Neurotherapeutics: The Journal of the American Society for Experimental NeuroTherapeutics

Spinal Cord Injury: Present and Future Therapeutic Devices and
Prostheses

Simon F. Giszter

Neurobiology and Anatomy, Drexel University College of Medicine, and School of Bioengineering and Health Sciences, Drexel
University, Philadelphia, Pennsylvania 19129

Summary: A range of passive and active devices are under
development or are already in clinical use to partially restore
function after spinal cord injury (SCI). Prosthetic devices to
promote host tissue regeneration and plasticity and reconnec-
tion are under development, comprising bioengineered bridg-
ing materials free of cells. Alternatively, artificial electrical
stimulation and robotic bridges may be used, which is our focus
here. A range of neuroprostheses interfacing either with CNS or
peripheral nervous system both above and below the lesion are
under investigation and are at different stages of development
or translation to the clinic. In addition, there are orthotic and
robotic devices which are being developed and tested in the
laboratory and clinic that can provide mechanical assistance,
training or substitution after SCI. The range of different ap-
proaches used draw on many different aspects of our current

but limited understanding of neural regeneration and plasticity,
and spinal cord function and interactions with the cortex. The
best therapeutic practice will ultimately likely depend on com-
binations of these approaches and technologies and on balanc-
ing the combined effects of these on the biological mechanisms
and their interactions after injury. An increased understanding
of plasticity of brain and spinal cord, and of the behavior of
innate modular mechanisms in intact and injured systems, will
likely assist in future developments. We review the range of
device designs under development and in use, the basic under-
standing of spinal cord organization and plasticity, the prob-
lems and design issues in device interactions with the nervous
system, and the possible benefits of active motor devices.
Key Words: Spinal cord, neuroprostheses, plasticity, rehabil-
itation, motor function.

INTRODUCTION

Spinal cord injury (SCI) incurs significant economic
costs and has a range of significant impacts on quality of
life and longevity. Presently, therapies are limited for the
approximately 2.5 million sufferers worldwide, and the
possibilities brought into the public eye and hopes for
prospective treatments as highlighted by Christopher
Reeve and other sufferers since then remain distant.
However, steady but limited incremental progress is oc-
curring in several areas.'”® Our goal here is to review
this progress (particularly, although not exclusively, as
applied to motor prostheses), and to describe the re-
sources to further explore the different aspects of this
very broad area. To this end, we will briefly describe
some current systems (specifically the Freehand system
[NeuroControl Corp., North Ridgeville, OH] as a case
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study), we will provide an overview of the issues arising
in designing present and future motor prostheses from a
motor control standpoint, and we will survey the current
available technologies and their possible extensions and
future applications.

Given the range of segmental levels and severity of
injury that can occur, there are a variety of needs and
issues to be explored. For example, surveys of paraplegic
patients indicate that leg use is significantly less of a
priority than bowel, bladder, sexual function and auto-
nomic dysreflexia.” For quadriplegic patients, arm and
hand manipulative skills take priority. Freedom from
ventilators is primary for high quadriplegia. Pain and
spasticity are issues for most individuals with spinal cord
injuries across the range of the segmental levels and
degrees of completeness of injury. Several of the non-
motor issues arising are addressed in detail in other ar-
ticles in this volume. We will primarily focus here on
restoration of motor control and its associated technolo-
gies. However, some of these techniques and therapies
may have applications broader than motor control.
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SCI therapies can be divided into several classes after
the immediate emergency treatment and stabilization af-
ter trauma. Some treatments target the immediate
changes after the injury, minimizing inflammatory and
apoptotic reactions. Other approaches seek to restore or
substitute lost functions by means of cellular transplants
of various types: 1) autologous or heterologous periph-
eral nerve, Schwann cells, olfactory cells, 2) embryonic
CNS (spinal or other) tissues or stem cells and progen-
itors, 3) adult stem or progenitor cells, 4) genetically-
engineered cell lines, and 5) activated macrophages. Yet
other approaches use a range of noncellular molecular
therapies to attempt to control the responses and plastic-
ity of injured tissues over the long term. For example,
agents causing alterations to the extracellular matrix
(such as chondroitinase®) and artificial (or prosthetic)
tissue scaffolds and substitutes® may be used to promote
plasticity and possible regeneration of the injured tis-
sues.” In general, these approaches are reliant on the
“good sense” of the injured CNS to find appropriate
cellular targets in sprouting, regeneration or novel cir-
cuitry to promote improved function.'* However, in
principle, plasticity can be both an ally and an enemy in
the sequelae of the SCI and recovery of function.'®!!
Many developmental “signposts” are transient, whereas
critical periods and other activity-dependent cues may
not be readily recapitulated in the injured spinal cord.
With these issues arising, surgical interventions organiz-
ing completely novel but more predictable connectivity
have been proposed, developed and tested in animal
models. Such interventions may finesse some of the dif-
ficulties arising in re-establishing a functional circuitry.'?
Finally, active devices may be used to bridge, activate,
train, augment and substitute various motor control func-
tions compromised in the injured spinal cord and CNS.
These latter devices are the main target of this review and
will be elaborated on in more detail as follows.

The likelihood is that ultimately, combinations of cel-
lular therapies, acellular therapies and passive and active
prostheses may be needed for the best outcomes after
SCI. Combinations present their own set of problems: a
combinatorial explosion occurs leading to increasing com-
plexity in an animal study or clinical trial design with in-
creasing needs for more and more subjects to obtain statis-
tical significance.'> However, despite these daunting
considerations, it is likely to be useful to always keep in
mind the differing approaches and possible synergies, es-
pecially in considering novel devices and designs.

CURRENT DEVICES AND PROSTHETICS

From the point of view of the Food and Drug Admin-
istration (FDA), devices exclude cellular therapies. Ac-
tive devices and passive, bioengineered matrices for re-
pair form FDA defined neuroprostheses.'*'?
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Prosthetic device classification

In considering prostheses in SCI we can examine them
from several perspectives: by target function and role, by
target tissues and interface or by technical type.

Passive spinal cord prostheses or devices based on
artificial matrices combined with FDA-approved neuro-
trophins and cytokines to promote cell survival, regen-
eration and plasticity for novel connections are currently
at the stage of experimental animal testing. Based on
target function, active spinal cord prostheses are cur-
rently available for: 1) pain management,'® 2) bowel
bladder management,'” 3) spasticity management'® and
4) motor control of limbs and trunk. These are detailed in
the following sections.

In addition there may be a place for active spinal
prostheses in autonomic dysreflexia. Autonomic dysre-
flexia is a little explored area from the perspective of
prostheses, but several clinical reports suggest that it may
be an interesting target for devices, and autonomic con-
trol devices are under development.'®*° Dysreflexia can
be an indicator of other issues in patient management,
and its suppression might require other monitoring.

In a prosthetic classification based on degrees of inva-
siveness and target tissues, prosthetics range from tem-
porary prosthetic applications used as rehabilitative ro-
botic tools through externally worn passive or active
orthotic interventions in the periphery, peripheral trans-
cutaneous stimulators, implanted peripheral functional
electrical stimulation designs, dorsal root ganglion and
root implanted multi-electrode implants, epidural and in-
traspinal stimulators and cortical brain machine inter-
faces.*>?!

Each level of intervention carries with it a differing set
of issues, both from basic science and clinical perspec-
tives. Clearly, the ideal intervention is a “smart” pros-
thetic that is minimally invasive with maximal band-
width for recording, stimulating or functional capability.
In practice, we are limited by our current technology, by
our understanding of basic science of neural functions
and by our understanding of user interface needs in a
prosthetic device. These limits force compromise ap-
proaches that can seem relatively “dumbed down.” How-
ever, there is increasing pressure and impetus to move
beyond these limits in technology and understanding.
This impetus is coming jointly from public, government
and academic communities.”*>* Much of this focus of
attention is on the difficult issues of motor function res-
toration.

Clinical devices for the motor system after SCI
Probably the most successful current applications of
motor prostheses in SCI have been in tetraplegia and
hemiplegia. The hand-grasp system, with augmentative
surgical procedures in the hand, has been very effective
and has improved quality of life for hundreds of individ-
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FIG 1. The Freehand Hand Grasp system. The second generation device is fully implantable, excepting the grasp controller. Sensing
from the implanted magnetic joint angle transducers is used to detect wrist motion. This is communicated to the external controller
through the coil. Programmed stimulation and power of the implanted hardware is also provided through this coil. Epimysial electrodes
are implanted for stimulation. Proportional control of grasp is controlled through wrist or shoulder motion. Used for C5/C6 motor
complete injuries; the system has a very significant impact on activities of daily living for the recipients.

uals (see as follows). A range of foot drop prostheses
have application to hemiplegia. Standing and transfer
prostheses in C6 to T9 SCI have also been very effective.
These have been very thoroughly reviewed.”>~2’ The
technologies available for prostheses are evolving rap-
idly and a range of novel therapies may also rapidly
become more feasible. The control options, designs and
strategies, and animal experiments supporting them will
form the basis of the remainder of this review.

The Freehand system: a case study

The Freehand system is very well designed prosthetic
system, which has gone through several generations, ex-
tensive testing and commercialization.?® It demonstrates
most, if not all, of the basic issues in providing a device
to spinal cord injury patients.

The goal of this prosthesis is to provide a hand grasp to
individuals with motor complete injury at the C5-C6 level.
Stimulation strategy, control methods and user interface for
the device are well worked out (Fig. 1). Epimysial elec-
trodes are implanted in the muscles of the hand and fore-
arm. These muscles are stimulated to generate grasp forces.
In the first generation devices, stimulation for grasp was
controlled by motions of the shoulder, which were mea-

sured by using external goniometry. This strategy is feasible
in both C5 and C6 injuries. Stimulation patterns are cus-
tomized to the individual, there is rehabilitation support and
where needed, augmentative surgical procedures and ten-
don transfers may be added. Thus, a broad and integrative
approach to restoration of function is taken by using a team
of clinicians and engineers.

In the later iterations, in a refinement for C6 patients,
grasp force is instead generated based on wrist motion
detected with implanted sensors. Control of the stimulation
is derived using coordination with the tenodesis grasp in use
by subjects before device incorporation. This wrist-based
control is significantly more intuitive than that used in the
earlier device designs, which used shoulder-based controls.
Pinch forces of up to 25 Newtons can be achieved. The
device improves activities of daily living, and patient sat-
isfaction with the device is high. Quality of life was re-
ported to be improved in about 88% of the users surveyed.
The implanted stimulation systems are preferred to surface
or percutaneous systems on several grounds. The system
was approved by the FDA in 1997, and a company was
formed to commercialize the device. Despite these many
successes, the device itself is no longer a central component
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of the business strategy of the commercializing company,
and significantly fewer new systems have been implanted
than were anticipated since FDA approval. The devices
have continued to be supported as a pro bono legacy, but
the patient base was much smaller than initially estimated,
to the point that revenues were reportedly insufficient to
support a major focus of company operations. This issue
arises particularly as more lucrative opportunities and rev-
enue streams occur based on company intellectual property
and expertise. The clinical applications are then effectively
“orphaned.” This outcome is a significant concern for the
developer and commercializer of the clinical prosthetic
technology. This is a real potential pitfall in ensuring that
needed devices reach the patient population and continue to
be improved after their initial commercialization.

Therapeutic benefits of spinal cord prostheses
Benefits of bladder and pain prostheses, the BION
systems (under development and clinical testing through
the Alfred E. Mann Institute, University of Southern
California), and brain computer interfaces (BCIs) are
documented in other articles in this volume. There are a
range of more or less established benefits of spinal cord
motor prostheses that have been documented for clini-
cally implemented systems® * as reviewed by Barbeau
and colleagues®® and by Dobkin.*° Functional electrical
stimulation (FES)-assisted walking systems with pero-
neal nerve stimulation and locomotor training provided
both faster and more efficient (lower oxygen consump-
tion) locomotion. H-reflex testing showed that reflex
modulations had weakened after SCI were improved.
Ankle stiffness measures were altered, with intrinsic
stiffness gain increasing by 97%, passive stiffness gain
decreasing by 39% and reflex stiffness gain decreasing
by 89%. Prostheses can be used to improve range of
activities of daily living, effect physiological changes
and ambulatory systems in the future may remove ac-
cessibility barriers that remain in many kinds of travel or
activity, despite increased removal of environmental bar-
riers for wheelchair use in many cultures. The likelihood
is that a range of other issues, such as pressure sore
incidence, pain levels, hyperreflexia and autonomic dys-
reflexia may be influenced positively by motor training
or prostheses. In animal models, a range of benefits of
activity in cardiovascular function, muscle mass, bone
density and presence of trophic factors in the CNS and
periphery have been examined rigorously.*>—%

CONTROL AND DESIGN STRATEGIES FOR
CURRENT AND FUTURE MOTOR
PROSTHESES: A MOTOR CONTROL
PERSPECTIVE

The ideal motor prostheses are easy to use and adapt-
able to many tasks. The goal of this section is to provide
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an overview of how the design of prosthetics may be
impacted by our current understanding of motor organi-
zation and motor learning. In considering how to achieve
such a smart prosthetic for use after SCI it makes sense
to consider the operation of the intact spinal cord and its
contributions to motor control.

The intact system

Normal motor function and the role of the spinal cord
are both important in current and future prosthetic de-
signs. A key issue in normal motor control and its de-
velopment that may act as a major constraint on the
organization of movement and the extent of hierarchy in
its control and development is the “degrees of freedom”
problem. This is also an issue for the designer of a
prosthetic and ideally the engineered and biological so-
lutions blend seamlessly.

The motor control problem and the degrees of free-
dom problem. Consider a motor task such as inter-
cepting and trapping a soccer ball with the foot. The pass
is a poor one and the ball is traveling about 3 feet above
the ground. The nervous system must accomplish several
things. The ball trajectory must be rapidly predicted, the
range of possibilities on the field evaluated, a plan of
action selected, a kinetic plan elaborated and this plan
implemented and executed adaptively based on condi-
tions encountered. The implementation and execution
stage alone is of daunting complexity. An excess of
degrees of freedom is available at the joint level for
positioning the limb. There is also a significant redun-
dancy in the muscles available to generate torques at
these joints, and in choosing the compliances of the
joints through the motion. This embarrassment of riches
make the issue of choosing the best limb postures, the
best trajectories and the best muscle activation patterns
potentially very complex (the so-called “curse of dimen-
sionality”). For example, Wolpert and Ghahramani®’
point out that human “muscle space” comprises about
600 muscles. Considering only binary activation of these
muscles leads to 2°°° patterns, which equals a number
larger than the estimated count of atoms in the known
universe. The first clear statement of the degrees of free-
dom problem in motor control outlined here was made
by Bernstein. The available degrees of freedom are pow-
erful, if engaged appropriately. They enable immense
flexibility and afford rapid use of novel tools and new
motor strategies. Similar forms of leg motions to those
intercepting a pass might instead be adapted to kick the
soccer ball into the goal, to execute the grand battement
of a dancer or to drive a crescent kick designed to break
bone by a martial artist. Each has a different goal in
terms of the kinematics, the kinetics, and the control of
force and interaction with external objects; therefore,
different muscular and joint compliances are needed. All
of these are learned. Stepping over ground has much in
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common with these motions, but it also seems to have a
much stronger innate component. The process of learn-
ing may be “bootstrapped” by such innate mechanisms.

Spinal capabilities.  Historically, strong evolution-
ary pressures have favored low level neural structures
that support a basic repertoire of movements. Consider a
wildebeest calf born on the plains of Africa or a hatchling
turtle on a Caribbean beach. Both will soon be devoured
if they fail to rapidly organize directed locomotion. In
fact wildebeest calves move with the herd within a few
hours, and the mechanisms supporting this movement
have significant spinal cord interneuronal circuitry
components.

Spinal circuitry: pattern generation and modular-
ity.  The basis for the rapid organization of locomotor
function in the wildebeest seems to be a set of modular
spinal cord structures. These comprise modular pattern
generators and, more controversially, primitives.*® These
represent an innate capacity to organize behaviors like
locomotor stepping. These capacities were preserved
through evolution and clearly persist into the human
infant.*! Modular organization can be extracted statisti-
cally and examined in intact adult human locomotion and
reaching.*? Central pattern generators represent the ca-
pacity to generate basic patterns such as locomotor gait,
breathing or swimming in the absence of any phasic
sensory feedback in isolated CNS, such as lumbar spinal
cord.*® Primitives represent modular subunits of these
patterns that are re-used and may be recruited in flexible
ways. This strategy helps the CNS to rapidly adapt and
correct the innately structured patterns across different
context and perturbations.** Tt is believed that both pat-
tern generators and primitives may help “bootstrap”
skilled movement and remain as components of volun-
tary movement. Some of the execution details and coor-
dination of voluntary movements may be deferred to
these spinal systems, freeing the brain of some execution
concerns so that we can talk as we run.

Corticospinal control and augmentation of spinal
pattern generation. When the cortex organizes highly
practiced voluntary movements, it is likely that it has
expectations of the modularity and behavior of these
spinal systems. Some of these are built through devel-
opment, and there is likely to be co-adaptation in the
corticospinal system through development. Cortical rep-
resentations provide the fractionation and flexibility
needed to move beyond the automaticity of lower animal
motor controls. After postnatal day 1 or day 2, thoracic
spinal transection in the compensatory corticospinal ad-
aptations and representations of a rat may play a major
role in 20% of such rats that develop weight-supported
autonomous locomotion of hind limbs, despite complete
thoracic spinal transection.*>**® The corticospinal inter-
face is adapted and elaborated in critical periods.*’ Tt is
hypothesized that the P1/P2-injured rats are capable of

learning cortical (and other) control of “the new inter-
face” generated in thoracic spinal transection, and in
ways that adult injured rats are not, after being long past
their critical period plasticity.

Brain-driven plasticity in spinal cord. The cortex,
in cooperation with other descending pathways, is also
now known to be able to drive plastic changes in the
spinal cord. Cortical and cerebellar mechanisms are in-
volved in embedding a variety of long-term changes in
the spinal cord.®> In monkeys, rats and people, the H-
reflex can be conditioned to increase or decrease its gain.
These changes become embedded in the spinal circuitry.
However, such plastic mechanism effects do not abolish
pattern generation or spinal reflexes, such as grasp. In-
stead they are likely to play roles adapting them more or
less subtly to novel task demands and styles of motion. In
animal models, after peripheral cutaneous nerve lesion in
cats, there is significant compensation, restoring locomo-
tor patterns. Much of this compensation becomes em-
bedded in the spinal mechanisms.*® However, we do not
fully understand how important the continued shaping is
by these descending mechanisms. Such overt shaping is
clearly lost in severe SCIL

Intrinsic spinal plasticity. The spinal cord circuitry
and its pattern generator systems exhibit an intrinsic
goal-directed plasticity even in isolation. This has been
demonstrated across species in vitro**>® and in vivo. In
the instance of the peripheral nerve lesions®' explored by
Bouyer and Rossignol,*® the spinal cord of cats experi-
encing the peripheral lesion prior to spinal transection
fares worse than a cat with neurectomies postlesion in
the short term. Presumably, this is a reliance on descend-
ing controls and inputs developed before the lesion.
However, both types of spinalized cats ultimately show
measures of compensation due to intrinsic and purposive
plasticity. The spinal cord in isolation exhibits a range of
adaptive responses that occur on multiple time scales,
balancing contributions of different reflexes based on
cutaneous or muscle nerve lesions**>'>2 or training and
motor experience postlesion.>® These training effects are
seen in the clinic as well as the laboratory.>*

The intrinsic plasticity of spinal cord, its modular
functionally organized circuitry and its capability to or-
ganize (locally) purposive movement is partly the basis
of several rehabilitation approaches.

Spinal organization as a set of potential targets.

The principal upshot and take-home message of this
discussion is that spinal cord prosthetics may be able to
use these modular spinal cord systems. This is possible to
the extent that the modular spinal systems persist and
remain functional after SCI, and that they can be sensibly
recruited and adapted to use. These modular mechanisms
automatically solve certain degrees of freedom issues,
recruit motor pools in size order and may interact in a
sensible way with other spinal circuits. Thus, they may
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considerably simplify parts of the task of construction of
prostheses and comprise systems that are more intu-
itively controlled, whether directly by the brain or less
directly through the use of prostheses. In addition, vari-
ous prostheses organized extrinsic to spinal cord cir-
cuitry may very well alter the behavior of the spinal cord
systems separated from voluntary control due to their
intrinsic plasticity. These interactions could assist or in-
terfere with improved function and the effect will depend
on the design, context and training used with the
prostheses.

Strategies for restoring functions after SCI

After SCI, descending control of specific motor pools
needed for specific tasks may be lost. The local spinal
controls may be intact or damaged, but are altered by
nature of the lost descending control. Sprouting by neu-
rons both below and above the lesion to occupy synaptic
territories vacated by severed or dying axons may be
either assistive or destructive in useful function postle-
sion. Different strategies for prostheses construction at-
tack these issues in very different ways.

Direct motor pool controls

By far the most common prosthetic strategy is to iden-
tify muscles needed for tasks, but lost to descending
controls, and to provide a new channel of conscious
control to the user usually by peripheral or surface stim-
ulation. Thus, the user of the Freehand hand grasp sys-
tem uses shoulder muscle control to activate and regulate
appropriate finger muscles that are no longer accessible
by descending control to execute functionally appropri-
ate grasp, grip and carrying operations. The strategy need
not be “normal” and is an open loop in the sense that the
feedback and knowledge of results is purely visual.

PATTERN COMPLETION AND INFERRING
MOTOR INTENTS

An alternate strategy employed by Kirsch and col-
leagues®® is to use a combination of electromyogram
(EMG) recordings in intact individuals, biomechanical
modeling and modeling of residual capabilities through
the FES system to design a “pattern completion” style of
control. Based on the muscles voluntarily recruited, the
system uses predicting algorithms to pattern match and
complete controls of the FES controlled portions of mus-
culature. If motor pool loss has occurred, the biome-
chanical modeling allows a best match of the residual
muscle activation to achieve the needed mechanics. The
user thus does not learn odd or novel patterns, but rather
the prosthesis uses the muscle activation patterns nor-
mally used to infer the appropriate prosthetic control.
This is a strategy applicable to FES or exoskeleton and
orthotic control. It is also partly the basis of the foot drop
prostheses for hemiplegia (e.g., dorsiflexing the foot
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whenever the patient flexes his or her hip). It relies on the
modularity or stereotypy of normal proximal muscle
function. In principle, the prosthesis and user might co-
operate to expand the functional domain.

STIMULATION TO ACTIVATE RESIDUAL
FUNCTIONS

Stimulation of either peripheral or central structures
can be used to activate or augment the residual functions
in the spinal cord below the lesion. This technique has
been used with peripheral nerve stimulation to drive
flexion via spinal reflex circuits. Work on intact and
computer-modeled cats and rats is gradually unraveling
the range of sensory feedback mechanisms that trigger,
regulate and phase reset the gait pattern and stance and
swing at segmental levels.’® By tapping into these sys-
tems, a locomotor “pattern completion” or augmentation
may be achieved when nerve or skin stimulation can
selectively recruit the different controls. This strategy
was introduced early.”’ It is used in the Parastep system
(Sigmedics, Inc., Fairborn, OH),>® wherein patients can
control their own legs through switches on a walker, and
the various foot drop systems. It is being tested more
broadly in a cat model of locomotion and gait control, by
Rybak and colleagues.’® They use fictive circuit analysis
of spinal cord, neural and biomechanical modeling, and
detailed EMG and kinematic recording to tune their in-
tervention strategy. The notion is that the prosthetic
builder will design and tune the system based on princi-
pled modeling and data acquisition to achieve gait sta-
bility and desired kinetic and kinematic outcomes.

Using H-reflex training in incomplete SCI in a rat
model, Wolpaw® and Chen and colleagues® have now
demonstrated that device-based training can promote gait
compensation. The use of devices in combination with
residual plasticity and function to steer plastic changes in
appropriate directions is a very exciting prospect.

THE NUTS AND BOLTS OF PROSTHESES
FOR RESTORATION OF MOTOR FUNCTIONS
AFTER SCI

Motor prostheses perform several sets of tasks de-
pending on whether they are designed as open-loop or
closed-loop devices with the user and environment, and
depending on the autonomous computation and control
embedded in the prosthetic. The goal of this section is to
overview the technical options in prosthetics design.

Prostheses structures

All perform at least three basis tasks and are used in
specific contexts (Fig. 2): 1) acquisition of user signals,
2) processing/control, 3) actions: stimulation/output, and
4) protocol/context/application switching or enabling.
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In addition a smarter prosthetic*?> may incorporate
feedback and local controls: 1) “smart prosthetic” acqui-
sition of information about the environmental state, 2)
processing/control and integration of user and environ-
ment information, 3) delivery of actions at user and/or
device environment or target interfaces.

Spinal prostheses will always interact with the nervous
system, either directly or indirectly, both above a spinal
cord lesion and below the injury (Fig. 2). Above the
lesion, user intention and intact voluntary systems are
used in some way to drive the prosthetic. There may also
be direct feedback through some sensory prosthetics to
mimic normal kinds of sensation. Below the lesion, the
prosthesis either directly recruits the nervous system or
can elicit responses and plasticity in the parts of the
spinal cord separated from brain controls through im-
posed motions on the periphery. These interactions may

make design of appropriate controls for a prosthetic quite
complicated. Depending on the residual function, sever-
ity of injury and type of control provided by the designer
of a prosthetic, the brain may be asked to take on tasks
normally managed by the spinal cord or adapt to a frame-
work that is foreign by nature of the types of action and
feedback control available to it. The brain is highly
adaptable, but (like the designer of a cellular transplant)
the designer of a prosthetic will ideally provide an inter-
face, connectivity and means of control that do not depart
too radically from normal intact adult function. The pros-
thetic control system may be built as an adaptive con-
troller and the neural controls the prosthetic interacts
with certainly are also plastic and adaptive systems. This
presents a range of issues in control design and engineer-
ing that must be solved and better understood. A signif-
icant set of issues in the design of the prosthetic revolve

Neurotherapeutics, Vol. 5, No. 1, 2008



154 GISZTER

around the degrees of freedom problem and CNS mod-
ularity. Depending on the level of interaction of the
prosthetic and its nature (e.g., a spinal-cord neural driven
smart leg orthosis for an amputee or SCI victim), the
degrees of freedom problem can be very severe. The goal
of smart prostheses that do not “dumb down” the subtlety
and elegance of biological motor control is to face this
issue.

Prosthetic targets, technologies and their uses

Both acquisitions of signals and stimulation of the
nervous system form important components of current
prostheses. The process of implanting and stabilizing
electrodes can support either application, but the detailed
fine design of the electrodes will differ based on appli-
cation. We hope the reader will keep this in mind
throughout the survey presented in this section. Both
invasive”® and noninvasive** brain machine interface
systems are extensively covered elsewhere. These may
form a major source of user signals in future spinal
prostheses. However, a range of interactions in the seg-
mental motor system are also needed and can be
achieved in a variety of ways. These are all areas of
development and improvement. Our treatment here in-
cludes both clinical and animal model device develop-
ments.

Peripheral prostheses

The first class of prosthetic systems interact in the
peripheral segmental nervous system (e.g., the Freehand
system previously discussed). Extensive reviews are pro-
vided by Navarro and colleagues,” Bhadra and col-
leagues,26 Peckham and Nutson,?” and Kilgore and col-
leagues.”® In general, there is a trade-off between
invasiveness and the dual goals of selectivity and stabil-
ity in peripheral interface designs. In degree of invasive-
ness, these range from surface electrodes through im-
planted sieve electrodes in which a peripheral nerve is
cut and grown through a grid. For any of these motor
prostheses, anterior horn cells must be intact.

Surface systems. Both muscle and peripheral nerve
stimulation and (EMG) recording can be achieved from
the skin surface.?>°

Transcutaneous muscle or nerve stimulators as
output. These are routinely used in rehabilitation ap-
plications, and are often used in preliminary research or
initial testing for fitting of prostheses. Their use may
cause some pain or unwanted skin sensation and cosme-
sis is poor. Nonetheless, many candidates for prostheses
avoid the invasive systems in favor of these where fea-
sible, and their use is easily reversible.?>2°

Surface EMG as a signal source. For myoelectric
control, the noninvasive nature of surface EMG is sig-
nificantly outweighed by the difficulties of calibration,
variability and potential fragility of the recordings. How-
ever, surface EMG is nonetheless used as a control input
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in prostheses for foot drop and arm prosthesis. Multi-
channel high-density surface EMG augmented with
modern signal processing approaches may considerably
improve the information obtained.®!

Percutaneous systems. Percutaneous systems can
target deep muscles not accessible to transcutaneous sys-
tems, and they have minimal stimulation-associated pain.
They can be used to assess patient suitability for im-
planted prosthetic systems, and they can be quite
robust.?’

Indwelling Systems.  Chronic applications ulti-
mately require indwelling systems. A range of technol-
ogies can now support these, with more technologies on
the horizon.

Epimysial electrodes. Epimysial electrodes allow
chronic access to deep muscles and have been very suc-
cessfully applied in the Freehand hand-grasp system?®’
and also for standing.®? However, these electrodes suffer
the problem of nonphysiological motor unit recruitment
and consequent fatigue.

Intramuscular electrodes. BIONS as intramuscular
electrodes are reviewed in another contribution to this
volume.

Epineural electrodes. These electrodes comprise
recording or stimulating sites on a longitudinal strip of
biocompatible material such as Dacron-reinforced sili-
cone rubber that is gently sutured to the epineurium.?
Alternatively, cylindrical electrodes can be percutane-
ously placed.®*

Circumneural or nerve cuff electrodes.””*> Helical
cuffs are readily implanted and present little stress on the
nerve, but they have less selectivity than split cylindrical
or spiral cuffs. Spiral cuffs are carefully fitted to the
nerve (e.g., those used clinically for vagal nerve stimu-
lation) and provide selectivity®® due to the insulating
material, but they may generate nerve damage if they are
not carefully fitted.®” A range of electrode placements
with cuffs is now extremely well-characterized, with tri-
polar being preferred in practice. Potentially, new tech-
nologies and materials might further improve on the cuff
design.?*®® Ideally, focused recruitment of small fasci-
cles is needed in all peripheral nervous system stimula-
tion applications.

Flat interface neural electrodes (FINE). Nerves
are malleable and stretchable on a longer time scale®
and a novel design uses this observation’® to gradually
invade a nerve or more recently, to flatten a nerve over
time. The result is that fascicles become arranged in a
ribbon cable like geometry rather than as a cylindrical
cable as often is routinely observed. However, in fact,
some nerves are physiologically flattened already in vivo.
This approach makes focused fascicle stimulation more
feasible, using a flat interface multi-electrode cuff.

Intrafascicular (longitudinal penetrating) elec-
trodes. An alternate strategy to surrounding and iso-
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lating bundles of nerve fascicles is to insert electrodes
among them. This approach has been pioneered by Yo-
shida and Horsch.”' Applications have been limited as
yet.

Prong/tine (transverse penetrating) electrodes.

Several approaches to multi-tine electrodes have been
developed. Branner, Normann and colleagues’ have de-
veloped the Utah array comprising 100 electrodes in a
regular 10 X 10 grid of tines customized for peripheral
nerves. Such arrays, pneumatically inserted into the pe-
ripheral nervous system (e.g., into cat sciatic), provide
long-term selective stimulation capabilities, but record-
ing capacities have been, in contrast, significantly short-
lived (i.e., only for a few weeks).”?

Sieve (cut nerve) electrodes. Edell’* and Stieglitz
and colleagues’> have independently explored a range of
sieve electrodes in which a nerve is severed and grown
through a sieve of recording sites. This approach likely
has its main applications in amputees or perhaps in pro-
viding substituted peripheral feedback routes above a
spinal transection that can pass through and be processed
by all the normal somatosensory way stations.

Photic stimulators. Light has been tested as a pe-
ripheral nerve stimulation device.”®’” The packaging
and clinical use remain unclear, but this method under
development requires no special transfection or chro-
mophore and channel insertions. Specificity of fascicle
targeting within a nerve with such stimulation remains to
be developed.

DORSAL ROOT GANGLIA STIMULATION
AND RECORDING

Dorsal root ganglia have been recorded using multi-
tine Utah arrays and “hatpin” electrodes (originally
named for their sharp probe and electrode, protruding
from a blunt, rounded base that sits on top of the pia, and
its similarity to a 19th or early 20th century “lady’s
hatpin”), but chronic stability issues in the recording
applications still need to be fully addressed.

SURFACE SPINAL CORD AND ROOTS

Targeting spinal cord for stimulation and recording of
signals around or below a spinal transection may be
feasible. However, the intraspinal experimental systems
used in animal models remain fraught with difficulties
under chronic conditions due to the motions and mechan-
ical environment in the spinal canal. However, epidural
stimulation is well established, and experimental designs
to improve it or allow focused spinal electrode stimula-
tion with flexible surface arrays are under way.

Epidural stimulation.  Epidural paddle stimulators
serve a range of purposes as discussed in other articles in
this volume. They may be preferable to percutaneous

epidural stimulators despite the increased invasivness.’®

In animal models and in some human tests, epidural
stimulators can activate pattern generators and may con-
tribute to controlling extensor and antigravity tone.

Spinal surface systems. Flexible electrode systems
suitable for wrapping over or around parts of the pia and
adjacent to the spinal cord are under development in
several laboratories. See Spence et al.” for an unusual
use.

INTRASPINAL INTRAMEDULLARY DEVICES

Intraspinal intramedullary electrodes are fraught with
difficulty in chronic application. However, several de-
signs have been used acutely or chronically. The McCre-
ery laboratory has developed custom built tines to obtain
the penetration needed for sacral bladder control in a cat
model.®® The Utah design has been used acutely in the
rat spinal cord by Yang and colleagues.®' The Utah
design was used by Yang, working with Jack Judy and
the Edgerton group. The depth of penetration of the Utah
design and the extensive motion of cord during locomo-
tion are issues being addressed. Microwires have been
extensively tested, but with mixed results, in the cat
spinal cord by Mushahwar and colleagues.®? In general,
these have been used with a goal of deep placement
among the motoneuron pools. The main difficulties, be-
sides long-term stability, are precise targeting with mi-
crowire approaches. Michigan probes are flat silicon wa-
fer single or multi-tine electrodes that are now
commercially available to laboratory investigators.®®
These are effective in the spinal cord in frogs and cats in
acute conditions, but these are again difficult to use
chronically.

Floating systems. “Floating electrode” implants are
the “holy grail” of neuroprostheses. Ideally, dense re-
cording sites are integrated into the tissue so they “float”
or move freely with the implanted tissue as needed.®*
Brain accelerations of several times gravity can occur in
active behaviors, and the flexing and motion that occurs
in the spinal cord is even more severe. One method to
achieve a floating electrode assembly that is receiving
considerable effort is the use of wireless telemetry and
teleoperation with integrated on chip amplification and
communication added to the embedded electrode system.
Great strides are being made in this area.®> An alternate
approach is to make the electrodes and wire leads capa-
ble of significantly more compliance than possible in
current electrode designs. Working with materials and
textiles experts, we (Giszter and Ko, unpublished results)
have been exploring the use of braided and woven com-
posites, which can be jammed or unjammed and altered
in vivo as an electrode manufactured approach. For the
spinal cord, in particular, this technology, which is now
under United States and international patent review, may
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offer significant improvements over more conventional
designs for floating electrode systems.

FUTURE DIRECTIONS IN PROSTHESES FOR
SCI

Several approaches are in the experimental stages, but
offer considerable near-term promise.

Spinal stimulation for residual functions

There are several strategies of central stimulation that
have now been explored.

Epidural stimulation.  Although spinal circuitry for
organizing various types of movement exists in the spi-
nal cord, these circuits are quiescent in mammals, unless
strongly activated in some fashion. In the intact system,
a cocktail of neuromodulators and descending control act
to recruit and steer the circuitry as previously discussed.
After adult spinalization, cats or rats require tail pinch or
perineal stimulation to induce stepping through the pat-
tern generators. In man, epidural stimulation can induce
stepping.®® It has been explored in animal models as a
means of activating lumbar pattern generator functions
after spinal cord injuries.®’~®° Implanting epidural stim-
ulators above the lumbar and sacral segments, Edgerton
and colleagues®® discovered that they were able to acti-
vate pattern generation and stepping at L2, and increase
antigravity extensor forces at S1 in rats. The process of
recovery and recruitment of bipedal treadmill stepping
with epidural stimulation was paralleled by recovery of
polysynaptic reflexes.®” Their data parallel data in the cat
using the dorsal column, dorsal root and intraspinal mi-
crostimulation to induce stepping in cats.”®?" Epidural
stimulation is a relatively coarse but effective means of
engaging spinal circuitry. Alternative methods of poten-
tially greater precision must penetrate and stimulate
within the spinal cord.

Intraspinal stimulation. The potential advantages
of electrical stimulation within the spinal cord are sev-
eral-fold. First, stimulation of interneuronal or afferent
systems rather than motor nerves has the potential to
recruit target motor pools in size order and finesse issues
of recruitment order and fatigue that can limit therapeutic
effect in peripheral stimulation. Second, to the extent that
spinal circuitry is appropriately engaged by stimulation,
the powerful integration of information built into biolog-
ical motor control solutions (i.e., pattern-generating cir-
cuits, reflexes, primitives) may be used. Finally, greater
precision of control may be possible by accessing all
spinal circuitry at multiple levels, if the technology per-
mits. Early efforts in basic science and animal models
have shown that intraspinal stimulation can be used to
recruit pattern generation,”” and modular elements or
primitives,”*~*> as well as motor pools with a more nat-
ural ordering.”® The stimulation seems to tap into and
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recruit a modularity that is also being established by
other means in both animal®’*® and human research.”

The potential power of intraspinal microstimulation
(ISMS) is limited by our incomplete understanding of
spinal circuitry and topography of the immediately re-
cruited target elements and the interactions among mul-
tiple stimulated sites. In spinalized frogs'® and chroni-
cally spinalized rats,”* motor pool recruitment by single-
point ISMS seems to have a crude topography. This is
also seen in cats.”%!9-10!

In several studies, individual motion ele-
ments were identified with the trains of stimulation used,
which was restricted to grey matter. As a result of
chronic transection and deafferentation in frogs and rats
in these studies, we know part of the ISMS results come
from propriospinal system activation, not simply affer-
ents, although these are also likely involved when
present. These studies focused on ipsilateral isometric
force and EMG responses. Several classes of movement
elements were found in Barthelemy and colleagues,”
who stimulated both white and grey matter, used pro-
longed trains, and recorded kinematic and EMG re-
sponses as follows: ipsilateral nonlocomotor motions,
bilateral and contralateral nonlocomotor motions, con-
tralateral locomotor motions and bilateral locomotion.
Barthelemy and colleagues® were especially interested
in locomotion and detailed topography in their cats.

Barthelemy and colleagues®®®' found a motor re-
sponse topography using single-site train stimulation in
their cats. However, it is also clear that the topography of
ISMS results may be state and experience dependent.
They found that trained chronically spinalized cats dif-
fered in some regards from untrained chronic spinalized
cats. However, these differences more or less disap-
peared after clonidine administration. Similarly,
Boyce,'** working with Lemay, found that after different
therapies using combinations of cellular transplants and
training in chronic spinalized cats, the proportions of
representations of different response types altered.
Boyce,'"> working with Lemay, did not explore
clonidine effects on “normalizing” maps. In contrast to
the chronic spinalized cat studies of these groups, more
rapid examinations of responses in the period of spinal
shock, in spinally intact decerebrate, and in intact cats
the results have emphasized the differences in topogra-
phy.'? Taken together, from these studies it seems clear
that the descending systems in the intact mammal nor-
mally modulate the spinal state and the susceptibility and
effects of microstimulation can vary. However, a base
topography, related in some way to the underlying cir-
cuits, may exist and may be available for ISMS after
SCI. Modern management of SCI happily has the result
that most injuries are now clinically incomplete. For this
reason, the effects of descending systems and the spinal
state on single and multiple electrode ISMS is a crucial

93,94,95,100
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FIG 3. Intraspinal microstimulation below a lesion, possibilities and pitfalls. Panel 1: from Mussa-lvaldi FA, Giszter SF, Bizzi E. Linear
combinations of primitives in vertebrate motor control. Proc Natl Acad Sci USA 1994;91:7534-7538 (reproduced with permission).
Results of co-stimulation of the lumbar gray matter in a frog. Fields are oriented to the frog as shown on far left. The hip of the frog is
to the lower right in each field. Two results are found: (A) vector summation (~85% of cases) and (B) winner-take-all suppression (~15%
of cases). Left: fields in relation to a frog. Middle: an example of vector summation. Upper left: fields obtained by separate stimulation
of two sites, A and B. Lower left: co-stimulation fields (&) and summation field (+). This was by far (87.8% of cases) the most common
outcome. The quality of fitis determined as the inner product derived Cosine. Cos(A/B) close to 1.0 indicate near identity of two tested
fields, a and b. In this panel Cos (&/+) = 0.967. Right: an example in which the co-stimulation (&) did not correspond to the sum (+)
of the two fields (C and D), but instead to a “winner-take-all” case (D is the winner). Cos (D/&) = 0.949; Cos (+/&) = 0.770. Panel 2:
redrawn from Giszter, Grill, Lemay, Mushahwar and Prochazka as a summary (with permission). Contralateral electrodes in combination
in frogs may cause nonlinear effects as well as vector summation and winner-take-all suppression. Electrode A was fixed in one
hemicord, whereas B tracked through the other hemicord cord. A summary spinal cross section is shown. A, B and A + B were tested.
If the combined stimulation A + B had a significant force component out of the plane defined by A and B, then the combined effect was
not a summation, which would lie in the plane, but instead was highly nonlinear. Large regions of cord (shaded areas, B1, B2, B3)
interacted nonlinearly, especially upper dorsal and lateral intermediate and deep ventral horn regions; although vector summation held
across much of the frog spinal cord (B4).

issue. Multiple ISMS represents a richer but more com- occurred among sites (FIG. 3). These interactions are
plex means of controlling motor output in future thera- consistent with what we understand of reflex and pattern
peutic devices. ISMS will probably need to be tailored to generator construction of movement, where blends and
the individual patient, depending on the degree of resid- switches occur®”?®1% depending on the motor pattern,
ual descending control. kinematic and kinetic context. The ISMS combination

Very promisingly, in single and dual stimulation in rules among stimuli applied simultaneously or in rapid
both frogs,'**1%% rats”* and cats,” interactions among succession at different stimulating electrode sites provide
two sites in a hemicord were simple. Either a propor- a basis or vocabulary for constructing novel movements
tional vector summation or a winner-take-all interaction and extending and adapting a basic reflex repertoire.
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There are several important gaps in our current knowl-
edge of the results of such combinations. These gaps
must be filled before ISMS can be used with confidence
in therapeutic devices in clinical settings.

In decerebrate but nonspinal cats, vector summation
was never observed.”” In both the chronically spinalized
cats of Barthelemy and colleagues’® study, in which
long stimulation trains were used, and in the chronic
spinalized cats of Boyce’s study,'®® working with
Lemay, in which shorter trains were used, dual site mi-
crostimulation was not examined. Thus, we do not know
how the different sites interact in chronic spinalized cats,
and we only have the Lemay and colleagues'% studies in
decerebrate cats” as a signpost.

In frogs, the interactions ipsilaterally are well charac-
terized. Giszter and colleagues'®” reported briefly on
dual stimulation applied bilaterally. Bilateral interactions
in spinal frogs included vector summation, winner-take-
all suppression and a new class of responses in which
nonlinear effects occurred. These nonlinear interactions
indicate changes at one or both of the simultaneously
stimulated sites and additional bilateral issues in ISMS.
Understanding bilateral combination rules and multiple
site interactions within the ISMS topography remain cru-
cial as issues in ISMS device design. For example, multi-
site intraspinal stimulation for locomotion is unexplored,
and the effects of its combination with other ISMS stim-
ulation, which might be desirous for steering or antici-
patory obstacle clearance, is unexplored. It is important
to remember that any measured ISMS topography, al-
though it derives from and relates to spinal organization,
is simply a useful construct in device design, not a set of
hypotheses about spinal cord or motor primitives. For
example, basic science exploring the hypotheses of mo-
tor primitives has moved in other directions than ISMS.
The needs of device construction, although informed by
basic science, are unique and specific. From a device
standpoint, ISMS effects remain to be examined in more
detail. Technological limitations in chronic and acute
electrode placement for ISMS continue to be limiting
factors in this device development and exploration.

Stimulation in the motor pools with ISMS instead of
the interneuronal regions of spinal cord is an alternate
device construction strategy pursued by Mushahwar and
colleagues.® This may be very useful for fractionated
movements, bypassing the bulk of spinal circuitry. It has
recently been established that the primary stimulation
effect in the motor pools seems to be by way of primary
afferent axon recruitement.'®® Since this afferent stimu-
lation can potentially cause antidromic activation of the
afferents and the processes of their dorsal columns, this
stimulation strategy may not recruit motor pools with the
purity initially supposed.”® Dorsal root afferents may
also not be the only recruited elements. Various propri-
ospinal systems might also be engaged by motor pool
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ISMS. Thus, this method is probably subject to many of
the same concerns and caveats discussed for other ISMS
strategies and reviewed by Aoyagi and colleagues.'®?
Recently, investigations have also begun on intraspinal
stimulation in the primate cervical enlargement.'®”

Bridging strategies. In principle, bridging strate-
gies attempt to provide a high bandwidth link between
the nervous system and the prosthetic or robotic device
so as to bypass the lesion site. This approach is analo-
gous to regeneration efforts in that it relies heavily and
significantly on the intrinsic plasticity of the spinal and
voluntary systems to coadapt in an appropriate fashion so
as to support function. There is strong data supporting
extensive cortical plasticity in novel brain machine in-
terface tasks and supporting roles for cortical plasticity
and substitution in recovery of locomotion after neonatal
SCI in rats. However, developmental critical periods are
no longer readily available in adults without additional
measures, and the injured adult may face what Minsky
and Selfridge''” has called the “Mesa problem.” Learn-
ing improvements usually occur incrementally by ap-
proaching competency at a task using performance mea-
sures. The Mesa problem occurs when there are major
discontinuities in the performance measure, similar to the
mesas of the United States Southwest. Even close to a
mesa, there is little or no local gradient information
useful to indicate its proximity. Discovering and learning
strategies in this landscape can then become very hard.
Such a problem may exist in the novel cortico-prosthetic,
cortico-robotic or cortico-spinal organization faced after
spinal injury. Discontinuities in task space (e.g., upright
weight-supported balance) that are overcome in normal
development and with extensive childhood practice, may
be next to impossible after a bridge intervention, unless
special training regimes are instituted. Thus, for a tho-
racic injury prosthetic bridge, a combination of weight-
supported robot training and augmentation of plasticity
might be needed to integrate the bridge and learn its use
in a functional manner. To date, this has not been well-
demonstrated in animal models, which should clearly
precede any clinical work.

Use of biomimetic robotics and neuromimetic com-
puting in bridging or device interaction is becoming a
viable possibility. Dobkin® and others have suggested
these may be a way station to full bridging and restora-
tion. Rehabilitation training or augmentation of residual
function with exoskeletal frames and/or biomimetic ro-
botics and neuromimetic computational strategies'''
may promote and expand functional capabilities. These
are active areas of investigation with many questions
remaining. In particular, the best ways to promote even-
tual independence of training or augmenting aids, rather
than reliance, is an issue of great importance, in which
the goal is that the therapeutic devices and robotic aids
are only temporary.
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FIG 4. Future devices using optical methods. A: the intact CNS uses inhibitory, excitatory and modulatory synapses in specific temporal
and spatial patterns. B: after spinal cord injuries, many modulatory and inhibitory pathways are lost. Stimulation electrically excite the
axon hillock or axon and bypasses somatic integration and residual circuits. C: fiber optic uncaging or photo-activated channels offer(s)
the possibility of controlling synaptic inputs. These are limited by light delivery methods and energetics, chemical caged transmitter
stability, effective yield and tissue reuptake of transmitter and response to caged byproducts. D: the promise of caged compounds and
wavelength specificity is the possibility of rapid spatially selective controls of inhibitory, excitatory and modulatory interactions in CNS
targets. 5HT = 5 hydroxy-tryptamine (serotonin); E-STIM = electrical stimulation of axon; excit = excitatory; inh = inhibitory; GABA =

gamma amino butyric acid; GLY = glycine; hv = uncaging photons.

Rehabilitation approaches and future prostheses

A range of robotic devices now exist for rehabilitation
and training in the clinic (e.g., MIT Manus for the upper
limb,""? Lokomat [Hocoma Co., Zurich, Switzer-
land]''®). Some of these and other various active ortho-
ses”* 11115 misht be adapted to prostheses use in the
future. Presently, most of the focus is on the motions of
limbs. However, trunk control and motion is a crucial
component of intact movement planning and execution.
Trunk prostheses or rehabilitation have only recently
been tested.''®!1”

Longer term needs for new device technologies
Electrical stimulation, even microstimulation, is a
crude instrument. The first structures recruited are fibers
before cells. Recruitment order may differ strongly from
that in neural activity-based processes. There are several

newer means of control of neural tissues under investi-
gation with their own advantages and problems. Photic
stimulation of peripheral nerves has been demonstrated
to be possible.’®”” Photolytic uncaging of neurotransmit-
ters''® from the covalently bonded chromophore moi-
eties that render them biologically inert is now possible
at wavelengths that are of little risk. Uncaging is a
tradeoff of energetics of light delivered, speed of uptake
of uncaged neurotransmitter by neural and glial scaveng-
ing systems, diffusion delivery and excitotoxic or other
effects at extrasynaptic receptors (FIG. 4). The issues are
complex and may be tissue specific. Long-term effects of
the uncaged moieties must be understood and the route to
FDA approval of both chemical and device components
is likely to be long. An alternative approach is to insert
photophores in target neurons: channels that can be light
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activated.''”'?® Insertion can be achieved by a viral
transfection with its attendant problems. Light-guide im-
plantation, light couplings and their designs in photic
systems present problems and challenges similar to wire
implantation in electrical stimulation.

In electrical stimulation or photic stimulation, the issue
is the probe or electrode constructions of high density,
high compliance and high stability channels for light or
electrical energy that can be accurately and precisely
placed in the peripheral nervous system or CNS, despite
the various tissue barriers and compliance variations, and
chronic motions of tissues encountered. A range of new
materials, fabrication approaches and nano-structured
and micro-structured materials are being explored to at-
tack this issue.

CONCLUSIONS

Prostheses for SCI in current use are likely to improve
significantly over the next decade. Peripheral neural
stimulation technologies are well established and under-
stood, and peripheral recording is beginning to benefit
from the multi-electrode approaches under development.
Invasive and noninvasive brain machine interfaces as
control signal channels are becoming available. Intraspi-
nal stimulation is a potentially powerful approach, but
requires significant technical advances and better under-
standing for clinical applications.'?' The interaction of
plasticity, both above and below the lesion, with devices,
training and rehabilitation are of major therapeutic im-
portance and focus for the future. Various technical im-
provements are on the horizon on several fronts, and
various new avenues are being explored in stimulation
and recording that will expand the therapeutic options.
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