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1. Introduction

A disturbing paradox has developed between rehabilitation research and pradice in the
last decade. On the one hand, scientific evidence has accumulated that therapy improves
movement recovery foll owing stroke and spinal cord injury. On the other hand, the
duration of reimbursed therapy has deaeased dueto econamic pressures onthe U.S.
hedth care system. If intensive therapy stimulates recovery, an important goal isto
develop technology that allows people with neurologic injuries to practice therapy
without always requiring one-on-one interactions with clinicians.

In this chapter, we first discuss key elements of this paradox and hav technology
may help address those dements. We then review several recent attempts to automate
movement therapy for both upper and lower extremity rehabilitation. In conclusion, we
pose threequestions that we believe will shape the future development and use of this
technology.

2. Rehabilitation Practice, Rehabilitation Science, and the Need for
Therapeutic Technology
The largest inpatient popul ations within typical comprehensive rehabilitation hcspitals
are patients with neurologic injuries sich as stroke, traumatic brain injury, and spina
cord injury. These patients typically recaive intensive movement therapy, if they can
tolerateit, from physicad and occupational therapists for several hours each day. Over the
last decade, however, the length of hospital stay as inpatients has been roughly cut in
half, to about 20-30 chys. Oftenitisless andindeed many individuals do not have
acaessto comprehensive rehabilitative facilities because of barriers such as cost and
distance, and end up at facilities that do rot specialize in rehabilitative services but do
provide some level of therapy each day. Depending ontheir personal situation,
individuals then either go hame or to some type of structured environment (e.g. skilled
nursing facility), where for awhile they typicaly have accesto outpatient care or home
carevisits (involving nurses or therapists). Typically thiswill involve therapy about 2-3
times per week. Asrepresented by Figure 1, therapeutic care is then stopped by two to
six months, depending on patient progressand financial considerations. At this stage
there has been an impli cit assumption within the healthcare system that the individual has
reached a“plateau,” with there being aresidual level of “chronic” impairment that is
treated asafada of life.



As represented by the far right part of the graphin Figure 1, scientific studiesin
neurorehabilitation now challenge this plateau assumption, and indeed the whale clinical
rehabilitative process. Asnoted nearly a entury ago [1], significant recovery foll owing
strokeis often passible well after six months with intensive therapy [2]. Some of the
most notable and visible evidence comes from studies of Constraint-Induced Movement
Therapy (Cl Therapy, which refersto afamily of therapy techniques that has initially
been applied to stroke patients). Cl Therapy, initially motivated by the mncept of
“learned-disuse” of an impaired extremity [3], incorporates constraint of the less-aff ected
extremity (e.g., armin sling or mitt over hand), with intensive, therapist-supervised
movement practice of the more dfected extremity. Individuals with mild to moderate
impairment foll owing stroke can significantly improve their movement ability even yeas
following theinitia insult. Several other studies of intensive movement therapies,
including repetitive movement practice [4], robot-asgsted therapy [5-7], virtua-redity
based therapy [8-10], and locomotion training [11], have shown that significant
improvements are possible even years after theinitial injury onset. In light of these
results, the aurrent scheme of delivering intensive therapy in the early inpatient phase and
then transitioning to nosupported therapy within six monthsis likely sub-optimal [12].

Despite this gientific evidence, however, it is unlikely that conventional
rehabilitation practicewill be restructured to incorporate alonger duration of therapy.
Thefinancial pressures on hedlth care providers are intense, and make it difficult to add



more therapy unlessit can be documented that the therapy reduces long-term care @sts.
Demonstrating reductionsin long term care wstsisin turn adifficult undertaking dueto
the time scale of interest and the complexity of the factors that influence long term
outcomes.

Improved technology for automating aspects of rehabilitation may however help
align rehabilitation practice with rehabilitation science in the areaof movement therapy.
For patients who can tolerate alditional exercise a inpatients, devices that automate
movement therapy could be used relatively unsupervised as an adjunct to regular therapy.
Therapy devices could also all ow more eff ective grouptherapy, al owing the therapist to
give one-on-one &tentionto one patient while another worked with the device under
intermittent supervision. Most significantly, emerging devices that could be used at
home or at community exercise facilities could allow individuals ongoing access to
therapy even yeas after the cessation of conventional therapy, thereby improving quality
of life. Reaognizing this potential to enhance accessto therapy, there has recently been a
surge in research activity focused on devices for automating movement therapy for both
the arm and legs.

3. Rehabilitation of Arm Movement

Of the 600,0® people who survive astrokein the U.S. each yea, over 300000incur

chronic am impairment. Several robotic therapy devices, or “rehabilitators’, have been

developed to automate therapy for the am following stroke. Ininitia clinical trias, these

devices have been used to address ®vera fundamenta questions, including:

e Will movement recovery improveif conventiona therapy is suppemented with
robdic therapy?

*  What are the rel ative benefits of robotic and conventional therapy?

* What are the e ements of robotic and conventional therapy that stimulate movement
reovery?

3.1 Clinical Results with Arm Rehabilitators

MIT-MANUS Thefirst robotic system to receive extensive dinical testing wasthe MIT-
MANUS, atwo degree-of-freadom (DOF) robot manipulator that asgsts oulder and
elbow movement by moving the hand and forear'm of the patient in the horizontal plane
[13]. A unique design featureislow intrinsic end-point impedance (i.e.: badk-
driveability), which allows the device to measure free movements as well asto guide a
week limb in “hand-over-hand’ therapy. Video games with visual, auditory andtactile
feedbadk engage the patientsin the therapy. For more than 5yeas, clinical testing has
been underway predominantly at the Burke Rehabilitation Hospital (White Plains, NY).
Thetesting protocol has been guided by how the deviceislikely to be used clinically, as
an adjunct to regular therapy that provides patients with extra sensory motor stimulation
that they would not normally receive if the devicewere not avail able. A recent report
described results with 56 subacute patients who completed the training protocol. In
addition to their regular therapy, experimental subjects received five one-hour sessions a
week (25 total sessions) with MIT-MANUS beginning 23 days after stroke onset.
Controlsreceived one hour of “sham” therapy aweek, in which the subject used the less
impaired limb in the robot, or the robot interacted passively with the more-aff eaed limb.
When compared to controls, the experimental subjeds had greaer gainsin proximal arm
strength, reduced motor impairment of the shoulder and elbow, and greater recovery of



functional independence [14]. The two groups were still statistically different in terms of
motor impairment at a 3-yea follow-up[5].

MIME: The MIT-MANUS results provide convincing evidencethat supplemental
robdic therapy can improve recovery, bu they do nd addresswhether robotic treatment
offers unique alvantages to conventional therapy, or at least is holesseffedive than
conventional methods. Answering this question has been the driving motivation behind
the MIME project at the Veterans Affairs Palo Alto Rehabilitation Research and
Development (RR& D) Center [15, 16].

The MIME system consists of arobot manipulator (Puma 560) that applies forcesto
the paretic limb through a austomized forearm and hand splint. The robot’s six DOF
allow the forearm to be positioned within alarge range of positions and orientationsin
three-dimensional space. A six-axis snsor measures the forces and torques between the
roba andthe paretic limb. Four modes of robot-asssted movement have been
developed. In passve mode, the subjed relaxes as the robat moves the limb toward a
target with a predetermined trgjectory. In adive-asssted mode, the subject triggers
initiation of the movement with volitional force toward the target and "works with the
roba" asit movesthelimb. In adive-resisted mode, the roba provides a viscous
resistance in the direction o the desired movement and spring-like forcesin al other
directions as the subject attempts to reach toward the target. In himanual mode, the
subject attempts bimanual mirror-image movements while the robot assists the affected
limb by continuously moving the &f ected forearm to the contralateral forearm’s mirror-
image pasition and aientation. During bimanual mode, the two forearms are kept in
mirror-symmetry by a position digitizer, which measures the movement of the
contralateral forearm and provides desired coordinates for the robot motion controller.

The goal of theinitial clinical testing wasto compare the effectivenessof atherapy
program of robotic manipulation with an equally intensive program of conventional
therapy techniques[16]. Twenty-seven chronic stroke subjects received 24 ore-hou
sessions over two months. Subjectsin the roba group pradiced shoulder and elbow
movements while asisted by MIME. Subjectsin the control groupreceived
conventional treatment, based onNeuroDevelopmental Therapy methods, that targeted
proximal upper limb function, and five minutes of expasure to the roba in ead session.
When compared to conventional treament, robot-ass sted movements had advantagesin
terms of clinicd and biomechanical measures. The robot group had statistically larger
improvements in a clinical motor impairment scale after one month of treatment, and also
after two months of treatment. The robot group hed larger gainsin strength and larger
increases in read extent after two months of treament. At the six-month follow-up, the
groups were no longer different in terms of the motor impairment scae, howvever the
roba group hed larger improvements in a scale that measures functional independencein
ADL.

The ARM Guide: The MIT-MANUS and MIME studies generated strong evidence
suppating the benefits of robotic therapy, but left open what the esential elements of the
robdic therapy were. For example, it may be that the repetitive movement attempts by
the patient, rather than the mechanical assistance provided by the robotic device, were the
primary stimuli to recovery. This questionis being adadressed using adevice clled the
ARM Guidein a dinical tria being conducted at the Rehabilitation Institute of Chicago
in collaboration with the University of Californiaat Irvine.

The ARM Guide isasingly aduated, three DOF device designed to medchanically
asgst in reaching movements [17]. Sincereaching movements typicaly follow straight-



line trajectories, the device uses alinea bearing to guide readies by the subject. The
linea bearing can be oriented at different yaw and pitch angles to all ow reaching to
different workspace regions. Like MIT-MANUS and MIME, the device can assist or
resist in movement, and can measure hand movement and forcegeneration. The deviceis
staticdly courterbalanced so that it does not gravitationally load the arm.

In an orgoing clinical tria, sixteen chronic stroke subjects have received 24therapy
sessions over two months. Subjectsin the roba group have received medchanically
asssted reading exercise with the ARM Guide. For this group,the subject initiates
movement, and the ARM Guide completes the movement along a smoath trajectory
through the arm’ s full passive range if the subject isunable. Subjectsin the freereaching
group have performed uressisted, repetitive reading exercise, matched in the number of
repetitions and target locations with the robot group. All subjects have been eval uated
using a set of clinical and iomecdhanical measures of arm movement. Asinthe MIT-
MANUS and MIME studies, the subjects who have received therapy with the ARM
Guide have shown significant improvement in the clinical and biomechanica measures
[7, 18]. However, the anourt of improvement in the free reaching group tas been
comparable.

One interpretation of these preliminary resultsisthat the action of repetitively
attempting to move, rather than the mechanical assistance provided by the ARM Guide,
was the primary stimulus to arm movement recovery. Such ahypothesisis consistent
with other repetitive movement exercise paradigms that improve upper extremity
movement ability following brain injury [4, 19, 20]. Another possible explanationisthat
the particular form of active assistance provided by the ARM Guideis sub-optimal, and
that other devices with their own versions of active asistance may demonstrate abenefit
over unassisted exercise. For example, the MIT-MANUS device can asdst planar mation
rather than constraining motion to alinear path, and this may be therapeutically
beneficia. The MIME device can assist in 3D movements besides draight-line
movements andin bimanual therapy, and again, these feaures may be therapeutically
beneficia. A third pcssible explanation isthat the subject group in the ARM Guide
groupspans arange of impairment levels and stroke types, and mechanicdly assisted
movement will benefit particular subsets of stroke patients. For example, severely
impaired subjeds may benefit motivationally from the medhanicd assistance

3.2 Other Emerging Technologies for ARM Rehabilitation

Severa other systems are being developed to automate therapy for the arm and hand
following stroke. In this section we review afew examplesthat demonstrate how virtua
reality, low-cost technology, and the Internet are being incorporated into automated
therapy systems.

GENTLE/S The GENTLE/Sis aproject sponsored by the European Commisgon to
evaluate robot-mediated therapy for neuro and physical rehabilitation following stroke
[2]]. In this project, athree DOF robot called Haptic Master has been used to implement
three exercise modes smilar to MIME’ s unilateral modes. A novel feature of the system
isthat the robotic exercise isintegrated with virtual environments. For example, one
virtual environment is aroom that patients interact with by moving objects from one
location onatable to anather. The Haptic Master assists the movement patterns needed
to complete the tasks. Compared to user interfaces that provide feedback in terms of
video games or abstract 2-D presentations of interaction forces, a user interface based



upona Virtual Environment could improve patient motivation for using the system. This
isrelevant given evidence that highly repetitive exercises may be needed for improved
reoovery.

SEAT: At the Veterans Affairs Palo Alto RR&D, the SEAT project isinvestigating
device-based himanual therapy in the mntext of awheel-steering task [22]. This project
builds upon previous work that identified the potential of instrumented and povered
devicesthat assist the paretic limb duing bimanual tasks [23, 24. SEAT includes afull
driving simulation and a motorized steering whedl. Sensors onthe steering whed
measure the forces impased uponthe wheel from ead) hand. In additionto modes that
assgst theimpaired limb, a unique “constrained” mode forces the more-affeded limb to
perform the task. In this mode, the subject attempts to steer normally with both li mbs,
but the wheel can only be rotated by the more-aff eded limb, and rot by the less-aff eded
limb. Preliminary testing has $hown that during turns in which the more-affeded limb is
moving against gravity, more paositive torque is applied to the whed by the more-aff ected
limb in “constrained” mode than when the motor only supplies the restoring torque
aswciated with anormal steering environment. It has been suggested that thisisa
device-based form of Cl Therapy, and could be ameans improving performance of an
important functional task without direct supervision from therapists.

ARC-MIME: The ARC-MIME project at the Rehabilitation Technol ogies Division of
Applied Resources Corporationis an attempt to develop a cmmmercia devicethat merges
concepts from MIME and the ARM Guide. Since alarge portion of the movement
patterns used in the MIME therapy are based upon straight-li ne reading movements, it
was redlized that alinear slide smilar to the ARM Guide could accommodate a
significant portion d the movement patterns used in the MIME treatment. In addition,
since alinea guide al ows only one DOF of movement, it can be operated more safely
than the PUMA-based MIME, and aso can be produced at significantly reduced cost.
With NIH SBIR Phase | suppat, a prototype devicewas built that functionally resembles
two ARM Guides, one for each limb. The MIME control software was ported to ARC-
MIME, so al of the MIME modes are available, including the bimanual mirror-image
mode. Ininitial testing, four chronic stroke subjects exercised in both MIME and ARC-
MIME in the same session. When the movement patterns were matched, the forces
directed toward the targets by the paretic limb were nat significantly different for the two
devices, although there were some differences in the forces lateral to the target.
Nevertheless, it was concluded that subjectsinteract in ARC-MIME in asimilar fashion
to MIME, and so the clinical gains sen in the MIME training shoud also be reproducible
with ARC-MIME. With NIH SBIR Phase Il fundng, further development and clinicd
testing are proceeding.

EMG-Induced Simulation Therapy. In the robotic therapy systems discussed
above, the endpoint of a manipulator is coupled to the hand a foream, with forces
transmitted and paitions passed through this medchanical interface. Conceptually, the
manipulator mimics aspects of hands-on plysical therapy, but with the added benefit of
being able to oltain quantitative information acrossthe interface. This requires externa
power and a controller, and dcesn't directly impad on muscle activity. An alternative
approad isto electrically stimulate muscle. This concept has been has been around for
centuries, mostly applied to paralyzed individua's, and basic functional neuromuscular
stimulation (FNS) has been an active aea of research since the 1960s [25]. The areaof
neural prosthesesis outside the realm of discussion; sufficeit to say that while
considerable progresshas been made (e.g., for how to best stimulate and condition



muscles), there have dso been challenges, especially related to control algorithms. One
strategy that bypasses such problemsis EMG-induced Stimulation Therapy. One
commercia system (AutoMove) explicitly targets groke therapy, and was FDA-approved
in 199. Rather than attempt propartional EMG control as with high-end arm prosthetics
systems, it uses sensitive detection of avery week voluntary EM G signal to cause amuch
larger FNS drive to the muscle that by default lasts for 5 seconds. It normally is used to
target week muscles sich aswrist extensors. A typical therapy session consists of several
5-second contractions followed by 20 seconds of rest, continued for about 20 min. An
advantage isthat it takes advantage of human pawer and control, and is moduar and fully
ready for home use. While this product would seem to target muscle strengthening rather
than coordination, the evidence suggests significant enhancement not only of strength in
the local muscle(s) and increased range of motionin therelated joint, but also in
measures related to function (e.g., Fugl-Meyer) and independence (FIM) [26, 27].

Virtual Reality-Based Neurorehabilitation. The mrnerstones of Virtua Reality (VR)
technologies are “interadivity” and “immersion”. VR was originally motivated by
applications such as military training simulators and space tel erobotics and more recently
high-end gaming industry and telesurgery [28]. VR systems for movement therapy are
just beginning to be developed [29]. In developing these systems, the burden of proof
rests with producing evidence that therapy in avirtua world is better than “real world”
therapy at preparing individualsto functionin the red world. One possible advantage of
VR isthat it can augment atherapy environment, for example by overlaying novel
computer-generated audiovisual displays or by using haptic devicesto provide novel
sensory input.

For example, in one recent study, two chronic stroke subjects with hemiparesis
practiced placing avirtual envelopein avirtual mail ot depicted ona computer display.
An electromagnetic trading device measured and displayed the subject’ s actual arm
movement [8]. The computer display showed the desired movement trgjectory, derived
from an urimpaired subjed, which could be used as a virtual, animated “teacher” to
demonstrate the desired movement to the subjects. The teacher animation could also be
adjusted in speed, paused at any point, or displayed asatrace Trainingin the virtua
environment for sixteen treament sessions reduced reading errors during real-world
performance by 50%. Using a similar enhanced virtual feedbadk approach, four subjeds
with acquired brain injury were trained to paur acup. The subjects also showed transfer
to red-world performance[10].

Novel haptic interfaces for usein VR therapy have been developed by Burdea and his
colleggues[9, 31,32]. For their hand rehabilitation system they have used two
interfaces: a Cyberglove (Virtua Technologies, Inc.) with 18embedded sensors and their
Rutgers Master [I-ND (RMII) forcefeedback glove (US patent 5354162, 1994) with 14
sensors and four small pneumatic actuators that can apply forcesupto 16N. This
unique glove and system (US patent 5429140, 195) requires an air compressor (100Psi)
for power and their Haptic Control Interfaceto control fingertip forces and compute joint
angles (to actuators crosgng thumb, index, middle, ring). The glove gpliesforcesto the
hand to ssimulate different therapeutic equipment, and to perform passive range of motion
or strengthening exercises. The display showsarigid body image of the hand rather than
a aursor. For therapy, the system currently uses four VR exercise programs that were
developed using a ommmercialy avail able graphicslibrary (WorldToolKit). Eadh



program targets one aspect of hand movement, namely range, speed, fractionation and
strength, within the context of simple games for which the patient performs a number of
trials of aparticular task. Three subjects with chronic stroke improved hand movement
ability by using the system daily regularly over two weeks [9]. This same research group
has also developed a six degree-of-freedom Stewart platform couped to the foot to
provide ankle therapy, so far targeted to orthopedic and stroke gpplications [32, 33].

Java Therapy: Java Therapy is alow-cost, high accessibility system for facilitating
repetitive movement therapy developed at U.C. Irvine with support from the Microsoft
Corporation[34]. This ystemiscalled “Java Therapy” because of its heavy use of the
Java programming language. Userslog onto the system using the Web, perform a
customized program of therapeutic activities, and receive quantitative feedbadk of their
rehabilitation progress. A remote supervising caregiver can then monitor progress make
changes to the exercise program, and provide information and encouragement. The
system can be used with avariety of input devices for monitoring movement, including a
low-cost, force-feadback joystick that is also capable of assisting or resistingin
movement like more sophisticated robdic therapy devices. Because the system uses
mass-manufadured input devices, Web infrastructure, and Java gplets, it isrelatively
aff ordable, accessible, and adaptable. Data from home-based usage by a dronic stroke
subject have been presented that demonstrate the feasibility of using the system to direct
atherapy program, medanically assist in movement, and tradk improvementsin
movement ability [35].

Constraint-Induced Therapy: A therapy tedhnique that may be anenableto
automation is Constraint-Induced Therapy. As mentioned above, Cl therapy has been
demonstrated to substantially improve upper extremity recovery of patients with mild to
moderately severe dronic strokes, but remains labor intensive [36]. The therapy
involves promoting use of the more-aff ected upper extremity for 90% of waking hours by
constraining the lessaffeaed extremity for two or threeconsecutive weeks with aresting
hand splint and gling or other devicethat prevents movement of the hand and wrist for
adivities of daily living. The patients receive atype of training termed "shaping” for 7
hous/day (with rest intervals) for al weekdays during this period (massd practice) [37].
Shaping involves highly repetitive movements and tasks with the difficulty graded in
small i ncrements by the trainer. A device that allows subjects to perform the shaping
training without direct supervision could make Cl-therapy accessible for the vast number
of stroke subjects who might benefit from the treatment. Subjects could receive Cl
therapy at home and atherapist could treat three or four patients at one timein the clinic,
thereby substantially reducing the st of the therapy. However, it isan open question
whether compliance with such anintensive training protocol is possible without dired
one-on-one dtention and encouragement from therapists and trainers. A new reseach
projed at the VA Palo Alto RR& D Center, supported by a grant from the Department of
Veterans Affairs, will explore these issues.

4. Rehabilitation of Gait

4.1 Devices for Automating Body Weight Supported Locomotion Training
Recat research has suggested that the spinal cord has aremarkable cpacity to learn.

For example, the lumbar spinal cord of the cat can be trained to step [38-47] in the

absence of supraspinal input. The key characteristics of the training are partial unloading



of the limbs and assistance of leg movements during stepping on a treadmill. Based on
animal studies, several laboratories and rehabilitation centers world-wide have developed
“body weight supported” (BWS) locomotion training as a treatment therapy for humans
following spina cord injury, stroke, and other neurologica disorders that impair
locomotor ability [48-56]. The findings from several independent studies indicate that
BWS training improves gepping, including both treadmill and overground walking, in
spinal cord injured and stroke-impaired humans [22, 49,51, 53, 5559]. Under the
supervision d reseachers at UCLA, an NIH-funded, multi-center, clinica trial is
currently being conducted to determine whether BWS locomotion training shoud
become atreatment standard.

Implementing BWS locomotion training as an accesshle treatment would be
difficult, however, for severa practica reasons. BWS locomation training is labor
intensive, requiring two to threetherapists to manually asdst the patient’s legs and torso
during each training session. Assisting in leg motion can be exhausting for the therapists.
In addition, the assistance provided, and thus the pattern of sensory input to the spinal
cord, can vary gredaly between trainers and sessions. Recognizing this need, two
European research groups and a magjor U.S. heathcare provider have developed robaic
devices for automating BWS training in humans.

MGT: The Mechanized Gait Trainer (MGT) is a singly-aduated mechanism that
drives the feet through a gait-like trgjectory [60]. The device consists of two foot plates
conrected to a doubled crank and rocker system. An induction motor drives the aanks
via aplanetary gea system. The rear ends of the foot plates follow an €ellipsoid-like
movement. Different gears can be incorporated to vary stride length and timing. The
planetary gea system also moves the patient harness in a locomotion-like tragjedory
through two cranks attached to suspension ropes. The torque generated by the motor is
sensed and dsplayed ontline to provide abiofeedback signal to the patient. The MGT has
been used to train two patients who were two months post-stroke [60]. The patients
received four weeks of gait training with the device, consisting of five 20-minute sessions
per week. The patientsimproved significantly in their overgroundwalking ability.

Lokomat: The Lokomat is a motorized exoskeleton worn by the patients during
treadmill walking [61]. Thisdevicehasfour rotary joints that accommodate hip and knee
flexion/extension for each leg. The joints are driven by predsion ball screws connected
to DC motors. Parameters auch as the hip width, thigh length, and shank length can be
manually adjusted to fit individual patients. The weight of the exoskeletonis supported
by a paral elogram medhanism that moves in the vertical direction and is counterbalanced
by a gas gring. The hip and knee motors can be programmed to drive the legs along
gait-like trajectories. Severa spinal cord injured patients have tested the device [61].
The device was able to drive gait-like patterns in the patients, reducing the labor burden
on the therapists who were assisting in the step training.

Autoambulator: HedthSouth, the nation's largest provider of rehabilitative hedthcare
services, has developed arobotic device for automating locomotiontraining cdled the
“Autoambulator” [62]. The deviceisintended to replicate anaormal walking pattern.
Although few details on the device design are available, the patient is supported by a
hoist, and hisor her legs are seaured in a pair of aluminum rotating arms located above a
treadmill . Vitd signs, knee thigh and side torques, speed, weight, wiring voltage ae
automaticdly monitored after the treadmill beginsto move.

4.2 Other Emerging Technologies for Gait Rehabilitation
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Asfor arm therapy, virtua reality is aso being incorporated into gait therapy. For
example, at the VA Palo Alto RR&D Center, the SOR (stepping-over-responses) project
isinvestigating the potential benefits of virtual reality for improving the aility of stroke
subjectsto step over obstades. It ishypothesized that training subjectsto walk over
objects will also improve their gait patterns. To use the system, a subject wears a head-
mourted dsplay as he or she walks on atreadmill while holding onto handrailsif needed.
Simulated obstacles of various heights and lengths are presented to subjeds
superimpaosed over areal-time lateral view of the subject walking. Animage caoture
system measures the foot position, and collisions between the virtual object and the foot
are detected. Vibrotactile feedbadk is presented to the heel or toe of the foot involved in
a allision depending uponwhich part of the foat collided with the objed.

In preliminary clinicd testing, 21 chronic stroke subjects were randomized to atest
groupthat received the VR training or a cntrol groupthat stepped over red foam
objects. All subjectsreceived 6 ane-hou sessions over two weeks. Both groups had
significant improvements in olstacle dearance, walking spedd, stride length, and the
distance mvered in a6-minute walk test. There was a hon-significant trend in favor of
the VR groupin al of these parameters. Improvements were dso retained at a two-week
follow-up. Training subjedas with this VR system is expeded to be safer than
conventional training, and provide more rapid, precise and novel feedback to the patient,
which could facilitate more dfective movement strategies.

5. Future Directions

Clealy, thereisarapidly developing array of tools for automating some aspeds of
movement therapy following neurologic injury. We conclude by presenting three
important questions that will shape the development and use of this technology:

What are the key stimulants to movement recovery, andhow cantheybe enhanced
with technaogy? Currently it isunclea what the essential comporents of a successful
therapy program or technology are. Some of the many possbilities are enhancing
proprioceptive input, repetitive practice, care in grading therapy difficulty, and
guantitative or novel feedbadk of movement performance. Movement therapy
technology provides the tod's necessary to selectively control many of these comporents
and then to measure their effects. Identifying the essential comporents of therapy will in
turn allow therapy technology to beimproved in arationa, systematic fashion.

Can the benefits of the technology be made to autweighits costs? Many of the
devices described in this chapter require relatively sophisticated equipment. To becme
truly acassble, this equipment must be designed in such away that a ompany can
aff ord to produce it while rehabilitation clinics and individual users can afford to buy it.
Incorporating technologies that are massmanufadured for other appli cations may help.
Careful considerationwill need to be given to the cost of equipment aswell asits
capability.

Can auomated therapy technigues be made fool proof enoudh to be truly accessible?
Current technd ogies for automating therapy typicdly involve donring a deviceand
acaessng a software interface. Can the human-madine and human-computer interfaces
be made simple enough that the system can be used without assistance from therapi sts?
In addition, can technd ogies be designed well enough so that they are not misused to
promote harmful movement patterns? Ultimately, the acceptance of new techndogy for
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therapy will depend rot only onits restorative benefits and cost-€ff ectiveness but also on
its smplicity of use and robustnessto misuse.

References

(1]

[2]

(3]

[4]

(5]

(6]

(8]

(9]

[10]

(11

[12]

[13

[14]

S. Franz, M. Shedz, and A. Wilson, "The Possbili ty of Recvery of Motor Function in
LongStanding Hemiplegia," JAMA, vol. 65, pp. 2150-2174, 1915,

E. Taub, N. Miller, T. Novack, E. Cook, W. Fleming, C. Nepomuceno, J. Connell, and J.
Crago, "Tednique to improve chronic motor deficit after stroke,” Arch Phys Med
Rehabil, vol. 74, pp. 347-354, 1993.

S. Walf, D. Leaaw, L. Barton, and B. Jann, "Forced use of hemiplegic upper extremities
to reverse the dfed of leaned nonuse among chronic stroke and head-injured patients,”
Exp Neurol, vol. 104, pp. 125-32, 1989.

C. Butefisch, H. Hummelsheim, P. Denzler, and K. Mauritz, " Repetiti ve training of
isolated movement improves the outcome of motor rehabilit ation of the cantrally paretic
hand,” Journal of the Neurological Sciences, vol. 130, pp. 59-68, 1995.

B. Volpe, H. Krebs, N. Hogan, L. Edelsteinn, C. Diels, and M. Aisen, "Roba training
enhanced motor outcome in patients with stroke maintained over 3 yeas,” Neurology,
vol. 53, pp. 1874-6, 19909.

P.S. Lum, H. F. M. Van der Loaos, P. Shor, and C. G. Burgar, "A robotic system for
upper-limb exercises to promote recovery of motor function foll owing stroke,”
Procealings Sxth Int. Conf. on Rehab. Robatics, pp. 235-239, 1999.

L. Kahn, Z. M, R. WZ, and R. DJ, "Effead of robat-assisted and unasgsted exercise on
functional reading in chronic hemiparesis," Proceealings |EEE Enginegiingin Medicine
andBiology Conference, Istanbu, Turkey, 2001.

M. Holden, E. Todorov, J. Call ahan, and E. Bizz, "Case report: virtual environment
training improves motor performancein two stroke patients.,” Neurology Report, vol. 23,
pp. 57-67, 1999

D. Jak, R. Boian, A. Merians, M. Tremaine, G. Burdeg S. Adamovich, M. Reecceand
H. Poizner, "Virtua redity-enhanced stroke rehabilit ation,” IEEE Trans. Neural Systems
& Rehah Engng, vol. 9, pp. 308-318 2001

M. Holden, A. Dettwiler, T. Dyar, G. Niemann, and E. Bizz, "Retraining movement in
patients with aaquired brain injury usingavirtual environment,” in Medicine Meds
Virtual Reality 2001, J. D. e. a Westwood, Ed.: |OS Press 2001, pp. 192-198

H. Barbeay, D. A. McCreg M. J. O'Donovan, S. Rossignol, W. M. Grill, and M. A.
Lemay, "Tappinginto spinal circuits to restore motor function," Brain Research. Brain
Research Reviews, vol. 30, pp. 27-51, 1999.

P. Badry-Rita, "Theoreticd and Pradicd Considerationsin the Restoration of Functions
Following Stroke," Topicsin Sroke Rehab, in press

H. 1. Krebs, N. Hogan, M. L. Aisen, and B. T. Volpe, "Robot-aided neurorehabilit ation,”
IEEE Trans. Rehab. Eng., vol. 6, pp. 75-87, 1998.

B. Volpe, H. Krebs, N. Hogan, L. Edelstein OTR, C. Diels, and M. Aisen, "A novel
approach to stroke rehabilit ation: robat-aided sensorimotor stimulation,” Neurology, vol.
54, pp. 193844, 2000.



[19]

[16]

12

C. G. Burgar, P. S. Lum, P. C. Shor, and H. F. M. Van der Loos, "Development of robas
for rehabiltit ation therapy: the Palo Alto VA/Stanford experience” Journal of
Rehaltilit ation Research ard Devdopment, vol. 37, 2000.

P. S. Lum, C. G. Burgar, S. P.C., M. Maimundar, and M. Van der Loas, "Roba-asgsted

movement training compared with conventional therapy techniques for the rehabilitation of upper

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]
[26]

[27]

[28]

[29]

limb motor function following stroke.," Arch. Phys. Med. Rehabil ., in press

D. J. Reinkensmeyer, L. E. Kahn, M. Averbuch, A. N. McKenna-Cole, B. D. Schmit, and
W. Z. Rymer, "Understanding and treaing arm movement impairment after chronic brain
injury: Progresswith the ARM Guide," Journal of Rehabilit ation Research and
Devdopment, vol. 37, pp. 653662, 2000.

L. E. Kahn, M. Averbuch, W. Z. Rymer, and D. J. Reinkensmeyer, "Comparison of
roba-asssted reading to freereadingin promoting recovery from chronic stroke,” in
Integration o Asgstive Techndogy in the Information Age, M. Mokhtari, Ed.
Amsterdam: 10S Press 200Q pp. 39-44.

J. Liepert, H. Bauder, W. Miltner, E. Taub, and C. Weill er, "Treament-induced corticd
reorganizaion after stroke in humans," Sroke, vol. 31, pp. 1210-6, 2000.

R. J. Nudo, B. M. Wise, F. SiFuentes, and G. W. Milli ken, "Neural substrates for the
eff ects of rehabilit ative training on motor recovery after ischemic infarct," Science, vol.
272, pp. 1791-1794 1996.

F. Amirabddlahian, R. Loureiro, B. Driessen, and W. Harwin, "Error corredion
movement for machine assisted stroke rehabilit ation.,” in Integration d Asdstive
Tedhndogy in the Information Age, vol. 9, Assstive Techndogy Research Sries, M.
Mokhtari, Ed. Amsterdam: 10S Press 2001, pp. 60-65.

E. Protas, S. Holmes, H. Qureshy, A. Johnson, D. Lee and A. Sherwood, " Supparted
treadmill ambulation training after spinal cord injury: apil ot study,” Archives of Physical
Medicine and Rehalilit ation, vol. 82, pp. 825-31, 2001.

P.S. Lum, S. L. Lehman, and D. J. Reinkensmeyer, "The bimanua lifting rehabilit ator: a
devicefor rehabilit ating bimanual control in stroke patients," IEEE Transactions on
Rehatilit ation Engineering, vol. 3, pp. 166-174, 1995.

P. S. Lum, D. J. Reinkensmeyer, and S. L. Lehman, "Robatic asdgst devices for bimanual
physica therapy: preliminary experiments," |EEE Transactions on Rehadhilit ation
Engineeing, vol. 1, pp. 185-191, 1993.

R. Stein and H. Pedkham, Neural Prosthesis, 1992

G. Kraft, Fitts, and Hammond, "Tecdhniques to Improve Function of the Arm and Hand in
Chronic Hemiplegia," Arch. Phys. Med. Rehalil ., vol. 73, pp. 220-7, 1992.

G. Francisco, J. Chag H. Chawla, S. Kirshblum, R. Zorowitz, G. Lewis, and S. Pang,
"Eledromyogram-Triggered Neuromuscular Stimulation for Improving the Arm Function
of Acute Stroke Survivors: A Randomized Pil ot Study," Arch. Phys. Med. Rehabil ., vol.
79, pp. 570-575, 1998.

G. Burdea ad P. Coiffet, Virtual Reality Techndogy,. New Y ork.: John Wiley and Sons,
Inc., 199%4.

M. Holden and E. Todorov, "Use of virtual environmentsin motor learning and
rehabilit ation,” in Handbodk of Virtual Environment Technology, K. Stanney, Ed.:
Lawrence Erlbaum Assoc, in press pp. ch. 54.



[30

[31]

(32

[33]

[34]

[39]

[36]

[37]

(38

[39]

[40]

[41]

[42]

[43]

[44]

[45]

13

"National Institute on Disabili ty and Rehabilit ation Research Homepage. (2000. At:
http://www.ed.gov/officess OSERS/NIDRR/#LRP."

G. Burdeg V. Popescu, V. Hentz, and K. Colbert, "Virtua redity-based orthopedic
telerehabilit ation,” IEEE Trans on Rehab Eng, vol. 8, pp. 430-432, 2000.

J. Deutsch, J. Latonio, G. Burdeg and R. Boian, "Post-stroke rehabilitation with the
Rutgers Ankle system --a @ase study," Presence, vol. 10, pp. 416-430, 2001.

M. Girone, B. Burdeg M. Bouzit, and J. Deutsch, "Orthopedic rehabilit ation using the
Rutgers Ankle interface" in Virtual Reality Meds Medicine 200Q 10S Press 2000, pp.
89-95.

D. Reinkensmeyer, C. Painter, S. Yang, E. Abbey, and B. Kaino, "An Internet-based,
force-feedbadk rehabilit ation system for arm movement after brain injury,” Proceadings
of CSUN's 15th Annual International Conference, " Tedhnology and Persons with
Disahiliti es*, March 20-25, 2000, Los Angeles, CA, vol. http://www.csun.edu/cod/, 200Q

D. Reinkensmeyer, C. Pang, J. Nesder, and C. Painter, "Java Therapy: Web-Based
robatic rehabilit ation," in Integration of Asdstive Techndogy in the Information Age, vol.
9, Asddgtive Techndogy Research Series, M. Mokhtari, Ed. Amsterdam: |OS Press 2007,
pp. 66-71.

E. Taub and S. L. Walf, "Constraint induced movement techniques to fadlit ate upper
extremity use in stroke patients," Topicsin Sroke Rehahl, vol. 3, pp. 38-61, 1997.

E. Taub, G. Uswatte, and R. Pidikiti, "Constrai nt-induced movement therapy: a new
family of techniques with broad applicaion to physica rehabilit ation -- a dinicd
review," Journal of Rehabilit ation Research andDevdopment, vol. 36, pp. 237-51, 1999.

H. Barbeau and S. Rossgnol, "Revery of locomotion after chronic spinalization in the
adult cat," Brain Research, vol. 412, pp. 84-95, 1987.

M. Belanger, T. Drew, J. Provencher, and S. Rosggnoal, "A comparison of treadmill
locomotion in adult cats before and after spinal transedion," J. Neurophysiology, vol. 76,
pp. 471-491, 1996.

R. de Leon, N. London, R. Roy, and V. Edgerton, "Failure analysis of steppingin adult
spinal cas," Progressin Brain Research, vol. 123 pp. 341-8, 1999

R.D. deLeon, J. A. Hodgson, R. R. Roy, and V. R. Edgerton, "L ocomotor cgpadty
attributable to step training versus gontaneous recovery following spindizationin cas,"
J. Neurophysiology, vol. 79, pp. 13291340, 1998.

R. D. delLeon, J. A. Hodgson, R. R. Roy, and V. R. Edgerton, "The retention of hindlimb
stepping ability in adult spinal cats after the cessation of step training,” J. Neurophysiol.,
vol. 81, pp. 85-94, 1999.

V. R. Edgerton, R. R. Roy, R. de Leon, N. Till akaratne, and J. A. Hodgson, "Does motor
learning occur in the spinal cord?," Neuroscientist, vol. 3, pp. 287-294, 1997.

V. R. Edgerton, R. R. Roy, J. A. Hodgson, R. J. Gregor, and C. P. de Guzman, "Rewvery
of full weight-supparting locomotion of the hindlimbs after complete thoradc

spinali zation of adult and neonatal cas," in Restorative Neurology, Plasticity of
Motoneurond Connedions. New Y ork: Elsevier Publishers, 1991, pp. 405-418.

J. A. Hodgson, R. R. Roy, R. de Leon, B. Dobkin, and V. R. Edgerton, "Can the
mammalian lumbar spinal cord learn a motor task?," Med. Sci. Sports Exerc, vol. 26, pp.
14911497, 1994.



[46]

[47]

[48]

[49]

(50

(51

[52]

(53

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

14

R. G. Lovely, R. J. Gregor, R. R. Roy, and V. R. Edgerton, "Effeds of training on the
recvery of full weight-beaing stepping in the alult spinal cat,” Exp. Neurol, vol. 92, pp.
421-435, 1986.

R. G. Lovely, R. J. Gregor, R. R. Roy, and V. R. Edgerton, "Weight-beaing hindlimb
stepping in treadmill-exercised adult spinal cats," Brain Research, vol. 514, pp. 206-218
1990

M. Visintin, H. Barbeau, N. Korner-Bitensky, and N. Mayo, "A new approach to retrain
gait in stroke patients through body weight suppart and treadmill stimulation,”" Stroke,
vol. 29, pp. 1122-8, 1998.

V. Dietz, M. Wirz, G. Colombo, and A. Curt, "Locomotor capadty and recvery of
spinal cord function in paraplegic patients: a dinicd and eledrophysiologicd
evauation," Eledroenceph. and Clin. Neurophys, vol. 109, pp. 140-153, 1998.

V. Dietz, M. Wirz, A. Curt, and G. Colombo, "Locomotor pattern in paraplegic patients:
training effeds and recovery of spinal cord function,” Sgnal Cord, vol. 36, pp. 380-90,
1998

B. H. Dobkin, S. Harkema, P. Requejo, and V. R. Edgerton, "M odulation of locomotor-
like EMG adivity in subjeds with complete and incomplete spinal cord injury," J. Neuro.
Rehab, vol. 9, pp. 183-190, 1995.

L. Finch and H. Barbeau, "Hemiplegic gait; new treament strategies," Physiotherapy
Canada vol. 38, pp. 36-41, 1986.

J. Fung J. E. Stewart, and H. Barbeau, "The combined effeds of clonidine and
cyprheptadine with interadive training on the modulation of locomotion in spinal cord
injured subjeds,” J. Neurol. <ci., vol. 100, pp. 85-93, 1990.

S. J. Harkema, S. L. Hurley, U. K. Patel, P. S. Requejo, B. H. Dobkin, and V. R.
Edgerton, "Human lumbaosaaal spinal cord interprets loading during stepping,” J.
Neurophysiology, vol. 77, pp. 797-811, 1997.

A. Wernig, A. Nanassy, and S. Muller, "Laufband (treadmill) therapy in incomplete
paraplegia and tetraplegia,”" J. Neurotrauma, vol. 16, pp. 719-726, 1999.

A. Wernig, S. Muller, A. Nanassy, and E. Cagol, "Laufband (treadmill ) therapy based on
"rules of spinal locomotion" is effective in spinal cord injured persons," Eur. J. Neurosci.,
vol. 7, pp. 823829, 1995.

H. Barbeau, K. Norman, J. Fung, M. Visintin, and M. Ladouceur, "Does
neurorehabilit ation play arole in the recovery of walking in neurologicd populations?,”
Annds of the New York Academy of Sciences, vol. 860, pp. 377-92, 2000.

A. L. Behrman and S. J. Harkema, "L ocomotor training after human spinal cord injury: a
series of case studies," Physical Therapy, vol. 80, pp. 688-700, 2000.

M. B. Gardner, M. K. Holden, J. M. Leikauskas, and R. L. Reginald, "Partial body weight
suppart with treadmill | ocomotion to improve gait after incomplete spinal cord injury: a
single subjed experimental design," Physical Therapy., vol. 78, pp. 361-374, 1998.

S. Hesse and D. Uhlenbrock, "A mechanized gait trainer for restoration of gait,” Journal
of Rehatilit ation Research ard Devdopment, vol. 37, 2000.

G. Colombo, M. Joerg, R. Schreier, and V. Dietz, "Treadmill training of paraplegic
patients with arobatic orthosis," Journal of Rehabilit ation Research andDevdopment,
vol. 37, 2000.



[62]

15

"http://www.hedthsouth.com/hsus/HSUS/EN_US/corporate/abouths/pressroom/
autoambulator.jsp.”



