original  tmjectory (i€,
approximate straight lne path), in terms of the endpoint
kinematics™; and (2) Certain geometric features of move-
ment thjectories (the individual writing style, the shiape of
the speed profiles) are preserved when the movement is
excouted with different actuators (left or right arm, (oot),
reguiring very  different muscle activation patterns nd
dynamic interactions with the environment.™”

AVE also allows one to program into the display a virmal
teacher, who performs the task repeatedly. This visual input
of the teacher repeatcdly performing the movement may
provide enhancement of learning by imitation” by facilitat-
ing direct input to M1 (primary motor cortex) via 'mirror’
neuron inpuots,  Mirmor newurons e cells in the monkey
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premotor cortex that fire both when a monkey observes a
movement and when he performs that movement.® These
neurons may represent the output stream of a ‘resonance’
mechanism that directly maps a pictorial or kinematic
description of the observed action onto an internal motor
representation of the same action. In humans, a similar
mechanism has been identified using functional magnetic
resonance imaging (fMRD)." This resonance mechanism
may provide a neurophysiological underpinning to ‘learning
by imitation’ in VE.

Most important for motor learning, practice in VE allows
the use of augmented feedback about performance.
Feedback can be presented concurrently with perfor-
mance, directly following a trial (knowledge of results) or as
a summary after multiple trials (summary feedback). The
principle of enhancing learning through augmented feed-
back is well established for healthy subjects,” though less
well understood for subjects with neurological impair-
ments. However VE systems offer an excellent research tool
with which to investigate issues, such as, which types of
feedback and practice schedules are most effective for
learning and for generalization to nonpracticed tasks.

Virtual environments offer the unique capability for pro-
viding real time feedback to the subject during practice in
a very intuitive and interpretable form. Patients can see
their own movement attempts in the same spatial frame of
reference as that of the ‘virtual teacher’ (unlike practice
with a real coach or therapist). That is, patients can place
their arm ‘inside’ the arm of the teacher and practice the
movement simultaneously along with the teacher. This
eliminates time lags between patient and teacher, divided
visual attention between one’s own arm and the teacher
arm, and the need to perform mental translations or rota-
tions of observed movements, as would occur when
observing and modeling a ‘real’ teacher perform the move-
ment. (Because the patient’s and the teacher’s limb
movements are in the same coordinate frame of reference
in VE, no mental rotations are required when a patient
attempts to imitate the teacher’s movements). Recent
experimental findings have revealed that cells of the motor
areas of primates are involved in mental rotations of the
direction of voluntary movements."? Conceivably, for some
patients with cortical motor stroke, recovery may be hin-
dered by an impairment of their ability to perform mental
rotation of movements displayed to them by the therapist
during training.

In VE the task can be simplified in the early stages of
learning, allowing the learner to focus on key elements of
the task. (For example, making the virtual scene very sim-
ple with only 1 or 2 objects; showing only the endpoint
trajectory vs. the whole limb.) In contrast,in the real world
situation many potential distracters exist, and may slow
down learning as the subject attempts to distinguish,
through trial and error, the key aspects of the task on which
to focus. (This factor may have enhanced learning for the
amnesia patient in the study by Brooks?). Training environ-

ments can also be customized for different therapeutic pur-
poses and the system can be designed to help the learner
detect and correct errors more rapidly. Finally practice,
which is an essential element in motor learning, can be
facilitated by making the task fun. This can be accom-
plished through various game interfaces.

From a practical perspective, VE offers advantages over
real environments in several areas. These include: (1) safety
- fewer negative consequences to failure; (2) reduced space
and equipment needs; (3) automated documentation (see
Whitney et al page 72 and Deutsch et al page 79); (4) less
time—to change or set up new equipment for each practice
task; (5) lower cost—if patients are able to practice some of
the time on their own, with ancillary personnel, or from
their home via telemedicine applications.

EQUIPMENT CONSIDERATIONS

A variety of equipment can be utilized to create virtual
environment set-ups with different capabilities and pur-
poses.The basic components of a VE system are a computer,
usually with a special graphics card that will allow fast com-
putation and drawing of 3-D images, display devices
through which the user views the virtual environment,
hardware devices that can be used to monitor movements,
or provide simulations of haptic (touch) and force feedback
to subjects, and provide an interface between the user and
the virtual environment, and of course specially written
software that coordinates all these elements. In this paper,
we will focus on discussing visual display in interfaced
devices most relevant to our VE system.

The basic components of a VE system are a computer,
usually with a special graphics card that will allow fast com-
putation and drawing of 3-D images, display devices
through which the user views the virtual environment,
hardware devices that can be used to monitor movements,
or provide simulations of haptic (touch) and force feedback
to subjects, and provide an interface between the user and
the virtual environment, and of course specially written
software that coordinates all these elements.

In working therapeutically with VE, one of the first deci-
sions a therapist makes is whether to employ an immersive
or nonimmersive environment. In an immersive environ-
ment, the user has a greater sense of presence, or the feeling
that the environment is real and 3- dimensional. Nonimm-
ersive environments provide less of a sense of presence and
are more akin to looking through a window at a scene.
While it seems intuitive that immersive virtual environments
would be the best to use for training, especially motor train-
ing, that may not actually be the case. This is because one
major difficulty with immersive environments is that they
can generate cybersickness (a constellation of motion-
sickness like symptoms) in many subjects.’*’¢ Common
symptoms of cybersickness include nausea, vomiting,
headache, somnolence, loss of balance, and altered eye-hand
coordination. These are obviously undesirable events, par-
ticularly in subjects with impaired function in the CNS.
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Figure L. Equipment setup for viroal covirenment  thesapy.
Magnetic tracking device, to the right of the computer, includes the
transmitter unit that induces an electromagnetic field. This field is
received by sensors attached to the back of the hand and upper
arm. The transmitter and sensors are connected to the control
unit, which interprets the data from the sensors as positions and
orientations, and in turn relays this information to the desktop
computer. Virtual environment software displays a scene and ani-
mates the hand and arm trajectory of the subject using the motion
information collected from the tracking device.

Visual Display Devices

For a low-immersive VE, the user can employ a simple
desktop computer display (Figure 1). Because the user can
see the world around them as well as the virtual world, their
sense of presence in the virtual world may be less, but also
there is also less likelihood of cybersickness. Depth per-
ception will not be as realistic as in a true-stereo 3-D display,
but the 2-D graphics can be displayed on the screen using
enhanced 3-D perceptual cues, to provide a sense of depth.
Examples of monocular depth cues that provide the appear-
ance of depth include perspective, relative motion,
occlusion, and aerial perspective (changes in color and
luminance with distance).” An alternative to the desktop
display, which may enhance the sense of presence, is to use
an LCD projector and large wall screen as the monitor
instead of a desktop computer monitor. These set-ups are
convenient, easy to use, require no glasses or headset with
wires, and allow both the therapist and patient to view the
same scene with ease.

To move toward a more immersive virtual environment,
one needs a display, which can provide true 3-D stereo. This
can be done inexpensively with flicker glasses (VR Standard
Corporation, Cerritos, Calif) (Figure 2), or more expensively
with a head mounted visual display (HMD) (Intersense
Corporation, Burlington, Mass) (Figure 3).

Electronic shutter (flicker) glasses display alternating
views of the picture synchronized to the frame rate of the
desktop screen, such that one interleaved frame in each pair
is presented to each eye. The pictures presented to right
and left eyes contain a disparity; binocular fusion then pro-
vides the stereopsis. Because the pictures are actually
displayed on the computer screen (the glasses simply block

the image to right or left eye, alternately), the image can

‘become blurred or distorted with head movements, obvi-

ously an undesirable event. Flicker glasses also have a
restricted field of view and typically require high monitor
refresh rates (>120 Hz) to produce flickerfree vision.'®
Therapists assisting the patient also would need to wear the
flicker glasses to avoid seeing a double image on the screen,
which in turn could limit her ability to observe the patient
in the real world. For full immersion, a HMD will allow
stereo viewing. The stereo mechanism is similar to flicker
glasses, but the alternating views of the picture are dis-
played on tiny computer screens located within the
headset; higher quality optics also are added to enhance
viewing clarity (with higher cost yielding better optics). The
HMD also provides the ability to link the head movements
of the subject with the viewpoint of the virtual environ-
ment display. This linkage in effect simulates the function
of the vestibulo-ocular reflex (VOR), updating the visual dis-
play to accommodate for altered head position during
viewing. This linkage is a key factor in making virtual real-
ity seem ‘real’ (see Whitney et al, page 72, for more details).

While these attributes will enhance the sense of pres-
ence or ‘reality, there are some disadvantages to the use of
HMDs. The field of view is restricted (<80° horizontal) com-
pared with a real-world field of view (~160° horizontal).’®
The HMDs are limited by the size of small monitors relative
to the interocular distance and the optics necessary to
allow clear vision at near distances. Thus, many optical
compensatory arrangements result in eye-strain and visual
aftereffects.” There is also an inherent delay in sensing the
position of the head with the motion-tracking device, then
updating the viewpoint of the visual scene observed by the
user through the HMD. This ‘phase-lag’ delay can be as long
as 250 msec,” and lead to illusory motion or cybersick-
ness.”” The weight and inertial properties of the HMD also
may interfere with the natural ease of movement of the
user, inducing fatigue and possibly motion sickness due to
increased head inertia.® Large screen stereo displays,
obtained by special computer projectors, avoid many of the
problems engendered by the HMDs, but are fairly expensive
(see Whitney, page 72, for further detail).

Interface Devices

While any type of motion tracking device could be used
to monitor movement or simulate movements in a virtual
world, in practice, electromagnetic tracking devices are fre-
quently utilized (Ascension Technology, Incorporated,
Burlington, Vt or Polhemus Inc., Colchester, Vt). They offer
the advantage of relatively low cost, and are impervious to
optical occlusion problems. However, they are susceptible
to signal distortion from large metal objects or from
electromagnetic fields generated by electronic devices.
An electromagnetic tracking device (Polhemus Inc.,
Colchester, Vt) used to monitor subjects’ arm and hand
movements and display them in the virtual world is shown
attached to different body segments in Figures 1 through 3.
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Figure 2. Subject is wearing ‘flicker glasses’ that induce a depth
illusion in the viewed scene, The liguid crystal panels in front of
each eye rapidly darken in syncheonization with the display of left
and right side fimages generated by the VE software, ensuring that
ench eye seey the appropriate images. Cyberglove on hand trans-
mits hand and fnger joint positions and orfentations wsing Gber
optic cables and a magnetic tracking sensor as described in Figure
L Subject is also holding o ‘real’ object, which corresponds o o
held object in the vifoal environment 1o increase the sense of
immersion and to elicit noiural movements.

For capture of hand kinemartics, a Cyberglove (Immersion
Corporition, San Jose, Califty may be used. This allows the
maotion of each finger joint to be captured using fiber optic
ciables embedded in the glove, and displived on the screen
as o virtual hand moying in space (Figure 2),

DESCRIPTION OF OUR VIRTUAL ENVIRONMENTS
TRAINING SYSTEM
Hardware

A laboratory designed VE system based on the principle
of learning by imitation has been developed and used by
the authors and colleagues ™ The system consists of 2
computer, specially developed software, and an electromag-
netic motion-tracking device (see Figures 1-3). The graphics
for the VE can be visnalized using a variery of different
dievices (see Visual Eisplay Devices above) A desktop dis-
play was chosen for the first experiments, mainly for
simplicity, ease of use, and to reduce the likelihood of sub-
jects experiencing cybersickness. However, future plans
include experimenting with fully immersive environments
because of the advantage they offer in terms of depth per-
ception. The VE system can be interfaced with any motion
tricking system. An clectromagnetic motion tracking sys-
tem wis chosen because the Hghtweight equipment, case
of use, and lower cost of these tracking devices make the
system casicr to use in a clinical setting.

A central feature of our VE rehabilitative system is the
simultineous display on the computer screen of the prere-
corded arm movements of a virtual teacher and the arm
movements made by a patient using the motion-trmcking
device, The movements of the teacher (recorded by a ther

apist) and those of the patient are monitored with electro-
magnetic sensors and displayed on the screen as
movements of the limb’s endpoint. (For movements where
marked abnormal compensatory movements are antici-
pated, the entire arm may be displayed.) During training, a
prerecorded movement of the teacher is displayed for the
patient, and the patient is asked to imitate the trajectory, as
it is displayed. The same teacher movement can be dis-
played over and over, or different teacher movements may
be displayed in turn. The difference between the teacher’s
trajectory and that of the patient’s provides the augmented
feedback in a visual context. This feature of learning by imi-
tation is not only an important way o provide enhanced
visual feedback, but also a way o develop, through repeti-
tion, the formation of the correct pattern of cellular activity
in the central nervous system (CNS)

Software
Virtual scenes

The mujor features of the system provided by software
are Virtua! Scenes, Virtual Teacher, Augmented Feedback,
and Scoring Systemr, Victwal Scenes are used o prompt
patients into making arm movements, by ereating 4 3-D pic-
ture that suggests o functon:il task or goal, Each scene can
be designed to elicit a different movement. The scencs
allow one to create an environmental context for the move-
ment-hy providing a goal for that movement - in effect
mimicking the wav movements are planned in the nagurl
world, The scenes allow one to control and monitor which
movements are being tralned, for how long, and for how
many repetitions.

scenes also provide a vehicle for flexible adjustment of
the task difficulty and practice sequence. A Scene Editor

Figure 3. Head-mounted display  consists of 2 mini displays
mounted directly in front of the eves, which provides o strooger
sense of stereo sepaclion, Head position and orientation collected
by & magnetic sensor (arrow) change the viewpoint of the scene
displayed by the VE softwire 10 compensate for head movement.
Since the subject can only see what the HMD displays, the com-
putcr monitor can be wsed by the therapist (o view what the
patient is seeing without having to wear the coquipment, it o dual
maonitor video card is used.

1'~__—_—_—_-ﬁ
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Figure 4. Example to illustrate how scenes can be used o Progress
a reaching movem Fronm easy o more difficult, The subject's goal
is 10 move a hand-held cube through the ‘donu’ hole,  The move-
maent starts and ends with the hand resting in the lip, The teacher
trajectory is shown with the wirefrome cubes. Panel A: An Casy
level movement of shoulder Mexion to 307, mowing toward shoulder
abduction of =307, with the ¢lbow rémaining in 90° of Mexdon, and
forearay in pronation with wrist nentral or slightly extended, 1f the
subject is unable to grasp the cubwe, it cin be attached (o the hand in
software {as shown), so that it moves in concert with the Dy
autematically, Panel B: A moree difficult variation of (e same move-
ment. The shoulder Mexes w607, with =45 of horizontal shduction
and elbow extension o — minus 307 (highest donut). To reach the
far left donut, the sobjeet must move 1o ~40° of straight abduection
with full elbow extension. Note also that speed of teacher is faster in
pancl B (wire frame culws further apart) amd the eacher object is
siiiller, to provide less visual cucing.

allows for the creation of different scenes to meet the necds
ol various patients. An example of how scenes can be used
o progress a reaching movement from casy (Panel A) 1o
more difficult (Panel B) are shown in Figure 4,

Virtual Teacher

The Virtued Teacher shows the patient the trijectory of
the end-point (hand) path for the movement (e, the same
form used by the brain w plan the movement). In theory,
this should facilitite motor learning by assisting the
patient’s motor plinning process in a natural way, The
teacher speed and appearance can be altered in 2 variety of
ways t enhance learning, the teacher also may be removed
from the display so that the subject does not become overly
dependent’ upon guidince to perform the movement. In
studies on healthy subjects, highly augmented and frequent
feedback has been found to be effective in improving per-
formance (task “acquisition’) but to lessen wsk retention
and generalizution. ™ The system allows one wo vary leed-
back frequency so that one can provide subjects with the
optimal feedback frequency for their learning needs. In VE,

the patent's imb movements and the weachers Hmb move
ments are displayed on the computer screen in real tme
and in the same coordinate frame of reference. This o
offer an advantage over prctice with a real or videotaped
teacher, where there will always be o time lag and/or a dif
ferent coordinate fame of reference for the observed
movement.

Augmented Feedback

The computer-generated virtual environment provides
enhanced feedback available to the paticnt relative o feed
back available during practice in the real world.  This

enhineed (or augmented) feedback of the svstem is derived
from the temporal and spatial mateh (or mismatehy of the
paticnt and teacher tmjectories on the screen,  Selected
aspects of the subject's error can be isolited and displayed
visuilly, concomitant with the movement, o help subjects
learn to correct that aspect of & movement, Two schematic
examples of these error feedback displavs are shown in
Figure 5. Panel A shows linear distunce fomnslational) error
berween the teacher and learner endpoint objects, displaved
as i line connecting the two objccts, The viswil effect is that
of a stretched rubber band connecting the learmer to the
desired teacher position. As the learner's movement more

Figure 5. Schematic to illustrate augmented feedback of distance
and angular orfentation errors. Vietoal Teacher object is left cone,
and Virtwal Learner object is cone o the right. A this point in time
{single frame) the Learner trails the Teacher as both move Tef
towards the ring. Pancl A: Distance {transiatdonal) error is denoted
by straight lines between the learner and teacher objects. No ma-
ter where the learner is ot any moment, the lines will lead o the
correct position on the teacher trajectory, When the learnes's pi-
tHon fully matches that of the virmal wacher, the 2 objects will
mposed and the error lines disappear. Panel B
Aangular position (orientation) error is displayed as a curved arrow
centered at learner object. The arrow points in the direction thal
the learner needs to rotte the endpolnr for the Teacher and
Learner orientations (o become aligned (here, — counterelockwise).
As the learner’s orientation approaches that of the teacher, the
arrow reduces in siee, disappearing ot complete alignment.

-
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closely matches that of the teacher’s movement, the length
of the line decreases. Thus, the learner can be instructed
simply to move so that the error line ‘disappears’

Panel B shows the visual display for angular position
(orientation) errors of the learner endpoint position
relative to that of the teacher. The error is displayed as an
arrow, centered near the learner object, which points in the
direction of rotation needed to align the learner and virtual
teacher’s orientation. The arrow is also scaled to the differ-
ence in orientation. Thus, a larger arrow is displayed when
there is a large amount of discrepancy, and the arrow dis-
appears when the orientations are equal. The arrow display
represents the error for all three axes (X,y,z) combined.

This visual feedback about error can be enhanced with
auditory cues to assist timing, or to provide feedback about
performance when combined with other errors to yield a
score. Over a hundred optional settings allow the user to
tailor feedback specifically to each patient’s need.

The scoring system

The VE system includes a flexible algorithm for scoring
the degree of matching between patient and teacher’s tra-
jectories. The scoring system allows the experimenter to
emphasize a variety of different aspects of the patient’s
movement such as velocity, spatial errors, and timing, selec-
tively or in combination in the score calculation. The score
can be displayed on the screen following each trial, provid-
ing knowledge of results feedback. Knowledge of results has
been extensively investigated and there is general agreement
that it improves learning rate.” Raw data from many sequen-
tial sessions can be rescored with the same set of criteria and
used to measure the patient’s performance over time.

The score is calculated in 2 stages. First, overall move-
ment characteristics for the entire trajectory, such as average
velocity and number of velocity peaks, are calculated. Next
a frame-by-frame comparison of the patient and teacher tra-
jectories is made. The score algorithm allows the user to
select which types of errors (eg, angular velocity, linear dis-
tance error, arm movement, or hand movement error) to use
in the final score calculation, and how much to weigh each
type of error. The values for errors derived from overall
movement characteristics and the frame-by-frame compari-
son with the teacher trajectory are then combined and
transformed into a single standard score that is easy for the
patient to understand (eg, 0-100% match with teacher).The
score computation algorithm is thus very flexible, allowing
the therapist to emphasize not only different aspects of the
movement such as velocity or spatial characteristics, but also
different temporal parts of the movement, such as the begin-
ning, middle, or end. It can serve as a powerful tool in
shaping the learning of movement during training.

A goal for the score value can also be set and displayed
on the screen to further motivate the patient to improve.
The goal can be set to a standard value (such as 75% match)
or be made to automatically adjust upward or downward fol-
lowing each trial, based on patient performance (shaping).

Replay

The replay feature allows the last movement performed
by the patient to be played back repeatedly in a loop, along
with the ‘teacher’ movement, similar to a video ‘instant
replay’ During training, this can be a powerful tool to direct
the patient’s attention to particular aspects of their perfor-
mance. The patient can rest and concentrate on the replay
and listen to a therapist explain which aspects of the move-
ment need to be corrected. The 3-D playback can be
paused at any point in the movement, and the therapist also
can activate different types of augmented feedback (eg, dis-
tance and orientation error) or change the viewpoint of the
displayed scene, so that the movement can be seen from the
side or from above. Multiple trajectories can also be plot-
ted together to quickly and conveniently monitor progréss
and movement variability.

Parser

Because some patients will have difficulty synchronizing
their movements with those of the virtual teacher, a feature
that allows initiation of the teacher animation in response to
the patient’s movement has been developed. This is
achieved by the parser, which is a movement recognition
system that detects when a patient starts and stops moving.
The patient’s motion parameters (such as distance from a
predefined start position and velocity) are monitored online
and if one or more of these measurements exceeds a con-
figurable threshold, the system determines movement has
begun. This event then triggers the start of the teacher ani-
mation. Likewise, the end of the movement can be detected
when the patient slows down and returns to the starting
position. The system then waits in a ‘resting’ state until
movement begins again and the process is repeated. The
transitions between moving and resting as computed by the
parser then trigger the score computation for that trial.

Scripts

The script is a software feature that allows the therapist
to create a semi-automated training session ahead of time
that will more closely simulate a typical rehabilitative ther-
apy session. Using a script editor, the therapist can specify
a sequence of scenes (which define desired movements or
task goals), the number of repetitions that should be
attempted for each scene, and training options such as the
types of feedback that should be employed for each scene.
The scenes will then play automatically one after the other.
Additionally, text messages can be included during each
step that indicates special instructions or reminders for the
therapist/and or patient. The script can also be configured
to skip repetitions if the scores computed online exceed a
threshold, so the patient doesn’t have to spend time per-
forming movements that are too easy. Once composed, a
script can be replayed many times, or modified to empha-
size selected scenes or training options, depending on the
needs of an individual patient.

S ————————————————————————————— e ———————
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PRELIMINARY CLINICAL RESULTS IN PATIENTS WITH
STROKE

The fiest protwtvpe of the system was used to achieve
improvements in the reaching ability of 2 individuals with
stroke who were sevenil vears post stroke and had shown
no improvement in the prior 6 months,”  Based on the
results of that pilot study, several new features were devel-
oped and added o the VE training svstem (eg, scoring
function, scripts),

Lising the revised system, g study on motor learning and
generalization in individuals with stroke was recently con-
ducted "7 In this artcle, the results of elinical outcome
measures performed on the subjects before and after VE
trining are reported. Quantitatve amilbvsis of the kinemart-
ies of the subjects’ tmjectories following VE tmining, and a
detailed  analysis of specific ovpes of  generalization
achicved, will be presented in i Liter publication,

Methods

In this study, 2 selected movements wore trined in VE
The mevements were chosen, bediuse they conmin ele-
ments thar are difficule foe patients with stroke to combing
and perform normally. The Fest miovenient was a reaching
mevement, to the forward hordzontal position, in a0 shoul-
der-centered  frame of reference (neutral abduction)
adduction). The subject began with the hand in the lap on
the involved thigh, with forearm in neutral, and holding a
styrofoim ‘envelope” using a laterl grusp. An elecoromag-
netic motion sensor was attached 1o the envelope, In the
scene designed o evoke this reaching movement, the
patient wies asked (o puc the Cvirtual) envelope into o mail-
hox' slot. The subject held the (real) ‘envelope’ (using
lateral grasp then extended the arm o place the (virtoal)
envelope in the mailbox slot,

This movement highlights some of the rypical motor
control problems seen in patients with stroke. 1F requires i
combination of clements from the flexion and extension
synergics, e, shoulder flexion to 90° with full elbow exten-
ston and loreiarm supination, which is typically difficult for
patlents with stroke. It requires elevation of the arm while
simultaneously maintining o geasp, another difficult com-
bination for a patient with strokes It also requires a
comples intralimb joine coordination, with sequential tme
ing ol distal o prosinal jointe movement components,
again, difficult for stroke patients. A series of & virgitions of
the mailbox scene provided o way to progross tmining from
easy (Level 1) o more difficult (Level 63 in o sequential fish-
i Mear (etsyo and fiar (more difficulty reach settings were
vsed with 5 different hand orientations; forcirm promation
tesisiest), neulnil (more difficult), and supination hardest),
Lo progress the level of sk difficulty. Level 1 was a near
reach with forearm pronation: Level 6 owas far reach with
full supanation.

The second movement trined wis a reaching move-
ment. ta the impaired side. It involved full elbow extension
combined with shoulder abduction (0 45" and an open

hand with extended fingers and pronated forearm. Such a
mewvement is essential not only to using the arm for reach
and retricvil, but also for the functional use of the arm in
posture-related activities such as carching oneself during
loss of balance, assist for trunk balance while using the
opposite hand for reaching or manipulation, use of the
invalved arm for object stabilization during manipulation of
the object with the other hand,  Several versions of this
seene were develtoped. so that learning could be progressed
from an casy level to the more difficult final version. For
eximple, the whole arm or just endpoint could be shown;
the target could be located closer to the midpoint of the
teacher movement so that the subject could lirst practice
the movement with less elbow extension and shoulder
abduction.

Subjects were trained in T-hour sessions, 3 Bmes 1 week,
The number of repetitions wis not set to be cqual across
sulyjects; rther cach subject worked ar their own comfort-
able pace, as would occur in real therpy sessions. Initially,
upon first practicing with @ new scene, subject's received
feedback from the virtual teacher at a high frequency (=90
FO of trials)y; later, as their performance on that scene
improved, feedback from the teacher was gradually with-
drawn, The goal was o lower feedback frequency o 50%
Lo 73 of trinls. Trtining was adiministercd in blocks af 10
sesstons, for i total of 30 sessions. For the first 20 sessions,
subjects tmined in the 2 movements using the same st of
stanclard scenes, During the last 10 sessions, 2 scenes werne
added for subjects who had difficuley with the wrist exten-
sion and/or supimation clements in the mailbox scene, The
new scenes provided better visualization ol these elements,
through a ‘close up view'; but subjects were essentially
pricticing a component of the origing movement, in
approximately the same spatial location along the tejec-
tory as the original movement. Subjects also continued to
practice with the stundard scenes during the st 10 ses
stons, Progress was assessed ollowing 10 treatmoents: if no
progress wus noted, the subject did not continue, Subjects
who completed 20 sessions, and showed some imprve-
ment were offered an additional 10 sessions,

Measures

Subjeets’ clinical progress was measured using twi stan-
dird clinical tests, the Fugl-Mever Test (FM).Y and the Wolt
Motor Test." We used the upper extremity portion of the
Fit, Total Score, und the Motor score. The Woll Motor test
consists of 15 functiomil sk items scorcd on time (sec) 1o
complete, and 2 tasks scored on force (grip, using i
dynamometer; shoulder strength, using cufl weights applied
tix the forearm). The clinical rests were administered twice
prior to treatment (1 week apart), twice (1 week apart)
alter 200 sessions. and once after 30 sessions,

subjects

Nine subjects participated in the study, Prior o com-
mencing participation in this study, all had been discharged
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from active rehabilitation for the arm, and were considered
to have plateaued in their upper extremity motor recovery.
The clinical characteristics of the subjects are listed in
Table 1.

Eight of the 9 subjects completed the standard protocol
of 20 treatment sessions. Of these 8,6 continued for 10 addi-
tional sessions, completing a total of 30 sessions. One
subject’s (S2) participation in the study was terminated after
10 treatments due to a lack of progress, as perceived by both
the investigator and the patient. This patient’s data was elim-
inated from the analysis presented below. The reasons for
this patient’s lack of progress as compared to the progress
other subjects’ is not immediately apparent (see Table 1).
For example, she was our youngest subject, so age was likely
not the factor; she had a long duration post stroke (40 mo.),
but 3 other subjects who had longer durations post stroke
did make progress; she had a low initial FM motor score, but
one subject with a lower initial FM and another with a sim-
ilar initial FM both made progress. Other factors are
currently being investigated (eg, lesion size and location).

RESULTS
Fugl-Meyer

Percent change in the FM UE Total and Motor Scores
averaged across subjects were calculated. Calculations were
made using, for the pretest values, the mean of pretest 1 and
pretest 2; for post-test values, the last post-test for that sub-
ject (post 20 sessions for 85 and S9; post 30 sessions for the
rest). The mean values post training were significantly
higher on both the FM Motor and Total scores, indicating
improvement (p=0.008 and p=0.048, 2-tailed paired t-test,
for FM Motor and Total scores, respectively.) The improve-
ment in Total FM score was not completely accounted for
by FM Motor score improvement (ie, some subjects had
decreased pain, increased range of motion, and improved
sensory scores post training, though these effects were
small). No significant difference was found between pretest
1 and pretest 2 values for either the FM Motor or Total

Table 1. Subject Characteristics

scores (p=0.090 and p=0.104, respectively, 2-tailed paired t-
test). Individually, all subjects showed some level of
improvement on the Motor subtest, 7 of 8 improved on the
Total FM score. The average improvement across all sub-
jects on the FM Motor test was 15% + 14.8; range was 2.5%
to 42%. Individually, 3 of the 8 subjects improved by greater
than 20% on the FM Motor test.

Wolf Motor Test of UE Function

The percent change in the UE Functional test (total time
and median time) averaged across subjects, from pre- to
post-training was calculated, using for pretest values, the
mean of pretest 1 and pretest 2; and for post-test values, the
final post-test for that subject (post 20 sessions for S5 and
S9; post 30 sessions for the rest). The mean values post-
training were significantly lower, indicating improvement,
for the total time score (p=0.021, 2-tailed, paired t-test), but
not the median time score (p=0.10, 2-tailed, paired t-test).
No significant difference was found between pretest 1 and
pretest 2 values for either the total time or median time
scores (p=0.936 and p=0.177, respectively, 2-tailed paired t-
test). Average improvement was 31% + 25.7 and 24% =+
23.15 for total and median time scores, respectively; range
of improvement was 1% to 83% for the total time score,and
3% to 54% for the median time score. Individually, 6 of the
8 subjects improved by greater than 20% on either the total
or median time measure, or both.

Strengthb Tests

The changes in shoulder flexion and grip strength,
respectively, following VE training (mean of pretests 1 and 2
compared to the last post test for each subject) are shown
in Figure 6. These 2 strength test items are part of the Wolf
Motor Test. The differences for shoulder flexion strength
were statistically significant (p=0.020), and the differences
for grip strength were close to significance (p=0.058). If
we set a ‘clinically significant’ criterion of greater than 20%
increase in strength, we find that the average percent

Subject J 2 e k ; 4
Number i : oL
Age 57 26 62 72
Involved Side R L L L R L R R L
Gender M F M M M F M M M
Duration Post 6 mo. 40 mo. 6 mo. 11 mo. 46 mo. 24 mo. 10 mo. 63 mo. 64 mo.
Stroke
Lesion Type Lacunar Infarct ~ Dissect. Carotid ~ Embolic Ischem. Embolic Infarct Dissect. Carotid ~ Embolus Dissect.
Vertebral
Lesion L Int. capsule, R MCA territory R MCA territory R Int. Carotid L MCA territory R Cortical + L MCA territory L MCA territory ~ Pontine Infarct
Location Post. Limb Subcortical
Initial FM*
Total 72 74 87 83 74 77 112 97 114
Motor 32 23 40 31 18 26 54 44 55
* Fugl-Meyer, Upper Extremity Total (Max=126); Motor Score (Max=66)

- — |
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"~ Strength Tests
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Figure & Prercent change for shoulder Oexion and grip strength,
respoctively, from pre o post VE training. Values are displayed for
all subjects individually as well as the combined average for the 8
subjects who completed the training. The differences for shoulder
Mexion were stotistically significant (p=0.020) the differences for
grip strength were close (o significance (p=0,058) ( 2-tailed paired
LSt wos usaed ),

improvement across all subjects exceeded this for both
shoulder flexion (118%) and grip strength C153%)
Considered individually, 4 subjects increased both shoulder
flexion and grip by greater than 20%; 2 increased only
shoulder flexion

Discussion

Lising the response as measured by all 3 tesis, and >20%
as a standard for clinically significant improvement, | suly
ject improved on all 3 tests (81, and 5 subjects improved
on 2 of the 3 tests (53, S6. 87, 88, 59, and 2 subjects
improved on 1 of the 3 tests (54 and 55). Comparing the
group response across all 3 tests, the strength teésts shoawed
the greatest change (>1000%), the WMT the next highest (24-
31%), and the FM the least (7-15%). Subjects who improved
the most (maore than 20%) on the FM test (51, 55, 86) also
tended to have lower initial FM motor scores than the other
subjects (see Table 1), Conversely, subjects who improved
on the Wolf Motor Test all had initial FM scores higher than
30 Perhaps subjects necded a minimum level of intralimb
joint coordination (a key component of the FM score)
before they could demonstrmte much improvement on the
WMT, where the score is based on speed rather than gual
ity ol movement,

The improvemenis in the WMT as well a8 the FM are
impressive in light of the fact that the trining involved cnly
2 movements, which would be considered an aypical ther-
apy regime for treatment of patients with stroke by most
approaches, (Only 2 movements were wsed in this study
because the goal of the experiment was o study motor
learning and generalization in greater detail, rther than o
design a rreatment aimed at achieving maximal functional
change.) However, these findings of significant funcrional
improvement mise interesting gquestions about what sorts
of movernents and tasks should be practiced to achieve
funcuonil gains. In fct, they run counter (o accepted

thinking that many movements and tasks must be prac-
ticed, and that practice must be very similar to the target
task one wishes to improve. We speculate that the aug-
mented feedback derived from the use of a VE system
contributed to the improvements found. However, the
results should be interpreted with caution.The sample was
small, and there was no control group. Such findings should
be replicated in larger studies before they are used in as a
guide to change treatment methods in clinical practice.
The increase in the strength scores were surprising and
encouraging, especially considering no progressive resis-
tance trmining was emploved.  Subjects miined only an
active movement. This suggests that the improvement in
strength measures may have been due o improved neuro
motor recruitment mather than muscle fiber hypertrophy.
The repetitive grasp of the envelope (though Tightweight)
during rraining likely contributed to this change. Subjects
may have also used their arms more in evervday funcrional
activities, contributing further w the improvements we
found. Overall, these preliminary findings indicate that VE
treatment may be a valuable adjunct to rehabilitative care

SUMMARY

The scientific basis for use of the new technology of vir-
tual environment. as applied o motor training has been
presented, and some equipment considerations pertinent
to the use of VE in rehabilitation have been discussed. A
description of a VE system for motor retraining developed
by the authors and colleagues, and preliminary resules of a
clinical experiment on patients post-stroke using the sys-
tem hive been repored, Results obtained 1o date indicate
that VE shows promise as a new rehabilitation ool for use
in research and clinical applications.
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