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ABSTRACT OF THE DISSERTATION
Rehabilitation and Kinesiological Analysis of Motor Control in Grasp
by DON YUNGHER
Dissertation Director:
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Rehabilitation of grasp following brain injury remains a challenge that is seldom
completely successful. Current biofeedback protocols for fine motor rehabilitation are
generally limited to single-muscle or single-joint movements, and their application to
Activities of Daily Living (ADL) is constrained by the simplicity of motions feasible

during training. Herein, a novel biofeedback device, termed Proprioception-Augmenting
and Measurement Interface (PAMI) was used to train thumb-index opposition, a task

relevant to ADL. PAMI uses a novel method to non-invasively measure muscle forces in
the arm during grasp, using Surface Muscle Pressure (SMP).

The efficacy of PAMI training was assessed using a standard therapeutic test, the 9-hole
peg test. In addition, the neural control features of grasp were examined using motor
variance analysis. Features of the PAMI signal were extracted from recorded signals and
compared to clarify the mechanisms by which PAMI aids rehabilitation. Variability
analysis of recorded SMP signals measured the effect of PAMI biofeedback on the
coordination of muscle activity in impaired and healthy persons. Training with the PAMI
device was shown to be effective in the short-term improvement of fine motor function
for brain injured participants (p<.05), and the kinesiological mechanisms for this change

were explored in terms of coordinated muscle activity.
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Chapter 1 - Summary

The present work is a study of fine motor control and its restoration in cohorts of
healthy and neurologically impaired subjects. A novel biofeedback device, the
Proprioception-Augmenting and Measurement Interface (PAMI), guides participants as
they repeatedly cycle between muscle activation and relaxation. PAMI biofeedback is a
real-time representation of the upper extremity’s activity, based on Surface Muscle
Pressure (SMP) signals from pressure sensors on the subject’s forearm. The efficacy of
PAMI as a rehabilitative device is characterized using features of the SMP signals as well
as a 9-Hole Peg Test as an assessment of fine motor function. The change in function
from training with the PAMI device in impaired persons is contrasted with its effect on
healthy control subjects, as well as to the improvement that follows standard repetitive
training without the device. The Difference in Variance Index (dV1), a technique for the
analysis of structure in motor variability, is applied to recordings from both healthy and
impaired subjects in order to assess the role of changing coordination in fine motor

improvement.

Hypothesis 1:

Restoration of fine motor control can be enhanced by the use of biofeedback from
the Proprioception-Augmenting and Measurement Interface (PAMI) device to
supplement proprioceptive deficit. Performance on standard functional tests will improve

after training with feedback (WF) as compared with the no feedback (NF) condition.



Hypothesis 2:

The PAMI signal will reveal the successful motor control strategies in learning
specific tasks. Signal features including onset slope, range, maximum value, duration,
and jerk are expected to be greater during training with feedback (WF) than without
(NF). It is expected that the difference between values will be indicative of the

mechanism by which task-specific feedback enables improvement in motor function.

Hypothesis 3:

During repetitive thumb-index opposition, muscle contraction measured by the
PAMI device will reveal the coordination of the motor control system for both the
healthy and brain injured cohorts. A comparison between the WF and NF conditions is
expected to reveal the increase of synergy in brain-injured subjects when using PAMI
biofeedback. In this way, a change in the coordination pattern will be confirmed as the

mechanism by which PAMI promotes rehabilitation.

Methods

Surface Muscle Pressure (SMP) sensors record the subject’s muscle activity, and
the instantaneous values from each of the SMP sensors are used to determine a location
in a component space. Feedback is given as a scalar representation of the distance
between the subject’s current location in that space and a pre-set template location. The
single-session efficacy of this rehabilitative tool is gauged via a comparison of subjects’
performance on a standard therapeutic task, the Nine Hole Peg Test (9HPT) [Braun 2007,

Oxford 2003], after training with and without feedback.



In addition to the 9HPT, which represents acute improvement of fine motor
control, the features of PAMI feedback are extracted post-hoc as a measure of motor
function. The slope, maximum value, range, duration, and jerk of the signal are expected
to be different in the two training conditions. This would support the use of augmented
feedback for subjects with diminished sensation, having shown whether repetitious
movement alone (i.e., training without the PAMI device) produces the same activity as
the with-feedback condition [Van Dijk 2005].

Variability of muscle activity during grasp can be measured in the context of the
coordination. While there may be little variability in the scalar value represented by
PAMI, it is possible that the individual sensors will vary from repetition to repetition in
their relative values, reflecting the synergies that underlie control. By comparing
variability using the dV1 analysis to which the UCM hypothesis reduces [Latash 2002],
the role of synergies in the improvement of motor function can be quantified. This
comparison is conducted between the with- and without-feedback conditions for healthy

and brain-injured subjects.

Results:

Training with PAMI biofeedback is shown herein to be significantly more
effective in restoring fine motor function than standard repetitive training without the
device. This is especially true for subjects with more significant initial impairment, for
whom the average improvement on the 9HPT after training with the PAMI device is
greater than for the entire impaired cohort. The significance of the difference between

the effects of standard training and PAMI training is measured as p<0.05. In contrast,



healthy control subjects do not experience significant changes in performance of the
9HPT as a result of training in either condition.

The features extracted from the PAMI signal for post-hoc analysis are, for the
most part, significantly different between conditions for the impaired subjects. The
duration and time above threshold are significantly greater when training with feedback,
which suggests that motivation plays a role in improving motor function (p<0.05).
However, the similarity of maximum values between training conditions, the decrease in
the PAMI signal slope over a session, and the greater jerk value in PAMI training
indicate that a change in strategy is occurring concordantly with improvement.

The mechanism by which motor function is altered during training for impaired
subjects can be measured using the dVI value, where lesser values correspond to
discoordination. Healthy control subjects are typically well-coordinated, resulting in an
approximately constant value across time. In contrast, impaired subjects often yield dVI
values marked by considerable discoordination during the early activation. The
waveform that results can be quantified in terms of curvature, which is shown to be
greater for standard repetitive training than for PAMI training. This reduction in
curvature using PAMI suggests the utility of the device in restoring coordination in fine

motor control, especially in early activation of thumb-index opposition.



Chapter 2 — Rehabilitation Strategies for Brain Injury

The present work is built on the fundamentals of rehabilitation science. A muscle
activity sensing device, the Proprioception-Augmenting and Measurement Interface
(PAMI) was developed. Biofeedback derived from registered signals was tested on a
cohort of brain-injured subjects and a group of healthy controls. The recordings were
analyzed post-hoc to observe the mechanism by which fine motor function is improved.
The physiology underlying brain injury, for both stroke and traumatic brain injury
survivors, allow a characterization of the typical dysfunction of users of the PAMI
device. The literature detailing the neurological changes that are known to result from
fine motor rehabilitation is also reviewed, to contextualize the later discussion of results.
Current therapies for fine motor rehabilitation after brain injury will be detailed,
including the opportunities for improvement. In this way, the following explains the

motivation for the present work and possible explanations for its results.

Stroke and Traumatic Brain Injury
Etiology of Stroke:

Approximately 730,000 new or recurrent strokes are recorded each year in the
United States [Winstein 2003, Byl 2003]. The two major forms of stroke include the
occlusion of blood flow, such as by stenosis or clotting, and the interruption of blood
flow due to arterial leakage or rupture [Mohr Stroke 1997]. At least 80% of cases are
diagnosed as thrombotic [Feinberg 1996]. More generally, stroke injures the brain by

denying blood to a portion of the nervous tissue. The resultant morbidity can impair



central nervous function, including effects on motor skills, cognitive abilities, memory,
and emotional control.

Improvements in emergency medicine and public awareness of symptoms have
reduced the frequency with which stroke leads to death [Yang Stroke 2006].
Pharmacological intervention after the sudden onset of symptoms, such as the
administration of thrombolytic drugs to break up clots, can minimize the extent of
necrosis when administered properly [Lutsep 1999]. In this way, stroke is gradually
becoming less prevalent as a cause of death.

As mortality rates due to stroke decrease, the number of survivors with
impairments increases. The need to treat the effects of stroke extends beyond the
emergency room, with stroke survivors experiencing lasting functional deficits due to
changes in the central nervous system. The following is a review of research,
culminating with the present work, on the effects of stroke on the motor control system.
While these effects are neither local nor simple, studying the typical characteristics of

stroke enables some degree of precision in treatment.

Stroke Recovery Timeline:

Immediately following a stroke, healing at a physiological level can be
encouraged using a multi-pronged approach. Strategies for salvaging neural structures
include drug management, rest, proper positioning of the body, and guided strategic
movements [Byl 2003]. These treatments are most likely to occur in a hospital setting,
since they are intended for use as soon as possible following a stroke. While the present

work is intended to influence rehabilitation in the months and years following brain



injury, rather than immediately thereafter, it is worthwhile to include a review of short-
term treatment.

More than half of people for whom stroke has caused a brain injury experience
some motor disability as a consequence [Winstein 2003]. For these individuals, the
functional deficits can range from diminished fine motor control to complete hemiparesis
on the side contralateral to the brain lesion. The specific nature of the impairment, for
motor as well as psychological function, may depend on which hemisphere of the brain
was injured.

Restoration of function commences as soon as circumstances allow, preferably
within the first few days following the injury [Kwakkel 2004]. However, the brain's
response to treatment over time is not constant. The most extensive and spontaneous
improvements of function are known to occur in the first 30 to 90 days post-stroke [Byl
2003]. Thus, there is an emphasis on rehabilitation during these early days after brain
injury. One practice that targets this acute time period is the employment of inpatient
rehabilitation. While still hospitalized, stroke survivors can make use of physical,
occupational, and speech therapy to begin healing [Jauch emedicine 2007].

It has been reported that 55% of stroke survivors with motor impairment
experience persisting deficit after five years [Winstein 2003]. While the extent to which
therapy in the acute period of recovery, including both rehabilitative practice and
pharmacological treatment, can mitigate a prolonged effect is not certain, outpatient
rehabilitation is generally recommended [Jauch emedicine 2007]. The period following
the first few months after brain injury, named the chronic phase is a difficult period for

restoring function. However, it is possible to induce improvement for chronic stroke



patients, which is the basic assumption and overall goal of the present work. The
remodeling and reorganization of neural structures can be encouraged, such as with goal-

oriented learning, in patients with chronic stroke [Byl 2003].

Typical Effects due to Stroke:

The effects of stroke vary from individual to individual. The dependence of
symptoms on the location of the lesion, the type of stroke, the extent of damage to brain
tissue, and the timing and type of therapy immediately post-stroke, along with the non-
uniformity of neural architecture between individuals, combine to confound attempts to
predict the type and extent of impairment. Whether motor dysfunction will be hypertonic
or hypotonic, spastic or ataxic, etc. cannot be precisely assessed without hands-on testing
by a clinician.

Nevertheless, it is possible to make several generalizations about the relationship
between lesion location and resultant impairment. Such broad estimates are of interest
for the present work, for several reasons. First, that any inference that can be drawn to
guide therapy is relevant for clinical or rehabilitative research. Second, the inclusion
criteria of this study are designed based on the typical effects of stroke. Most
importantly, the results presented herein are best explained in the context of the
underlying injury and its stereotyped symptoms.

Stroke can produce changes in cognitive and emotional function in addition to
motor deficits. Cognitive and emotional changes are not the focus of motor
rehabilitation, and therefore they are beyond the scope of the present work, but their

review is also worthwhile. The location of a lesion often plays a role in the cognitive



deficits that follow stroke [de Haan 1995]. For example, right hemiparesis — that is,
injury specific to the left hemisphere of the brain - often entails compulsive behavior,
difficulty initiating and sequencing tasks, and increased distractibility. On the other
hand, left hemiparesis is associated with marked irritability and the inability to
comprehend abstract concepts [Byl 2003]. While these effects may be of interest to
clinicians, it seems that they are not particularly pertinent to the stroke survivors
themselves; their reported quality of life has little correlation to the type of stroke [de
Haan 1995].

Many stroke survivors experience motor deficit in the chronic phase following
injury. Three quarters of impaired patients regain enough function to ambulate.
However, it is reported that as many as 75% continue to have diminished control of the
upper extremity [Feys 1998]. The so-called “unaffected” extremities may also
experience a decrease in coordination, impairing a stroke survivor's ability to use the
ipsilesional limbs in Activities of Daily Living (ADL) [Sainburg 2006]. The contralateral
side experiences decreased voluntary control, weakness, co-contractions of agonist and
antagonist muscles, and abnormal synergies, in addition to which the ipsilateral limbs
demonstrate weakness, discoordination, and decreased reaction speed [Byl 2003].

The psychological impact of motor impairment on stroke survivors is profound,
perhaps extending beyond the simple decrease in ability to perform ADL. Participants in
one survey had more aversion to hemiplegia than to confusion, aphasia, or even death
[Solomon 1994]. This finding did not serve as guidance in the development of the

present experiments; it did, however, serve as motivation.
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To a considerable extent, the specific nature of persisting deficits in motor control
may be a function of lesion location. For example, while right hemiparesis causes motor
apraxia, left hemiparesis is more likely to interfere with visual and spatial perception [Byl
2003]. The deficits experienced by the ipsilesional limbs have been shown to depend on
the location of the injury as well; a lesion in the non-dominant hemisphere will incur
deficits in stability control of movement, while injury to the dominant hemisphere causes
diminished velocity control [Sainburg 2006]. This disparity of dysfunction may prompt

different approaches to rehabilitation.

Traumatic Brain Injury:

Traumatic Brain Injury (TBI) has an occurrence rate of 1.4 million incidents per
year in America. Of the 40% whose trauma results in needs for services after
hospitalization [Corrigan 2004], a significant portion of the population experiences motor
deficit. Because of the wide variety of etiologies and symptoms of TBI, less is known
about its typical effects than has been established for stroke. In some cases, for instance,
abnormal kinematics can be attributed to impaired motor planning [Wilson 2007], while
other subjects suffer from muscular spasticity [Gordon 2006].

While the specific effects of TBI are generally more diffuse than stroke, previous
work has shown that therapies similar to rehabilitation after stroke can be effective in the
restoration of function. For example, repetitive therapy, constraint induced therapy, and
virtual reality biofeedback have all been employed in rehabilitation after TBI. For this
reason, TBI subjects are included in the present study, although the analysis of their

results will not go into the same depth as in the case of stroke subjects.



11

Knowledge of the typical effects of brain injury motivates research and
innovation in rehabilitation engineering. The desire to improve the quality of life of brain
injury survivors is ubiquitous among practitioners and academicians in the field.
Increasing the specificity of rehabilitative protocols by tailoring them to patients'
symptoms may be facilitated by experimentation. Previous research has shown that the
variability in dysfunction complicates treatment, but that restoration of function is
possible in the chronic period of stroke. The present work seeks, in part, to improve the
efficacy of rehabilitation with a novel device that incorporates the flexibility of the SMP

sensor modality unique to the author's group.

Neurophysiological Rehabilitation

Just as a review of brain injury etiology showed what concepts underlie the
motivation for the present work, work done to characterize neurological changes
following brain injury has played a role in its development. Unanswered questions about
the nature of neural restructuring during rehabilitation pervade the literature. It is
generally accepted that the vehicle for functional improvement in motor control after
brain injury is neural plasticity, which entails a lasting change in the location and
characteristics of activity in the brain. Less clear are the specific location and nature of
that restructuring. For example, numerous papers report observing new activity in a
variety of regions in the injured brain, as reviewed below. While the present work does
not attempt to answer these questions, interpretation of the results will be better

accomplished in the context of previous work.
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Neuroplasticity:

Recent literature has been nearly unanimous in attributing the restoration of
function to changed patterns of activity in the injured brain. As discussed above, in the
chronic phase of recovery, remodeling and reorganization of brain tissue can be
facilitated with goal-oriented learning [Byl 2003]. Note that this is distinct from simple
physiological healing, which might entail the regeneration of damaged tissue and the
resumption of normal activity. Instead, restoration of function is based on reorganization
of the uninjured portions brain. While the exact nature of the relationship between brain
restructuring and motor function improvement remains unclear, the reliance of
rehabilitation on plasticity is almost without question [Liepert 1998].

Rehabilitative protocols seek to improve the quality of life of subjects from
multiple angles, as mentioned earlier: cognitive therapy, encouragement of motor
learning, acquisition of new skills, etc. It is often a team of practitioners that administer
services to brain injured patients, coordinated to aim for some level of function
independence [Kwakkel 2004]. The broad singularity of this goal invites the generally
uniform methods outlined below, all of which have the promotion of central nervous
system reorganization as their foundation [Byl 2003]. Recruitment patterns of
sensorimotor cortex neurons change during training, reflecting the cortical reorganization
that is the hallmark of plasticity. Consequently, the uninjured tissue of the brain
experiences much greater activity than would be observed in a healthy brain [Liepert
1998].

Further credence is lent to the concept of neuroplasticity by observations of neural

activity over extended training. The increase in neural activity in uninjured regions of the
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brain, reflecting the organizational changes that underlie the restoration of function, is not
necessarily present over the entire course of training. On the contrary, it has been shown
that cortical activity decreases after new skills are learned. It is at this point in
rehabilitation of chronic stroke that automated processing of neural commands is
observed to be enhanced [Pascual 1995].

The restructuring of the central nervous system during rehabilitation is not limited
to any one hierarchical level of organization. Reorganization is possible in sensory and
motor mapping at the cortical level, and also through a number of mechanisms at the
neuronal level. The creation of new synapses can be responsible for functional change,
but it is also possible for neuronal networks to be tuned differently over the course of
changing by enforcing or inhibiting existing neural connections [Kwakkel 2004].

These findings indicate that neuroplasticity enables the return to normal function
that is the ambition of rehabilitation science. Damaged tissue is unlikely to recover, thus
requiring that its function be assumed by uninjured regions of the brain. Moreover, as
learning becomes more solidly ingrained, the amplified activity in this healthy tissue
decreases, which suggest a corresponding increase in efficiency, and thus sustainability.
Plasticity is undoubtedly the basis for these changes in motor function, which drives the
design of rehabilitative protocols, including the one presented herein.

The effect of neuroplasticity is expressed in a theory termed “vicariation of
function” [Nudo 2001]. This theory hypothesizes that the function of damaged tissues is
relocated to undamaged tissue. Whether the new locus of activity is cortical or

subcortical, and whether the relative distance from the site of the injury is adjacent or
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remote, are open questions [Kwakkel 2004]. It is, however, possible to discuss

generalized explanations of this neural reorganization, as follows.

Location of plasticity:

A review of the rehabilitation science literature does not reveal a consensus
regarding the region of the brain that assumes the duties of damaged tissues in the brain.
Even considering the wide variety of necrotic loci that can produce motor dysfunction, as
described in detail above, it is noteworthy how disparate the reports of different
mechanisms for the restoration of function by plasticity have been. A brief review of the
literature is presented herein to suggest mechanisms for neural restructuring rather than to
motivate some answer to this highly contended question.

Rehabilitative schemes based on mirroring call for the simultaneous activity of
the affected and unaffected limbs. This technique is specifically designed to recruit
healthy tissue into the coordination of movements, enforcing the synaptic connections of
involved neurons. Mirroring with a task such as bilateral gripping seeks to increase
primary motor cortex (M1) activation in the affected hemisphere via the corpus callosum
[Staines 2001]. Anecdotally, during preliminary trials of the PAMI device, a number of
stroke patients used mirroring while performing thumb-index opposition. While the
instructions given to the subjects neither encouraged nor discouraged mirroring, it was a
spontaneously elicited response to the effort of repetitive training. The natural inclination
to mirror may be indicative of the potency of plasticity via the motor cortex.

Functional Magnetic Resonance Imaging studies on Constraint Induced Therapy

users (discussed in more detail below, in Current Therapies) have provided detailed data
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on the spatial distribution of neural activity in the damaged brain over the course of
rehabilitation. In this way, CI has been shown to promote activity in the ipsilateral
(unaffected) hemisphere [Kopp 1999, Johansen-Berg 2002]. However, as is frequently
the case in the literature, the location within the ipsilateral hemisphere is a subject of
contention. It has been proposed that this adaptation favors M1 [Kopp 1999], but the
dorsal premotor cortex (iPMd) has also been cited as the site of neuroplasticity
[Johansen-Berg 2002].

Responses to the above studies have further elucidated their findings, although
there remains no conclusive answer. For example, it has been shown that the pathway for
lateralization of motor learning is unlikely to be the corpus callosum, as a subject with a
lesion in the callosum was able to lateralize the learned dynamics of a reaching task
[Criscimagna-Hemminger 2002]. It is consequently tempting to design a therapy
capitalizing on adaptation in the iPMd, as variations on such a protocol could elucidate
the mechanisms of lateralization in healthy subjects. However, the bilateral PMd
connections that enable lateralization are not linked to distal movement [Johansen-Berg
2002]. The Criscimagna task involved only shoulder and elbow control, restricting distal
activity that might require the corpus callosum.

Whether plasticity takes place in the motor, premotor, or sensory cortices, or
some combination of the three, is an unresolved question of rehabilitation science. Work
with animal studies and with fMRI on human subjects has explored possible mechanisms
for neural restructuring, and a variety of conflicting conclusions have been drawn. The

commonality among all such studies, which bears the most significance to the present
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work, is that training after brain injury elicits neuroplastic reorganization as it restores

motor function.

The research presented herein analyzes motor control at the level of muscle
pressure, and no attempt is made to register neural activity in the peripheral or central
nervous systems. As such, there are no claims made about the specific locations of
neural restructuring in the brain, nor about the mechanism for plasticity in neuronal
circuitry. However, motor control literature includes numerous techniques for inferring
the nature of the motor control system from minimally invasive recordings such as those
used in the present work. Applying these techniques, described later (see Chapter 3), will
yield insights into the changes of the motor control system. The above review of the
plastic properties of the central nervous system serves to contextualize the results of

motor control analysis.

Current Therapies

The state of rehabilitative science holds great promise for the many stroke
survivors who continue to suffer motor impairment. Traditional therapies have been
incrementally refined in focus and efficacy, approaching the task of restoring motor
function using a combination of proven ideas and innovative advancements. Low-tech
braces and high-tech biofeedback modalities alike are incorporated into the development
of increasingly effective protocols. Nevertheless, there remains ample opportunity to

improve upon existing therapies, which is the goal of the present work. The following
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summarizes current therapies in terms of their methodologies, their physiological effects,

and the obstacles that persist.

Repetition

Rehabilitative protocols vary in approach, timing, and tasks, with no one method
emerging as “best”. In general, the “use it or lose it” dogma is pervasive, entailing
activity in the affected limbs to facilitate cortical rearrangement at the neural level. Atits
most basic, this approach is comparable to exercise, inasmuch as practicing a task is
expected to improve performance of that task. However simple the premise may seem,
research has shown that the effect of repetitive training is complex.

Mapping the primary motor cortex in primates, Nudo found that the repetitive use
of digits increases the cortical representation of those digits [Nudo 1996]. Extending this
concept to the restoration of function, studies have shown that cortical re-differentiation
in injured persons can be accomplished by repetitive training [Byl 2003]. While cortical
plasticity and improved motor function are not proven to be linked by this finding, the
ability of repetitive training to generate change in the injured brain suggests its potential
for rehabilitation.

The implementation of repetition in the restoration of motor function is more
involved than a simple instruction to perform a task over and over. A primary concern is
that the training must be conducted under the supervision of a clinician or therapist.
Additionally, desirable motor function should be rewarded, as opposed to being a reward
in itself [Byl 2003, Merians 2002]. These considerations promote desirable neural

restructuring with efficacy not afforded by unattended, open-loop repetitions.
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A further question is whether more is better — that is, whether the improvement of
function continues as the number of repetitions increase. Previous work suggests that this
question can be answered in the affirmative; more is indeed better [Langhorne 1996,
Kwakkel 1997]. This finding guided the development of the present work's experimental
protocol. While subjects are instructed that they should report fatigue and are free to stop

the trial, care is taken to include as many repetitions as possible.

Constraint Induced

A more recent development in rehabilitation science is the adoption of Constraint
Induced therapy (CI). In ClI, the application of an orthotic restraint to the unaffected limb
is intended to force patients to use the affected limb [Miltner 1999, Levy 2000]. A
comparative study found that targeted bilateral training may be more efficacious,
especially in the proximal upper limb, but that CI yields better results for performing
ADL [Lin 2009]. In other words, the frequency and complexity of tasks for which the
impaired motor control system commands the affected limb during CI fits into the
guidelines described above.

Cl therapy has been applied to individuals with such physical impairments as
stroke, TBI, and cerebral palsy [Kopp 1999, Taub 1999, Eliasson 2005]. MRI studies
have suggested that its use promotes activity in the damaged motor and premotor cortices
[Kopp1999, Johansen-Berg 2002], which provides a physiological explanation for its
promising results [Miltner 1999, Levy 2000]. This method has considerable limitations,

as discussed below. As an extreme interpretation of the “more is better” maxim, it
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demonstrates the potential for neural restructuring that accompanies the use of the

affected limb in real-world tasks.

Biofeedback

Traditionally, patients are guided and motivated by an onlooking therapist during
repetitive training. This puts a considerable burden on the therapist, whose time and
attention must be dedicated to observing the practice and providing feedback about
performance. Additionally, the detail with which feedback can be given is bound by the
limits of the clinician's perception. A human observer, no matter how expert, cannot use
their perception of the task to provide estimates of muscle activation or coordination as
accurate as from devices that directly measure performance.

The need for repetitive training to be accompanied by attentive oversight and
rewards for desirable activation, as described above, is analogous to the feedback portion
of a control system. While healthy motor control incorporates visual, tactile, and
proprioceptive feedback, brain injured individuals are often insensate to some extent in
the affected limb. With the motor control system using reduced non-visual information,
the resultant impairment can be viewed in light of the limited feedback available to the
central nervous system. Biofeedback, which translates recorded features of task
performance into a modality that is readily accessible to the impaired motor control
system, supplements the limited information to which the impaired motor control system
has access. The customization of feedback allows the individualization of rehabilitative
protocols, which suits the wide variety of dysfunctions caused by brain injury [Merians

2002].
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The terminology used to describe biofeedback classifies the various modalities
according to the source of the information and the timing with which it is delivered to the
subject. Knowledge of Results is the term used to describe feedback related to the nature
of the result, meaning it is dependent directly on the movement goal. On the other hand,
Knowledge of Performance is derived from aspects of the movement itself, irrespective
of the goal [Schmidt and Lee 1999]. Another classification defines feedback as Inherent
or Augmented. Inherent feedback uses successful completion of tasks as a rater of
control during rehabilitation, while Augmented feedback measures hidden layers of
control — such as electromyographic (EMG), kinetic, or kinematic recordings — to guide
subjects during activity [Van Dijk 2005].

Using Augmented Feedback has been shown to improve normal function of
complex tasks in the elderly, aged 60-82 [Swanson 1992]. Since many chronic stroke
patients are of comparable age, this suggests the applicability of Augmented Feedback
for restoring function for post-stroke rehabilitation. Additionally, Augmented Feedback
has been similarly effective in motor learning in young adults [Lee 1990], based on
which this feedback modality is expected to be effective for TBI patients.

One prevalent feedback modality is electromyographic (EMG). Because EMG
measures neural signals across muscles, it provides an estimate of muscle activity to
produce a form of Augmented Feedback. EMG visualization has been used to improve
upper extremity function in patients with severe impairment [Crow 1989] or significant
hemiparesis [Armagan 2003]. There are a number of EMG biofeedback devices that are

popular among clinicians and patients [Popovic 2002, Armagan 2003, Rampa 2003].
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However, the limitations of these devices, as described below, motivate the present work

as an alternative.

Challenges

Great strides have been made in pursuit of restoring function to brain injured
persons, but viewing these accomplishments comparatively reveals the room for
improvement that remains. Tradeoffs exist in current technologies, in compromises such
as between convenience and effectiveness, and between generalizability and
performance. A review of these issues is pertinent to the present work, having served as
a guide during the development of our novel device.

Of primary concern is the pervasive frustration that is reported by recipients of
therapy. An adage from prosthetics that suits the field of rehabilitation reminds us that
the fanciest, most expensive prosthesis is still useless if it never leaves the drawer.
Rephrased to pertain to the restoration of fine motor function, the adage suggests that
successful rehabilitative protocols are those that subjects are willing and able to use with
great frequency, thus fulfilling the “more is better” maxim. Unfortunately, a problem that
marks current schema is boredom [Byl 2003].

Repetitive training protocols for brain injured individuals in the chronic phase
often include practice performed in the home, without the presence of a therapist.
Because, as described above, repetitive training requires supervision and positive
feedback, this home-care is encouraged to be accompanied by involvement of the user's
family. Thus, a potential obstacle posed for repetitive training can be the family

members' ability to dedicate time to supervising the practice. Constraint Induced therapy
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obviates the need for repetitive training by forcing the user to train the affected limb
during daily life. In doing so, Constraint Induced therapy prevents boredom during in-
home rehabilitation, but this benefit comes at the expense of user frustration. Using a
limb that experiences motor dysfunction to perform ADL may prevent those activities
entirely, hampering the quality of life of the brain injured individual. The resultant
frustration reduces users' compliance with home-care instructions, decreasing the
effectiveness of CI [Byl 2003].

EMG has major deficiencies as a rehabilitative interface for the disabled
population. Not surprisingly, it is often difficult for persons with hemiplegia to reliably
register residual muscle activity from their affected limbs; likewise, it is challenging for
their providers. The considerable impairment of subjects for whom EMG-based
feedback during repetitive training was effective demonstrates the limitations of EMG as
a biofeedback modality [Crow 1989, Armagan 2003]. Moreover, feedback is generally
restricted to the control of single muscles or joints [Huang 2006]. Although the EMG
approach can adequately recognize binary volitions such as grasp/release [Farina 2004], it
is otherwise limited in its applicability to rehabilitation of fine motor control [van Dijk
2005, Krebs 2003]. EMG can be frustrating and time consuming for the clinician as well.
Its proper use depends on precise and fixed placements of sensors on the body, clean and
dry conditions, low physical activity, and skin contact with electrode pastes, or invasive
wires [Turker 1993]. For these reasons, the present work utilizes an alternate modality
for registering muscle activity, which has been both simple and effective.

One final issue of note is related to the study of rehabilitation more than to its

application. When trying to measure the efficacy of a rehabilitation protocol, it is
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preferable to control for external influences on the restoration of function. For example,
many longitudinal studies will report, if not restrict, the amount and type of practice
performed by subjects at their homes. Additionally, the role of mental practice, which is
extremely difficult to monitor, may affect fine motor improvements independently of the
prescribed therapeutic regimen [Byl 2003]. A number of case studies have avoided this
complication by adding mental practice to their protocols, thus mitigating its
unpredictable influence on results [Byl 2003, Page 2001]. The present study minimizes
the effect of mental practice by looking only at improvement of function over a period of
approximately thirty minutes.

The obstacles described above include a number of limitations that confound
current technology; however, these tradeoffs also represent incremental improvements to
rehabilitation science. Well-attended repetitive training facilitates motor learning using
positive feedback, at the expense of the therapist's and family's time commitment.
Constraint Induced therapy alleviates the pressure on the therapist and family, but users
report dissatisfaction with the frustration it incurs. EMG and other biofeedback
modalities supplement the limited sensory information available to brain injured subjects,
although for limited movements and with extensive therapist involvement. These
examples serve as lessons, providing opportunities to mimic or improve on the best

aspects of current rehabilitative devices while attempting to avoid the pitfalls.

For survivors of stroke and traumatic brain injury, motor deficits are among a
number of effects that can persist for months and years. The particular dysfunctions are

highly variable between individuals, although their gross correlation to the location and
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type of brain injury imparts a degree of predictability. Restoring function is best
accomplished soon after the injury, although it is possible to improve motor control after
an extended period of impairment, such as in the chronic phase of stroke. To do so,
rehabilitative protocols make use of the brain's capacity for neuroplasticity. Although the
exact mechanisms of neural reorganization are not yet known with certainty, it is likely
that over the course of therapy, the functions of the damaged tissue are transferred to
uninjured regions of the brain. Current therapies, including repetitive training, CI
therapy, and EMG biofeedback, attempt to promote restructuring with some combination
of frequent use of the affected extremity, assessment of performance, and motivation.
Each therapy, while proven to facilitate the restoration of function, includes some
drawbacks that complicate their use in therapy. The present work introduces an alternate
technology, which addresses some of the shortcomings of current therapies while

promoting neuroplastic recovery of function for the brain injured population.
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Chapter 3 — Motor Control Theories

The present work demonstrates that the PAMI device facilitates the restoration of
fine motor function after brain injury. While this finding is significant in and of itself, it
raises questions about the nature of the motor control improvement experienced by
participating subjects. Having described the role of neuroplasticity in rehabilitation in the
previous chapter, the observation of functional gains should be followed by a discussion
of the motor control system in which plasticity takes place.

There are a variety of claims that have been put forth in the literature regarding
the nature and location of neural reorganization during motor rehabilitation (see above).
With such disparity among observations, it is clear that the issue remains unresolved, and
the present work does not measure neural activity in a way that might shed light on
questions of neuroplasticity. Instead, well established techniques are applied to
recordings of muscle activity, with the intention of drawing inferences about the state of
the motor control system before and after training.

Just as there is no consensus in rehabilitation science about the specifics of
neuroplasticity after brain injury, the field of motion science is characterized by diverse
explanations for motor control. Some of the more prevalent postulations, serving as
possible explanations for healthy function and frameworks for rehabilitating impaired
function, are reviewed herein. A fundamental aspect of motor control that is especially
pertinent for the present work is the treatment of variability. The theories' explanation for
variability is discussed below, and a number of statistical techniques for characterizing

the role of variability in motor control are described.
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Motor Variability

Movement, at every level of the motor hierarchy, is typified by limited
consistency. Even consecutive performances of the same motor task, under exactly the
same conditions, will not be identical. Instead, some degree of difference will persist,
and repetitive performance of nearly any movement is properly described by its average
trajectory and the distribution of repetitions about that mean. This can be attributed to
any number of inescapable biological factors, including but not limited to the nonlinear
dynamics of joints crossed by multiarticulated muscles, the probabilistic recruitment
patterns of motor units, and the stochastic nature of neural signals. Indeed, motor
variability can be considered inevitable. Unlike a mechatronic approach, however, in
which the distribution about the mean can be compared to a tolerance, motion science
places value on the nature of the distribution and its implications about the properties of
the motor control system itself.

A wonderfully demonstrative example of the origins of motor variability and their
importance for understanding control, is the act of touching one's index finger to one's
nose. An audience, instructed accordingly, can easily observe the disparity between their
neighbors' solutions to this seemingly simple problem. While this demonstration is a
useful illustrative tool, the rich history of the study of the underlying phenomenon has

spawned a number of precise and powerful analyses in motion science.

Redundancy vs. Abundance
In a seminal study of biomechanics, Nikolai Bernstein recorded experienced

blacksmiths as they struck an anvil with a hammer. Having performed this movement,
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presumably, thousands of times per day for years, these participants were as expert at this
task as possible. It was reasonable to expect that the variability of such a highly-
practiced movement would have very low variability. Looking at the statistical outcomes
of the location of the hammer-strike, Bernstein did, in fact, observe the low variability
that was expected [Bernstein 1967, Latash 2008].

Of note, though, was the difference between variability at the end-effector, the
hammer, and the variability of the kinematic variables that determined the hammer's
location, the joints angles. While the hammer strike location was highly consistent, the
joint angles were significantly more dissimilar from repetition to repetition. Despite the
prodigious expertise of the participants in this experiment, their joint angles — and likely,
the recruitment of their muscles, and even their neural impulses — were inconsistent
[Bernstein 1967, Latash 2008].

This discrepancy was codified as the Principle of Redundancy. In the
performanc