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Abstract

Over the past decade, rehabilitation hospitals have begun to incorporate robotics technologies into
the daily treatment schedule of many patients. These interventions hold greater promise than
simply replicating traditional therapy, because they allow therapists an unprecedented ability to
specify and monitor movement features such as speed, direction, amplitude, and joint coordination
patterns and to introduce controlled perturbations into therapy. We argue that to fully realize the
potential of robotic devices in neurorehabilitation, it is necessary to better understand the specific
aspects of movement that should be facilitated in rehabilitation. In this article, we first discuss
neurorecovery in the context of motor control and learning principles that can provide guidelines
to rehabilitation professionals for enhancing recovery of motor function. We then discuss how
robotic devices can be used to support such activities.
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Motor Learning and Rehabilitation

Before speculating on what role robotics devices should play in neurorehabilitation, it is
important to look at rehabilitation in general and consider the process of functional recovery
following neurological injuries such as stroke, spinal cord injury, and traumatic brain injury.
A detailed discussion of this topic is beyond the scope of this article, but we wanted to touch
upon a fundamental question: Do improvements in function post central nervous system
(CNS) injury result from recovery processes or through compensatory strategies? Recovery
would indicate that the neural substrates normally recruited to innervate a particular group of
muscles prior to injury can be recruited to innervate the same muscle groups following
injury. Alternatively, compensatory strategies would occur if different neural substrates
were recruited after an injury to achieve a similar functional output. While any neural
recovery must occur in the absence of the neurons that are no longer functional, this does not
require compensation if neighboring neurons can reestablish the damaged neural circuitry.

An increasing number of studies indicate that improvements in function following CNS
injuries are largely mediated by compensatory strategies rather than true recovery,
particularly after the first few weeks following injury.! For example, a recent randomized
clinical trial comparing manual-assisted treadmill training to a structured home exercise
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program in hemiparetic stroke patients reported that individuals in all groups improved
overground walking speed by over 60% yet showed almost no improvement on the Fugl-
Meyer impairment scale.? Thus, speed was improved, but little change in impairment
occurred. Similarly, if we look at the results of many of the upper limb robotics studies over
the last decade, subjects typically show substantial improvements in their ability to perform
functional tasks, while demonstrating little change in impairment measures (see ref. 3 for
review). Thus, rather than demonstrating improvements in impairment, patients are learning
to use their impaired systems more effectively. If in fact functional recovery following CNS
injuries mainly results from developing alternative strategies to achieve a particular task,
motor control and learning principles should provide a basis for developing more effective
treatments.

Motor learning has been defined as a “set of (internal) processes associated with practice or
experience leading to relatively permanent changes in the capability for responding.”* More
broadly defined, motor learning can be thought of as acquiring the necessary skills to
successfully plan and execute a desired movement pattern that is appropriate for a given task
(see ref. 5 for a comprehensive discussion of motor learning). At this point, it is necessary to
introduce a fundamental question: What constitutes a “desired movement ”? In the past, a
common guiding principle used in occupational and physical therapy has often been to make
movements more “normal” or similar to those exhibited by nonimpaired individuals. This
idea emerged from the observation that certain characteristics of movements made by
healthy individuals are fairly similar within a given task and even across tasks. For example,
when reaching for an object in space, movement trajectories across healthy individuals
appear fairly straight and smooth.® Such reliability of motor behavior is particularly
interesting because of the abundance of possible solutions to most movement tasks and the
variety of environments in which we move. For example, one can reach for a cup of coffee
with an infinite variety of joint patterns, movement speeds, and trajectories.

Regardless of these possibilities, people tend to display movement patterns that are
consistent across movements and individuals.”® One way to arrive at a single solution when
confronted with many different options is to employ optimization algorithms, which seek a
minimum of a particular cost function. Previous studies have shown that optimization of
certain costs reproduces many characteristics observed in human motion. For example, Flash
and Hogan® tested the idea that the smoothness of hand trajectories might reflect an
important cost in the planning of reaching movements, while others speculated that
mechanical costs, such as mean squared torque change,’ peak work,!? or muscle energy,!!
might determine the planning of movement patterns. Harris and Wolpert!2 proposed the idea
that neural noise might account for the trial-to-trial variability seen during repetitions of the
same task and proposed that the CNS seeks to minimize this. This work has shown that the
planning of movements involves explicit performance criteria such as task accuracy as well
as implicit criteria of which we are not aware, such as making energetically efficient and
reliable movements. In addition, motor control and learning should be viewed as a problem-
solving process, rather than a simple memorization process.

The research described above has led to the understanding that motor control and learning
involve not only the acquisition of new motor patterns, but also the development of more
accurate motor predictions. To better understand the nature of motor learning, Conditt et a
examined subjects adapt their arm movements while holding onto the handle of a robot that
could impose forces during their movements. They were asked to make straight-line
movements between 2 targets while the robot produced a strong viscous field that had the
tendency to skew their movements (ie, similar to trying to move across a flowing river).
After a short period of time, individuals were able to compensate for the externally imposed
viscous field and straighten out their movements. After learning the force field by making
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point-to-point movements, subjects were also able to move through circular patterns, which
would not have been possible if they compensated for the field through rote learning.
Similar findings of adaptation to novel task dynamics have been demonstrated for inertia
curl field, > and coriolis forces.!® Although generalization across the workspace is often
limited, subjects always generalize outside of the space that they had practiced. These
findings emphasize that we do not learn rote patterns of coordination, but rather learn to
make predictions about how motor commands influence movements in a particular set of
environmental and task contexts. Such predictions are based on internal models of our body
in the context of the local environment. These models are then used to predict the motor
commands needed to produce a variety of movements that extend beyond those experienced
during practice. These types of predictions underlie motor generalization and are critical to
solve optimal control problems, such as those described previously.

114

Internal models of our limbs are thought to be developed at a young age and are
continuously adjusted as we progress from infancy to adulthood.!” Yet what happens when
someone has a stroke, spinal cord injury, or other injury to the CNS? As illustrated in Figure
1, for the intact nervous system, we have an internal model of our limbs and the
environment that allows us to predict the motor commands necessary to achieve a desired
movement trajectory.

A forward model is used to compare the predicted movement patterns with the actual
movements; if there are errors between the two, the internal model can be updated and
refined for future movements. After CNS injury, the internal model utilized throughout
adulthood is no longer appropriate because damage to CNS neural substrates often leads to
impairments such as weakness, 820 spasticity,?! and other disturbances.? As a result, the
predicted motor commands no longer produce the desired movement trajectories, often
resulting in disturbances in movement patterns. Even if the ability to accurately model the
damaged system is left intact, optimal movement solutions would not be expected to mimic
the patterns of healthy individuals due to changes in the central and peripheral system.

In other words, damage to the CNS and associated secondary changes in the musculoskeletal
system can induce changes in the set of possible solutions as well as the costs associated
with any given task. Therefore, patients may arrive at solutions that may not look “normal,”
but may be “optimal” given their specific pathologies. Therefore, it is important to
understand the biomechanical costs associated with different tasks, rather than simply
attempting to make movements look more “normal.” Many clinical assessments of function
include either the ability to perform certain activity of daily living (ADL) tasks2? (FIM*) or
the ability to perform simulated ADL tasks in particular time constraints?# (Jebson-Taylor
Hand Function Test [JHFT]). We now propose that analysis of energetic efficiency should
provide an important supplement to such clinical tests. Such analysis is important; when
ADLs are completed independently, yet with too high energetic costs, one should expect
minimal carryover into the patient’s spontaneous behavior.

Based on the arguments presented above, we propose that the focus of rehabilitation should
be to retrain an individual’s abilities to adapt to a task in variety of contexts, exploiting the
“modeling” abilities of the CNS, rather than to practice a particular movement pattern
repetitiously. After patients have lost some aspect of their motor function, it is necessary for
them to develop new models of their body that account for their residual capacities and
allow them to develop optimal coordination in the context of their disabilities. Indeed, it is
likely that some deficits will make executing certain tasks difficult if not impossible. The

*FIM™ is a trademark of Uniform Data System for Medical Rehabilitation, a division of UB Foundation Activities, Inc.
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goal for such patients should be to try and develop the optimal control strategies for
functional tasks within the constraints of their abilities.

Applications to Rehabilitation

What do we know about motor learning that may be applicable to rehabilitation? First,
repetition (or practice) is extremely important.* There is little doubt that the ability to
perform a task improves with practice, yet in order for these improvements to generalize,
there needs to be some degree of variability. For example, having subjects repeatedly move
an object between 2 points may improve their ability to perform the task for that particular
object, however it may not allow them to perform similar movements with other objects.
Along similar lines, it is important for individuals to practice a diverse set of activities,
otherwise generalization will be limited. For example, spinalized cats trained to stand can
stand well, whereas spinalized cats trained to step can step well. However spinalized cats
trained to stand often step worse than cats that received no training at all.2> It could be
theorized that this lack of task variability is one reason manual-assisted treadmill training in
humans has not proven to be more effective than conventional gait training in improving
overground walking ability after stroke? or spinal cord injury.20 With treadmill training,
individuals only practice stepping on a moving belt and do not get to practice balance tasks,
postural control, or walking over uneven terrain or obstacles.

The research that we have summarized indicates that motor learning involves the
development of optimal coordination patterns that satisfy costs associated with task
performance and energetic costs. This planning process is dependent on predicting the
effects of movement plans. However, the nervous system also appears to set control policies
that modulate reflexes?” to account for perturbations from unexpected changes in
environmental or internal conditions. The importance of recognizing both of these features
of control in rehabilitation is fundamentally important, because brain damage due to stroke
can have differential effects on these 2 aspects of coordination. For example, although it is
well-established that spasticity interferes with accurate reflex control, Beer et al?8 showed
that hemiparesis also disrupts optimal intersegmental coordination, resulting in inefficient
coordination that fails to account for the dynamic interactions between the segments. Thus,
both these aspects of coordination must be addressed to optimize functional movement
control in patients with CNS damage.

Traditional therapeutic strategies, as well as more recent robot-aided rehabilitation
strategies, tend to target the optimal control process by practicing fairly consistent patterns
of coordination and reinforcing task success. We agree that this type of repetition is critical
for improving coordination through repetition. However, focusing on repetitive movements
under consistent environmental conditions should only represent the first step in the
rehabilitation process. With repetition of consistent patterns alone, patients may become
adept at the training protocols but show limited transfer to ADLs. We suggest that as
patients improve their movement patterns under predictable repetitive practice, training
protocols should progressively incorporate unpredictable conditions. Such conditions should
introduce unpredictable perturbations. Robotic devices that can be precisely programmed to
provide perturbing forces of various magnitude and times are perfectly suited to such
training.

It should also be stressed that visual feedback can be manipulated and enhanced using
computer-based robotics technologies. Scheidt et al2? tested the importance of visual
feedback compared to proprioceptive feedback by having subjects make point-to-point arm
movements while connected to a robotic manipulandum. The robot created a viscous field
the subjects had to move within (similar to the description above of the flowing river) such
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that when the field was first turned on, the subject’s accuracy was diminished. When
subjects received full visual and proprioceptive feedback or only proprioceptive feedback,
they corrected their movements after a short time and their accuracy increased to the level
prior to the disturbance field turning on. However, when subjects were given false visual
feedback of their performance (ie, the visual display showed them hitting the target even
when they were not accurate), despite having proprioceptive feedback, the subjects never
corrected their movements and their accuracy remained low. Visual feedback of
performance is clearly a critical factor in learning to adapt to new movement conditions.

In the context of rehabilitation robotics, visual feedback is critical; subjects are often
strapped into these devices and may not be fully aware of their performance based on
proprioception alone. For example, our randomized controlled trial (RCT) comparing
robotic-assisted gait training to conventional gait training in subacute stroke patients found
that the conventional group improved their walking speed by twice as much as the robot-
trained group and improved their walking distance (ie, endurance) 66% greater than the
robot group.3 In subsequent analysis of the motor control strategies being utilized by the
robot-trained subjects while walking in the robot, we found that they were often
inappropriate for the task, yet the individuals were unaware that they were executing the
wrong strategy because they were strapped into the robot which enforced a normal gait
pattern.? The visual feedback of watching themselves in a mirror and achieving a beautiful
gait pattern was stronger than the proprioceptive feedback they received, which likely
diminished their ability to learn the appropriate control strategies needed to walk.

Robotics and Rehabilitation

To reiterate some principles of motor learning we believe are important in the context of
rehabilitation, individuals with CNS injury should be able to practice a diverse set of tasks
repeatedly and should receive accurate visual feedback of their performance. In addition,
these devices should allow natural variability in environmental conditions and/or the ability
to program variations in environmental forces in order to develop error correction
mechanisms. Do robotic devices support such activities? In some ways, robotic devices are
perfectly suited for rehabilitation; in other ways, they are not. To illustrate our point, we
compare and contrast 2 commercially available devices being used for gait training. The first
device, called the Lokomat, is shown in Figure 2A (Hocoma AG, Volketswil, Switzerland).
The device has 2 robotic arms that attach to the patients’ legs and can assist hip and knee
movements as they walk on a treadmill. In parallel, a portion of the subjects’ weight is
supported by an overhead unloading system, making it possible for patients with extreme
weakness to begin training in the early stages of their injuries. The Lokomat offers some key
advantages: patients can practice large volumes of steps, the device offers patients a high
degree of safety, and training sessions can be quite long for higher functioning patients. In
addition, the Lokomat may provide more predictable assistance than that provide by a
therapist, which may help to reestablish an appropriate internal model. Some of these
advantages are negated by motor learning principles not supported by the Lokomat. For
example, when subjects walk in the Lokomat, they are provided a basic visual display, yet it
does not truly capture their resulting leg movements. It is often difficult for the patients
being trained to determine whether the motor control strategy they implemented resulted in a
desired leg movement or whether the robot simply forced their leg through the correct
pattern. The Lokomat also only allows patients to be trained in one therapeutic mode —
walking on a treadmill. It does not allow patients to practice important activities such as
balance and postural control tasks, stepping over objects, or walking on surfaces other than
one that is smooth and flat. These activities provide important environmental and task
variations that facilitate the development of error correction processes and the generalization
of motor learning. As mentioned previously, the limitations in providing stereotypic practice
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may outweigh the potential advantages of such devices and may help explain the results of
our RCT that compared Lokomat gait training to conventional gait training.

An alternative robotic device being used for gait training is ZeroG (Figure 2B; Aretech,
LLC, Ashburn, Virginia). The device is an overground body weight—support system that
rides along an overhead track. The system can alleviate the patients of a percentage of their
body weight as they practice walking overground, balance and postural tasks, and stepping
up and down a couple of steps. The key advantage of ZeroG over other robotic exoskeletons
is that patients can practice a wide range of activities in a safe, controlled manner. In
addition, variability in movement performance that arises from within the patients’ motor
system and from the environment remains intact. Because the system is ceiling-mounted,
patients can practice walking on uneven terrain, walking up and down a step or two,
standing and sitting, and other ADLs. They also receive appropriate visual feedback of their
performance; if they take a step and their resulting leg trajectory is incorrect, they will
immediately know. The disadvantage of ZeroG is that it requires patients to have some
residual function in their lower extremities; otherwise the therapist is needed to assist their
legs when attempting a particular movement pattern. Each of these devices supports various
aspects of motor learning, and they both have strengths and weaknesses.

Rather than providing a list of pros and cons of all available rehabilitation robotic
technologies commercially available today, we will instead provide a general framework
outlining some of the key principles these devices should follow. First, if in fact
improvements in a patient’s ability to perform a task are the result of motor learning and
perhaps training a new internal model, robotic devices should support a wide range of
activities that allow the individual the ability to practice them in high volume. The ability to
practice something over and over again is important to “getting it right”; however, in order
to facilitate learning, the individual must generate errors and receive accurate error
information. Thus an accurate representation of performance must be provided. This
feedback will be highly dependent on the robot control strategies utilized during the training.
For example, if the robot assists the subject’s limbs to move through a prescribed kinematic
trajectory, there will have to be a visual display indicating the magnitude and direction of
assistance provided. This is likely to be quite confusing to the patient and may be
misinterpreted. Alternatively, if the robot is run in some type of impedance mode, the visual
feedback could simply be where the limbs end up.

Another essential characteristic that robotic devices should posses is diversity. Motor
learning often generalizes, particularly if an accurate internal model is developed, but that
generalization can only go so far. For example, if a basketball develops the perfect motor
control strategy for making free throws, there is no guarantee they will be an accurate 3-
point shooters. The idea is that robotic devices should allow individuals to practice a wide
variety of activities and not just walking or reaching in a horizontal plane. In addition, these
variations should include natural and programmed perturbations to develop patients’ error
correction capabilities.

Finally, related to the previous few points, it is important that during rehabilitation, patients
are allowed to fail at the activities they are trying to perform. Failure allows them to try the
activity with a particular motor control strategy, see if it works, and then adjust their
strategy. It also allows the development of error correction mechanisms, such as impedance
control through modulation of reflex circuits. Such error correction is fundamental to motor
learning. Error experience also allows patients to test the boundaries of task success. In gait,
for example, it is important for patients to understand how large of a step they can take
while still maintaining their balance and stability. Robotic devices are perfectly suited for
such activities; they can provide the patient a safe environment for taking risks and testing
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their limits and allow them to learn what their motor capacity is in their new motor control
system.

It is unclear what the future of rehabili-tation robotics will be, however we believe that the
next generation of robotic devices must support activities based on solid scientific principles
rather than just being really cool pieces of technology. As more and more studies seem to
support the notion that improvements in function following many CNS injuries are coming
through compensatory strategies rather than pure recovery, we believe new devices should
support motor learning principles, which may help enhance these patients’ ability to perform
the functional tasks needed at home and in society.
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Figure 1.

The motor control system after stroke or spinal cord injury is altered so that the internal
model is no longer appropriate to the postinjury sensory-motor system. As a result, predicted
motor commands are likely to be inaccurate in achieving a desired movement trajectory.

Top Spinal Cord Inj Rehabil. Author manuscript; available in PMC 2011 August 18.



Jduosnuely Joyiny vd-HIN Jduosnuely Joyiny vd-HIN

yduosnuep Joyiny Vd-HIN

Hidler and Sainburg

Page 10

A)

(B)

Figure 2.

(A) Lokomat robotic exoskeleton (Hocoma AG, Volketswil, Switzerland) assists patients as
they walk on a treadmill. (B) ZeroG overground gait and balance training system (Aretech,
LLC, Ashburn, Virginia).
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