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Abstract

It has long been a goal of the human movement research community to develop a
more complete understanding of how individuals learn complex patterns of movement. This
knowledge is useful to both those engaged in precision activities such as the hitting a baseball
as well as those determined to improve motor function following neurologic injury such as a
stroke. The following dissertation explores one component of the motor learning process: the
role of sensation, specifically proprioception, in motor learning. Two questions were
addressed. First, does peripheral disruption of proprioceptive sensation impair sequence-
specific learning? Second, what is the relationship between sequence-specific learning and
stroke related proprioceptive deficit?

Because little is known about the role of proprioception in learning movement
patterns the first aim of this study, presented in Chapter 2, sought to characterize skill
acquisition in healthy adults when proprioceptive sensation was disrupted. Twelve
participants (DIS) were randomly assigned to receive vibration to the upper arm while
performing a continuous tracking task. Twelve additional subjects (CTL) served as a
comparison group and received vibration to the arm that was not being used to track. Despite
initially less accurate performance by the DIS group, both groups learned to track a repeated
sequence of movements, indicating that accurate peripheral report of limb state may not be
crucial for motor learning. Rather the motor learning system appears to be robust and
capable of utilizing other sources of information for error correction and motor plan
development.

Vision is one likely source of information used by the central nervous system (CNS),
concomitant with or in place of proprioception. Previous work has consistently demonstrated

a close link between visual and manual motor performance. Further, the visual system is
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capable of learning stimulus regularities. However, visual and manual learning during
continuous sequence tracking has not been investigated previously. To address this gap in the
literature, 9 healthy young adults performed a continuous tracking task similar to that
described in Chapter 2. Eye movements were recorded during manual tracking. It was found
that though performance improved for both visual and manual tracking over practice, eye and
motor accuracy were relatively independent. Tracking performance of either effector (i.e.,
arm versus eye) on individual trials was not predictive of performance on the other effector.
Thus, reflecting somewhat the findings on proprioception in Chapter 2, it was concluded that
though vision may be an important component of sensory information, a high degree of visual
tracking accuracy is not critical for continuous motor sequence learning.

In Chapter 4, the focus shifted to proprioceptive disruption following central
neurological insult. Ten survivors of stroke and 9 age-matched, neurologically intact control
participants engaged in a continuous tracking task similar to that presented in Chapter 2.
However, no exogenous sensory disruption was applied during training. Instead, sensory
disruption was an endogenous consequence of stroke. The level of central proprioceptive
disruption was indexed using a limb-position matching task. The healthy participant group
was able to learn sequence-specific components of the task. As a group, stroke survivors also
demonstrated continuous sequence learning. However, proprioceptive accuracy was strongly
correlated with sequence-specific versus general task improvement in continuous tracking
within this group. These data support the animal literature that suggests central
somatosensory integrity is critical for novel skill learning.

Finally, the cerebellum is often identified as a substrate of motor learning.
Furthermore, the cerebellum has extensive access to ascending afferent somatosensory

information. To examine the use of proprioceptive information by the cerebellum, 7
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individuals with cerebellar damage were recruited to perform the same continuous tracking
task. Contrary to previous reports, some individuals in this study learned to perform a
sequence of movements with their more involved hand. However, two exhibited no such
learning. These individuals had large lesions encompassing the lateral cerebellar cortex.
They also demonstrated proprioceptive deficit and motor ataxia. These results suggest that
learning of movement sequences may be in part related to somatosensory discrimination and
error-feedback learning performed in the cerebellar cortex.

In summary, the results suggest that though body state information may be important
for learning, central and peripheral disruption of proprioceptive information are not
analogous in terms of the impact on continuous motor sequence learning. Rather, in addition
to proprioception, other sources of afferent information may be used to learn a new skill. In
some situations these sources of information, including vision and planning, can operate and
encode movement sequence components independent of each other, resulting in skill
learning. However, integrity of central information processing systems appears to be an
important component of continuous sequence learning. Rehabilitation professionals should

consider the state of a client’s proprioceptive system when developing a plan of care.
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1.1 Overview of Sgnificance

Our understanding of the complex interactions between the sensory and motor
systems has grown exponentially since the early reflex-based model of Sherrington.(1906)
Yet, current evidence continues to suggest an important role for sensation, proprioception in
particular, in the development and execution of skilled motor behaviors. Elegant
demonstrations of long-term potentiation of motor cortical neurons via thalamocortical and
cortico-cortical interaction (Iriki et al. 1989; 1991) have elucidated a potential sensorimotor
learning pathway. Convergent evidence demonstrating that induced lesions of the sensory
cortex diminish skill learning in monkeys (Pavlides et al. 1993) led Asanuma and Pavlides
(1997) to postulate that the sensory cortex may ‘teach’ the motor cortex new motor skills. In
addition, other brain structures with rich access to afferent information, such as the
cerebellum, have been associated with motor learning.(Imamizu et al. 2000)

Despite the evident importance of sensorimotor interaction, we remain unsure how or
in what instances sensory information is used during skill learning. Further, no work has
specifically examined the role of proprioception in learning a continuous movement
sequence, such as writing a signature, that require online evaluation of feedback' as well.
Study of these types of tasks is important because they are common to our daily activity.
They differ from common key press paradigms by requiring greater precision of movement.
Some evidence suggests that the discrepancy between an expected reference signal and actual

muscle spindle information is treated as error and the motor program updated accordingly

! For the purposes of this dissertation, use of the term “feedback” will refer to information
directly received from and about our interaction with the environment. This definition is
equivalent to “sensory feedback™ as discussed by Desumrget and Grafton (2000). Strict usage
of the term is done for the purposes of readability and clarification for the reader, as the study
of proprioception is significantly concerned with “sensory” feedback. It is recognized that
feedback has internal sources as well. Specific reference will be made when referring to
these sources of “non-sensory” or “internal” feedback.(Desmurget, 2000)



during discrete movement.(Thoroughman and Shadmehr 2000) Therefore, an erroneously
revised motor program based on disrupted or absent limb position information should
interfere with task learning. This hypothesis was tested in the following work by
characterizing skill learning in participants with either exogenously (vibration) or
endogenously (neurological damage) altered proprioceptive sensation. The primary
purpose of the present work isto contribute to the characterization of therole of
proprioception in lear ning of continuous movement sequences. In doing so, it is hoped
that a better understanding of the challenges faced by those with impaired proprioceptive

function will be gained.

1.2 Motor Control and Learning Theory

How the brain actually acquires and reproduces skilled movements remains unclear.
Other than the obligatory synapses of the peripheral neuromuscular junction our
understanding of neuromotor activity is clouded by several layers of complexity. At the
cellular level the brain appears to be a complicated web with myriad projections and synaptic
interactions. Adding to the confusion are multiple functional divisions of the brain, each of
which participate in loosely defined capacities before and during movement.(Krakauer and
Ghez 2000) Neuromotor control theory is likewise cloudy. Multiple theories have been
posited, including internal models,(Kawato and Wolpert 1998) the equilibrium-trajectory
hypothesis,(Hogan et al. 1987) and the dynamical systems perspective.(Schoner and Kelso
1988)

Without a clear understanding of the neurophysiology that underpins motor control
processes, motor learning theories stand on shaky ground. Despite this, a plausible

explanation for the process of motor learning and execution is beginning to develop. Long-



term potentiation (LTP) or depression (LTD) of neurons is a leading candidate for the
development of focused pathways that act repeatedly in a movement.(Iriki et al. 1989; Ito
2000) Focusing of these pathways represents the neural substrate of the internal model, a
theoretical control structure. The internal model is a highly conceptual and flexible construct
that accounts for sensory lag and continuous movement adjustment. When a motor plan is
selected, rough motor commands are issued based on a goal (e.g. to pitch a fastball, low and
away). Prior to and during movement execution, the internal model updates movement based
on its own predictions and incoming sensory information. Following the action the model
can be updated based on success of the movement (e.g. the pitch went over the catcher’s

head, release a little later next pitch).(Kawato and Wolpert 1998)

1.3. Internal Models

The concept of the internal model (Kawato and Gomi 1992; Kawato and Wolpert
1998; Wolpert et al. 1995) has developed out of the recognized paradox of real-time, precise
motor control that relies on a physiological system with delayed access to sensory
information.(Desmurget and Grafton 2000) This makes simple, immediate control and
adjustment of movement based on feedback difficult. Previous motor control researchers
accounted for this by emphasizing advance planning, or open-loop control in which an entire
motor plan could be executed without the need for feedback. This “motor schema” stored
basic invariant features of the behavior such as movement sequence and phase.(Schmidt
1975) Following modification by other variables such as desired force or duration, the motor
command could be sent to the muscles and the complete action performed. The motor
schema could be updated following execution based on a comparison of the expected

outcomes and sensory consequences and the feedback regarding what actually occurred.



The internal model shares much in common with the motor schema: attention to
initial conditions, response specifications, predictions of sensory consequences and response
outcome. However, the internal model allows for more flexibility of control during
movement than the schema.(Vercher et al. 2003) Both concurrent feedback and skill
memories can be used to update and guide movement. For example, reaching for your
familiar bedroom light switch in the dark can be performed with reasonable accuracy but is
much more effectively performed when the light is already on and vision is available to
update the movement.(Carlton 1981; Hocherman and Levy 2000; Keele and Posner 1968)

Two components of the internal model have been proposed that account for this
flexibility (see Figure 1.1). The inverse model receives the desired and current, perceived
state as input and computes a motor command to achieve that goal.(Kawato and Gomi 1992)
An (efference) copy of the motor command is sent to the forward model. Forward models are
predictive in nature and allow the CNS advance access to the likely sensory outcome of a
motor command.(Davidson and Wolpert 2005) The predictions of the forward model can be
returned to the inverse model so as to issue corrective commands prior to receiving any
afferent feedback. The predictions can also be used to issue commands to other systems
regarding the necessary dynamics of an upcoming action. Information transmission between
models allows for coordinated actions between effectors such as the manual and oculomotor
systems.(Vercher et al. 2003; see also Davidson and Grafton, 2000 for a review)

Evidence for the inverse model comes both from our obvious ability to perform goal
directed movements as well as our knack for adapting those behaviors in the face of
environmental change. Individuals can learn new dynamics and generalize them to other
situations (e.g. swinging an aluminum versus a wooden baseball bat).(Shadmehr and Mussa-

Ivaldi 1994) Motor commands are adjusted based on new inverse models of environmental



dynamics. That is, the brain learns what commands to issue to get from position A to
position B despite a novel force C. This is believed to occur through error-feedback learning,
possibly in the cerebellum.(Kawato and Wolpert 1998) As both feedback returns to the CNS
it is compared to the motor plan in the case of the inverse model or the estimated state in the
case of the forward model. Adjustments can be made for the next attempt at the skill. The
functional units of the cerebellum (microzones) have been attractive candidates for
adaptation. Climbing fibers may carry error signals that modify the output of Purkinje cells
through LTD.(Ito 2000) Imamizu and colleagues (2000) reported localization of the internal
model in the cerebellum following a visual transformation learning task.

Evidence for the forward model can also be found in the literature. One well-used
paradigm in forward model research is grip-load force coupling.(Johansson et al. 1992;
Quaney et al. 2003; Witney and Wolpert 2003) In this paradigm, participant grip force is
monitored as an object is picked up. Failure of the forward model to predict the necessary
grip force can lead to dropping the object: an unwelcome event if the object is a full glass of
red wine and you are on white carpet. Forward models are believed to assist the planning and
execution so that lift and grip are coupled for a successful movement. Without access to a
prediction of the consequences of a given load force, an appropriate grip force cannot be
calculated in time.(Kawato 1999)

Other systems, such as vision and sensation, are believed to have access to the
expected outcomes and can make predictions or issue motor commands based on the output
of the forward model.(Davidson and Wolpert 2005) For example, tickling yourself is
difficult. This is believed to result from a forward model prediction the brain makes
regarding sensory consequences of your actions. Because the CNS expects certain

consequences, the actual sensation of you touching the bottom of your feet with a feather is



not perceived as being very ticklish.(Blakemore et al. 2000) In contrast, were someone else
to do the same without your awareness, your ability to predict the upcoming sensation would
be minimized and the ticklish sensation would be much more apparent.

While most researchers have essentially placed the entire internal model in the
cerebellum,(Imamizu et al. 2003; Ito 2000) a few have considered the cerebral cortex to be a
key player. Fisher and colleagues have proposed that inverse models exist in the
sensorimotor cortex and the forward model in the cerebellum.(Fisher et al. 2006; Fisher et al.
2000) This is based on convergent findings using a timed response paradigm that forces a
movement choice with little or no information about where to move. Individuals with lesions
of the sensorimotor cortex have preserved planning but not updating ability whereas those
with cerebellar lesion have difficulty with planning but not updating movements. In addition,
primate studies have noted modulation of neuronal firing in supplementary motor area
(Halsband et al. 1994) and M1 (Matsuzaka et al. 2007) specific to learned movement
sequences. Indeed, because of the close association of sensation and movement production,
sensorimotor cortex is a logical place for the translation of perceived and desired state
differences to motor commands. However it remains to be seen if future research supports

this contention.

1.4 Proprioception

Proprioception is the integration and interpretation of joint, muscle and cutaneous
afferent signals regarding the position and movement of the limbs and body.(Gardner and
Kandel 2000) Previous work has demonstrated the importance of proprioception for the
acquisition and maintenance of motor plans that account for the internal and external forces

the limb will encounter during a movement.(Pipereit et al. 2006; Vercher et al. 2003) Some



evidence suggests that proprioceptive feedback forms a template for comparison to the motor
plan during repetitive skill practice. This process may operate through the tuning of
electromyographic activity over practice using proprioceptive information as a
guide.(Thoroughman and Shadmehr 1999) Extending these findings, Hwang and Shadmehr
(2005) noted that computer simulations of muscle spindle-based learning closely matched
human learning of a reaching task in a force field. Gordon et al. (1995) examined participants
with deafferentation due to large fiber neuropathy. These individuals not only had difficulty
reaching in a specific and focused direction but also could not correct movements with regard
to limb inertia in a specific direction. These data suggest that limb position sense is key to
maintaining a representation of the body’s own dynamics.

As presented in the next two sections, this peripheral afferent information is
processed by several regions of the central nervous system (CNS) including the parietal
cortex and cerebellum. Because a significant portion of the present work relies on an
exogenous shift of proprioceptive sensation by vibration, a brief description of the peripheral
sensors is indicated and is presented first. It should be noted that kinesthesia is the conscious
perception of proprioceptive signaling and will be used throughout the manuscript to
specifically identify conscious awareness of body positioning and not as a synonym for

proprioception.

1.4.1 Proprioception and Peripheral Sensors

Mechanoreceptors in the skin over the joints likely participate to some degree in
proprioception and motor control, conveying information about the changing pattern of
contact between the limb and adjacent objects.(Darian-Smith 1984) These hairy skin

mechanoreceptors are slightly different from those of the glabrous, palmar skin in that their



response to vibration on these endings is 5-10 times greater. The slowly adapting afferent
fibers appear to come from Merkel corpuscles and Ruffini endings. Merkel endings and their
slow adapting (SAI) afferent fibers respond to skin indentation and maintain their output over
time. Ruffini endings and their associated SAII afferents appear to be more responsive to
skin stretch and vibration.(Gardner and Kandel 2000)

Fast adapting afferents have been more extensively studied. Vibration sensed by
Pacinian and Meissner’s corpuscles fire in one-to-one relationship with vibratory cycle
(including the frequencies used in the present study) early during stimulation but attenuate
over time.(Darian-Smith 1984) It is likely that these endings participate significantly in
proprioception and that vibration can alter the cutaneous contribution to position and
movement sense. Short term vibration can lead to increases in sensitivity threshold and
numbness (Malchaire et al. 1998) and studies of muscle vibration coupled with skin stretch
report stronger movement illusion than vibration alone.(Collins et al. 2000; Collins et al.
2005)

Less work has been done on vibration of joint structures themselves than the skin
covering them. Pacinian corpuslces and Ruffini endings are thought to report information on
joint capsule movement.(Darian-Smith 1984) The SA afferents of the Ruffini endings may
continuously report on capsular stretch in a particular zone. The rapidly adapting afferents
associated with Pacinian corpuscles appear to fire during movement of the joint. Little is
known about the proprioceptive effect of vibration on these structures and even less on the
bones they connect. Golgi tendon organs appear to respond to vibration but only at low
frequencies.(Vedel and Roll 1983)

Static and dynamic muscle stretch information is provided by sensory endings wound

around intrafusal muscle spindle bundles. These intrafusal fibers are laid in parallel with the



force producing extrafusal fibers. Primary spindle afferents modulate their firing frequency
in response to both the static and dynamic stretch of a muscle.(Pearson and Gordon 2000)
Vibration is recognized as an effective means of stimulating primary muscle spindle
afferents.(Brown et al. 1967; Roll and Vedel 1982; Roll et al. 1989) These sensory receptors
generally fire in a one-to-one relationship with the vibration stimulus (Roll and Vedel 1982)
and can produce illusions of movement or false position sense,(Cordo et al. 1995b; Goodwin
et al. 1972; Gooey et al. 2000) even when the vibration is indirect or generalized to the whole
body.(Fontana et al. 2005; Schmid et al. 2005) These illusions are most significantly
produced with a vibration frequency between 60-80 Hz.(Roll and Vedel 1982; Sittig et al.
1987) Goodwin and colleagues (1972) reported that participants unable to visualize their
limb report that vibration causes a sensation of joint movement in the direction that would
elongate the stimulated muscle. Furthermore, the authors reported that even when voluntarily
moving the vibrated arm, participants overestimated muscle stretch.

In a continuous tracking task such as the one employed in the present work, upper
extremity position and velocity change is continuous and likely results in significant primary
spindle activity. For this reason, it was chosen as the primary target for temporary
stimulation. Rather than a more involved method such as hypoxic restriction, indirect
vibration to the shoulder musculature results in a perceptual shift of both position and tactile
sensation based on the descriptions of pilot subjects. Bock et al. (2007) recently confirmed

the efficacy of vibration for the study of motor control.

1.4.2 Proprioception and Central Perception

Following sensory registration of movement, afferent signals pass to several

structures in the brain via multiple pathways including the dorsolateral and the
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spinocerebellar tracts. Cortically bound information synapses in the ventral posterolateral
nucleus of the thalamus before ascending to the post-central gyrus. Though areas 3a and 2 of
the primary somatosensory cortex (S1) are commonly associated with proprioception, all
areas of S1 appear to receive stimulus information following a movement.(Costanzo and
Gardner 1981; Soso and Fetz 1980) This may reflect the multimodal nature of
proprioception, involving cutaneous, muscular and capsular information. Information
registered in S1 is likely passed on to other regions of the parietal cortex body state is
interpreted.(Wolpert et al. 1998)

The cerebellum also plays an important role in processing proprioceptive signals.
Upper extremity feedback passes to the spinocerebellum and lateral cerebellar hemispheres
via the cuneocerebellar and rostro-spinocerebellar tracts. These projections, relayed through
the cuneate nucleus, reach the cerebellum as mossy fibers. Somatosensory signals from the
periphery can also ascend to the cerebellum via the inferior olivary climbing fibers.(Bloedel
1973) The cerebellum is also interconnected with the cerebral cortex via the ventral posterior
and ventral lateral nuclei of the thalamus. The cerebellum receives information from M1, S1
and secondary somatosensory (SII) cortices via mossy fibers from the pontine nuclei that
infiltrate the lateral hemispheres.(Bloedel 1973; Clower et al. 2001; Middleton and Strick
2001) In addition, the motor cortex communicates with the cerebellum via olivary climbing
fibers.(Bloedel 1973)

Most outputs of the cerebellum arise from the cerebellar nuclei. Those most
important to volitional movements of the extremities are the interposed and dentate nuclei.
Their projections target medullary and pontine nuclei, the thalamus leading to the cerebral
cortex, and recursively innervate cerebellar regions as well.(Gardner and Thach 2000

Principles)
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1.5 Proprioception and Motor Control

Sensory and motor brain regions interact to produce skilled movement. Lesions to
motor areas in the non-human primate brain can result in sensory deficits (Friel et al. 2005;
Nudo et al. 2000) whereas sensory deficits can result in dystonia and motor control
problems.(Byl et al. 1996; McKenzie et al. 2003; Sanger and Merzenich 2000) Permanent or
temporary focal lesions induced in animals have provided us with clues to the interaction of
sensation and movement in the cerebellum and cerebral cortex. Miall and colleagues (1987)
temporarily impaired cerebellar structures of monkeys engaged in a continuous tracking task
and found gross movement error. The error pattern suggested the cerebellum acts to update
continuous movements, possibly by diminishing error-correction capacity based on
proprioception. Removal of sensory cortex has been shown to result in disruption of fine
motor skills and failure to acquire new skills.(Pavlides et al. 1993) Damage to the sensory
pathways (thalamus, posterior limb of internal capsule, parietal cortex) directly impacts
kinesthesia.(Derouesne et al. 1984; Groothuis et al. 1977; Sacco et al. 1987) Characterization
of the differential effects of regional damage on a continuous tracking task adds to our
understanding of the contributions of these areas to motor control and learning.

Some human studies have reported minimal proprioceptive influence on movement,
relegating its function to assisting final targeting in slower movements.(Sittig et al. 1987;
Sittig et al. 1985) These findings are at odds with investigations of individuals with large
fiber neuropathy and absent kinesthesia who exhibit significant movement error when
deprived of vision.(Cole and Sedgwick 1992; Rothwell et al. 1982) Gordon, Ghez and
colleagues have extensively examined reaching movement of deafferented individuals.

Absence of proprioception appears to result in failure to account for limb inertia.(Gordon et

12



al. 1995) Vision can substitute in the short term but ultimately the model of internal
dynamics decays.(Ghez et al. 1995) Their findings have led to the conclusion that the
proprioceptive system is critical for updating and maintaining an internal representation of
limb dynamics and current position.(Ghez et al. 1990) Additionally, it has been shown that a
deafferented individual can have difficulty generating predictive grip control of a novel
object they are about to lift.(Nowak et al. 2004) In contrast, people with normal sensation
appear to be able to use a forward model to predict necessary grip force based on the lift force
planned in the outgoing motor command.

The participation of proprioceptors in novel task, multi-joint coordination has been
examined as well.(Bevan et al. 1994; Cordo et al. 1994; Verschueren et al. 1999) Cordo and
colleagues (Bevan et al. 1994; Cordo et al. 1994) have looked at proprioception in the control
of multi-joint sequenced movements. In an elegant series of experiments subjects were asked
to open their hand at a precise degree of elbow extension. When vibration was applied to the
bicep tendon hand opening occurred earlier, as would be predicted if the subject perceived the
elbow to be more extended.(Cordo et al. 1995b) These data suggest that proprioception can
be used to trigger subsequent components of a motor pattern based on both angular position
and distance traveled.

Introduction of neural noise through vibration is one method of approximating a
damaged proprioceptive system because it stimulates primary spindle afferents that report
both muscle length and velocity.(Roll and Vedel 1982) The preferential stimulation of
intrafusal muscle fiber afferents makes this modality an attractive choice for the study of
altered proprioception in healthy adults. Previous studies have used vibration to induce the

perception of a passive antagonist muscle being stretched to a greater extent than in reality
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with no effect on the agonist muscle.(Capaday and Cooke 1981; 1983; Gooey et al. 2000;
Inglis and Frank 1990)

However, vibration is ultimately a peripheral disturbance and is limited in its ability
to model pathologies of the central nervous system. People with central nervous damage
such as stroke survivors frequently experience disruption of cutaneous and proprioceptive
sensation. This is particularly true for strokes affecting the parietal lobe, thalamus and
posterior limb of the internal capsule.(Lundy-Eckman 2002) Whereas peripheral receptors
remain viable, central processing of the signals is damaged in the area of the stroke. Ghez
and colleagues (1990) postulated that people with central nervous lesions would have motor

planning disruptions similar to those experienced by those with peripheral sensory absence.

1.6 Sensation and Motor Learning

Before one can produce skilled movement, patterns of muscle activity must be
learned. That is, an individual must exhibit a relatively permanent change in the capability to
perform the movement.(Schmidt and Lee 1999a) An extensive body of animal literature
suggests that sensory cortex is important in acquisition of new motor skills. Sensory cortical
structures appear to be important for novel movement acquisition (Bornschlegl and Asanuma
1987) but not necessarily the gross performance of movements in an existing skill repertoire,
especially when the limb can be visualized.(Pavlides et al. 1993; Sakamoto et al. 1989) The
arrangement of intracortical neurons from sensory cortex to M1 suggests that input from
these sensory areas comes from areas associated with a movement of somatically related
body parts.(Porter and Sakamoto 1988) Inputs may include proprioceptive neurons of the
primary sensory cortex that respond to specific postures or directions of movement.(Costanzo

and Gardner 1981; Gardner and Costanzo 1981)
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Refinement of a skill in early training may be a result of the cortical processing of
sensory input. According to this theory S1 “trains” the motor cortex through LTP.(Asanuma
and Pavlides 1997) The actual outcome of a movemetn, conveyed via the afferent
somatosensory system, is thought to be compared to the desired outcome and motor
commands reinforced or discouraged.(Imamizu et al. 2003; Imamizu et al. 2000) Recently,
this has been supported by data that suggest proprioception is integral to implicit learning of
internal model dynamics.(Hwang et al. 2006b; Sober and Sabes 2003) Thoroughman and
Shadmehr (1999) proposed that proprioceptive signals might constitute a template that guides
an error-feedback response. This error-response could ultimately become the predictive
forward model of activation that participates in generating appropriate motor commands.

Once a skill is learned the ventral lateral nucleus of thalamus (VL) appears to be key
in maintaining performance.(Bornschlegl and Asanuma 1987) However, M1 cells can
respond to VL input, but cannot be potentiated by the VL alone. This led to the suggestion
that repeated stimulation from primary sensory cortex, such as might occur with repeated
practice, could train the motor cortex to respond to VL input.(Iriki et al. 1989; 1991)
Intracortical neurons from sensory cortex potentiating pyramidal cells in layers II and III
could ultimately result in facilitated activation of corticospinal cells by the VL.(Kaneko et al.
1994) This proposed neural substrate provides for maintenance of existing skills following
sensory cortical damage.

The cerebellum is another plausible candidate for error-based update of the internal
model. It is active when a mismatch between forward model sensory prediction and actual
sensory occurrence is detected.(Blakemore et al. 2001; Blakemore et al. 2000; Imamizu et al.
2000; Ramnani et al. 2000) Whether this activity is a mere signaling of the discrepancy or

participates in the adaptation of the forward model is unknown. What is known is that
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widespread cerebellar activation is refined and localized as a novel environment is
learned.(Imamizu et al. 2000) Kitazawa and colleagues (1998) argue that error-related

Purkinje cell firing contributes to refinement of future movements (i.e. learning).

1.7 Stroke

Stroke is one of the leading causes of long-term adult disability in America and the
world, with an annual incidence in the U.S. of over 700,000 cerebrovascular (CVA)
events.(Association 2006) Two-thirds of those who experience lateralized weakness or
paralysis after a stroke may have residual impairments of the upper extremity that interfere
with daily activity.(Broeks et al. 1999) Depending on the location and size of the lesion,
CVA sequelae can vary from sensorimotor impairments to cognitive impairments to memory
loss.(Lundy-Eckman 2002) Hemorrhage or ischemic insult in the distribution of the anterior
cerebral artery may result in, hemiparesis and hemisensory disruption, especially of the lower
extremity, personality changes and disordered executive function. Middle cerebral artery
(MCA) insult frequently presents with visual loss, language impairment, hemiparesesis and
hemisensory disruption especially in the upper extremity whereas posterior cerebral artery
involvement often includes visual loss, hemiparesis, and hemisensory loss. Though rare,
stroke affects the cerebellum producing discoordination and motor impairments. The focus
of this dissertation work is on damage to the territory of the MCA and the cerebellum.

Lesion location may also differentially affect motor learning and rehabilitation
potential. However, the examination of possible motor learning differences in those with
stroke-related brain damage is still preliminary. In a study of a short-sequence tracking task,
Winstein and colleagues (1999) found elevated error for those with stroke but no differences

in learning or retention over time when compared to a control group. Specific regions of
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stroke involvement in this study were unclear. Others have confirmed preserved implicit
motor learning following stroke-related damage to sensorimotor cortex,(Boyd and Winstein
2003; Pohl et al. 2001) cerebellum (Boyd and Winstein 2004a) and the basal ganglia.(Boyd
and Winstein 2004b; Vakil et al. 2000) Unable to precisely identify lesion location, Boyd
and Winstein (2001) reported difficulty with implicit motor learning in groups with primarily
parietal cortex, capsular and thalamic stroke.

Helping persons with stroke to improve function is one of the primary goals of the
rehabilitation professional. However, common rehabilitative interventions are often not
based on recent scientific literature but instead rooted in anecdotal report or trial-and-
error.(Jette et al. 2003; Mikhail et al. 2005) Effective physical rehabilitation should be
grounded in scientific evidence, including an understanding of motor control and learning
following a CVA: one component of which is the elucidation of interaction between sensory
and motor systems. This knowledge has the potential to help health care professionals tailor
interventions and predict outcomes based on lesion location and the clinical presentation of
the patient. Maximum intervention efficacy will ultimately require the consideration of
affected neural structure and function in rehabilitation and a precise understanding of how
neurologically intact individuals and stroke survivors function and learn new motor skills.
Armed with this information, rehabilitation professionals might better individualize treatment
strategies for each client. One intended outcome of this work is an eventual better
understanding of the contribution of proprioceptive deficit the varied findings of motor

learning following stroke.
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1.8 Distinction of Experimental Design

The bulk of the internal model work that dominates the literature today has focus on
task dynamics. These studies primarily utilized discrete, center-out reaching tasks. Learning
studies in this paradigm have focused on development of the inverse model by introducing a
force field for which the subject must learn to compensate.(Shadmehr and Mussa-Ivaldi
1994) Vercher and colleagues (2003) found that proprioception was important in adaptation
of the internal model. While the environmental and internal dynamics must be learned, the
task does not address a key component of skill performance: movement sequencing. Many
movements in life require precisely timed, serial execution of motions, such as pitching a
baseball. Such tasks consist of multiple linked movements and changes in limb velocity and
dynamics, and it may be that internal models exist for both the kinematics and kinetics of a
skill.(Krakauer et al. 1999)

A whole-arm continuous tracking task was selected for the present research as a
departure from much of the previous work utilizing discrete, familiar or single-joint reaching
movements. Few daily activities are carried out with a single joint in isolation. Rather, many
skills are the product of sequential coordination of limb segments in a distinct pattern. For
example, to pitch a baseball requires several weight shifts, changes in limb velocity, and
accurate timing to be executed effectively. Furthermore, the continuous tracking task likely
mimics the environment in which a person would implicitly acquire a skill with multiple
degrees of freedom: tracking a sequence of limb movements predicated on previous limb
position with a clear goal, maintaining proximity to the target. Consideration of complex
movements, as continuous tracking might be considered, is essential for the development of

accurate models of motor control.(Cordo and Gurfinkel 2004; Wulf and Shea 2002)
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Additionally, in many previous studies the subject was allowed to practice the task
prior to the application of vibration (Bernier et al. 2006; Cordo et al. 1994; Pipereit et al.
2006) which can result in biased performance toward the practiced skill.(Bevan et al. 1994)
Therefore inferences regarding learning are questionable. The protocol employed in this
dissertation utilizes minimal task familiarization and a retention test to separate transient
performance improvements from more permanent motor learning.(Salmoni et al. 1984)

Finally, this dissertation presents work both with the exogenous alteration of
proprioception on healthy adults as well as those with central nervous system damage that
impacts proprioception. When reporting on maintenance of body movement representation,
Ghez and colleagues (1990) confirmed and solicited further study in this area when they
posited that deficits in “deafferented patients will ... have analogs in ... patients with central
lesions.” As will be reported in the following chapters, peripheral and central proprioceptive

disruption have different effects on learning.

1.9 Sgnificance of the Presented Work

Despite advances in early intervention, half of those individuals with chronic stroke
experience significant loss of upper extremity function including the loss of sensation.(Carey
1995) Functional recovery is a primary concern for the stroke survivor, and these individuals
look to rehabilitation scientists and clinicians to restore their functional ability. Uncertainty
about how the brain recovers from, and compensates for, stroke-related damage has lead to
attempts to rehabilitate patients through a variety inadequately researched methods.

The present study contributes to a more complete understanding of the neurological
basis of skill learning. In the long-term, these efforts will lead to the development of

scientifically grounded rehabilitation approaches, specifically targeted towards enhancing
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functional recovery. Further, it may lead to a reconceptualization of what constitutes “best”
care for individuals with disrupted proprioception after stroke: especially considering
sensation is receiving increasing interest as a therapeutic target.(Davies 2000; Woldag and
Hummelsheim 2002)

In addition to informing rehabilitative care, the presented work can be viewed from a
theoretical perspective. Much of the existing literature has been devoted to identifying
regions of the brain that participate in skilled movement. However, the study of motor and
premotor cortical activation predominates. This has occurred despite a growing body of
literature suggesting the close association between motor and sensory systems.(Friel et al.
2005; Nudo et al. 2000) The work presented in this dissertation examines the importance of
sensation in motor skill acquisition and contributes to our understanding of the role of
proprioception in motor sequence learning both in neurologically intact adults and after brain

damage.

1.10 Specific Aims and Statement of Hypotheses

The long-term goal of this project is to characterize the contribution of intrinsic

somatosensory feedback to motor learning both in healthy and pathologic populations. Three

central aims directed this research.

1. Determinethe effect of disrupted sensory feedback on motor sequence learning
(Chapter 2 & 3). If proprioception is important for motor learning of a continuous task, then
alteration of proprioceptive sensation should deleteriously impact performance and learning
of a continuous sequence. It was hypothesized that if proprioception is critical for the
development of the internal model, inappropriate proprioceptive signals during acquisition

would disrupt motor learning. This would be evident in poorer retention of target regularities
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for a repeated tracking segment for groups who receive vibration versus those who did not.
Surprisingly it was found that individuals learned a repeated movement sequence despite
altered proprioception. In a follow up experiment the contribution of vision to developing an
internal model for a motor sequence was investigated. Results suggested both the manual and

oculomotor systems made improvements in tracking.

2. Establish whether proprioceptive sensation iscritical for continuous motor sequence
learning in a chronic stroke population (Chapter 4). If the neural structures conveying
and processing somatosensory information were important for motor learning, damage to
those structures should negatively impact learning of a new motor skill. It was hypothesized
that if the sensory cortex were necessary for learning a new motor skill, lesions of sensory
cortex, thalamus, or the associated white matter tracts such as the posterior limb of the
internal capsule would result in less retention of target sequence regularities for a repeated
tracking segment than the control group. Furthermore, it was hypothesized that the extent of
the proprioceptive deficit would be predictive of target segment retention. Indeed, it was
found that proprioceptive integrity was closely related to sequence-specific improvements in

tracking over the course of practice.

3. Ascertain the effect of cerebellar damage on the use proprioceptive sensation
for motor sequence learning (Chapter 5). The cerebellum likely plays an important role in
movement-error assessment based on sensory information. Owing to its role in error
detection and motor update, we hypothesized that individuals with damage to cerebellar
structures would demonstrate impaired sequence learning of a motor skill when limited to use

of proprioception to control motor performance and learning. It was found that some
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individuals with cerebellar pathology demonstrated a preserved capacity for motor sequence
learning, similar to a healthy cohort. However, these same participants displayed poorly
timed movements as previously reported. Other individuals, with generally much larger areas
of infarct did not demonstrate sequence-specific learning and appeared to attempt a strategy
of movement anticipation. These individuals also demonstrated severe proprioceptive and
motor deficits. These results suggest that the area of cerebellar damage may be critical the

maintenance of somatosensory feedback-based motor learning.

In sum, the work presented in this dissertation has or will lead to the submission of 4
unique manuscripts that consider 1) the impact of altered afferent proprioception on motor
learning in healthy people (to be submitted to Behavioral and Brain Functions), 2) of the
interaction of visual and manual motor systems in continuous sequence learning (to be
resubmitted to Human Movement Science), 3) the effect of centrally disrupted proprioception
after stroke (submitted to Experimental Brain Research), and 4) characterizing the importance
of the cerebellum in processing proprioception information and updating the internal model

(to be submitted to the Neurorehabilitation and Neural Repair).
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Figure 1.1 The Internal Model
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The internal model consists of the forward and inverse models. The inverse model issues

motor commands (A) based on the desired action or updates commands based on sensory

consequences predicted by the forward model (B). As reported later, noise introduced into

the estimate of perceived state by vibration at C can be used to examine the role of sensation

on motor learning. Additionally, lesions to brain regions may impact any process upstream

of the effector. Adapted from Vercher et al. (2003) and Kawato (1999).
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Chapter 2 Preface
In Chapter 1, previous work on proprioception and motor learning was presented.

This included theoretical constructs (i.e. the internal model) that depend in part on the use of
afferent information for their development and maintenance. Having established this
foundation, Chapter 2 explores the impact of altered peripheral afferent information on motor
learning. One commonly used manner of investigating afference in the internal model is to
change somatic information being supplied to the CNS: for example altering feedback at
location C in Figure 1.1. This was accomplished through the application of vibration to

healthy young adults during skill practice.
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Chapter 2

Motor Sequence Learning Occurs Despite Altered Visual and Proprioceptive Feedback

Vidoni, E. D., Boyd, L. A. Motor Sequence Learning Occurs Despite Altered Visual and

Proprioceptive Feedback. (to be submitted to the Behavioral and Brain Functions, Jan. 2008)
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2.1 Abstract

Recent work has demonstrated the importance of proprioception for the development
of internal representations of the forces encountered during a task. Evidence also exists for a
significant role for proprioception in the execution of sequential movements. However, little
work has explored the role of proprioceptive sensation in the learning of continuous
movement sequences. Here we report that the repeated segment of a continuous tracking task
can be learned despite altered arm proprioception and severely restricted visual feedback
regarding motor output. Healthy adults practiced a continuous tracking task over 2 days.
Half of the participants experienced vibration that altered proprioception of shoulder
flexion/extension of the active tracking arm (experimental condition) and half experienced
vibration of the passive resting arm (control condition). Retention testing was conducted on a
separate day to assess motor learning. Regardless of vibration condition, participants learned
the repeated segment demonstrated by significant improvements in accuracy for tracking
repeated as compared to random continuous movement sequences. These results suggest that
with practice, participants were able to use other available afferent information to overcome
initial interference of tracking ability related to altered proprioception and restricted visual
feedback to learn a continuous motor sequence. Learning occurred despite initial interference

of tracking.
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2.2 Introduction

Current evidence suggests an important role for afferent sensation and proprioception
in learning and execution of skilled motor behaviors. During motor learning, proprioceptive
feedback may form a template for comparison to a motor plan; perhaps through the tuning of
electromyographic activity over practice in a similar manner to muscle spindle feedback
based adaptation.(Thoroughman and Shadmehr 1999) Extending these findings, Hwang and
Shadmehr noted that computer simulations of muscle spindle-based learning closely matched
human learning of a reaching task in a force field.(2005).

Several studies have documented the relationship between proprioception and motor
learning using both healthy participants and those with disrupted sensation. In particular,
previous work has demonstrated the importance of proprioception in accounting for the
internal and external forces encountered by the limb during movement.(Pipereit et al. 2006;
Vercher et al. 2003) Using the classic clinical model of absent proprioception in human
participants, Gordon et al. (1995) examined individuals with deafferentation due to large fiber
neuropathy as they made discrete reaching movements without vision of the hand. The
individuals in their study could not accurately reach or directionally correct movements in
response to their own limb inertia. Though the data reported by Gordon et al. suggest that
proprioception is key to maintaining a representation of the body’s own dynamics, they do
not consider whether proprioception has an essential role in motor sequence learning.

Most past work has investigated the role of proprioception in generating accurate
discrete movements during a single session, with little work focused on the importance of
proprioception during motor sequence learning. Limited consideration of the role of
proprioception during motor learning is illustrated by the common practice of allowing

participants to familiarize themselves with (i.e., practice) the task prior to data
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collection.(Bernier et al. 2006; Bevan et al. 1994; Pipereit et al. 2006) Though this creates a
controlled environment for investigating the role of proprioception in short-term motor
performance, it confounds our understanding of motor learning by pre-training participants
on the task. This issue was inadvertently highlighted by Bevan and colleagues (1994) who
anecdotally reported that participants demonstrated the best performance for the tasks that
they initially practiced. Further, experimental tasks designed to study the role of
proprioception in motor performance have often included typical daily behaviors such as
reaching; in these cases participants likely already have a well learned motor plan.(Gordon et
al. 1995) As such we continue to know little about how proprioception contributes to the
formation of motor plans, rather than simply their execution. In summary, at present the
importance of intact proprioception for motor sequence learning remains unclear.

Vibration can predictably shift perception of movement as originally demonstrated
by Goodwin and colleagues (1972) who cataloged its illusory effects on sensory perception.
This effect has been repeated and further qualified (Capaday and Cooke 1983; Cordo et al.
1995b; Forwell and Carnahan 1996; Pipereit et al. 2006; Roll and Vedel 1982; Vedel and
Roll 1983; Vercher et al. 2003) making vibration a useful experimental tool. Vibration
produces the illusion of movement by stimulating primary spindle fiber afferents.(Roll and
Vedel 1982) Furthermore, vibration masks the report of accurate afferent information
regarding antagonist muscle stretch via stimulating primary spindle fiber afferents (Vedel and
Roll 1983) and influencing muscle activation patterns.(Capaday and Cooke 1983) In light of
these findings, in Experiment 1 we characterized the impact of vibration on proprioception
using a limb position matching task. Study participants attempted to continuously match the
position of a vibrated arm to that of an unvibrated arm as it moved through a 30 second motor

sequence while vision of both arms was prevented. We discovered that vibration predictably
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altered proprioception and caused participants to overestimate motion in the limb-matching
task.

After confirming that our method of vibration alters proprioception, we applied
vibration during practice of a continuous tracking task and examined the effect of shifted
limb position sense on motor sequence learning. We hypothesized that if intact
proprioception was essential for motor sequence learning, altering this feedback during
practice would be evident in accuracy measures at retention testing. Alternately, it is possible
that the normal motor system is flexible and robust enough to facilitate sequence learning
even with altered proprioception. The possibility that individuals can demonstrate motor
sequence learning even when proprioception is altered is important to neuroscientists and
clinicians alike. Knowledge of the significance of accurate proprioceptive information during
motor sequence learning may facilitate the genesis of novel models that predict skill
acquisition. In turn, these data may be used to generate new therapeutic interventions for the

management of diseases such as stroke that commonly impair proprioceptive sensation.

2.3 Experiment 1

Vibration has previously been used to alter proprioception during upper extremity
movement to demonstrate its role during 1) the execution of previously learned movements
(Cordo et al. 1995a; Forwell and Carnahan 1996) and 2) the control of the limb against
external forces.(Pipereit et al. 2006; Vercher et al. 2003) To verify this effect, in Experiment
1, we quantified the impact of vibration delivered to the upper arm, adjacent to the shoulder
during both passive and active arm movements.

The shoulder has both single- and multi-joint muscles making it an optimal location

to deliver a generalized vibratory stimulus for experimental investigations. Previous studies
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have applied shoulder muscle vibration during whole arm movements to examine motor
performance.(Forwell and Carnahan 1996) Because our experimental task required shoulder
flexion and extension movements to push and pull a frictionless lever mounted at shoulder
height, application of vibration to the proximal arm musculature was ideal. Evidence from
differences in the in arm position during limb matching in Experiment 1 demonstrated that

vibration altered proprioception.

2.3.1 Methods
Participants and Apparatus

Fifteen healthy adults (8 males, 7 females; mean age 33.1 [range 26-46]) with no
reported diabetes, or upper extremity muscular or sensory impairments provided
institutionally approved informed consent. Participants engaged in a limb-position matching
task (van Deursen et al. 1998) modified for the upper extremity. Two near-frictionless,
horizontally-mounted levers were positioned at shoulder level to allow participants to grasp
one in each hand (Figure 2.1 a and b). The levers were attached to potentiometers that
registered angular displacement.

Three eccentrically loaded motors within a cuff provided the vibratory stimulus. The
cuff was secured to the dominant arm, as identified by the Edinburgh Handedness Inventory,
(Oldfield 1971) with an elastic wrap at the level of the deltoid insertion. The vibrating
motors were positioned on the anterior, lateral and posterior aspects of the upper arm. In this
manner aspects of the biceps brachii, triceps brachii and deltoids were vibrated.

Vibration-induced movement illusion occurs over a wide range of stimulation
frequencies, but most effectively at 50-100Hz.(Sittig et al. 1987; Vedel and Roll 1983) To

avoid the possibility that participants would accommodate to vibration, thus potentially

30



limiting its impact on limb position sense, we systematically varied the frequencies of
vibration (50, 60, 70, 80Hz) across trials; for experiment 1 two trials were performed at each
frequency in a psuedorandomized order. The same 16 random movement patterns were

tested for each condition.

Experimental Conditions

To test whether vibration influence proprioceptive sensation during both passive and
active movement, separate trials were performed during which the one arm was moved by the
experimenter and the participant matched the opposite arm. Vibration was introduced in half
the trials. Subjects performed this matching task in separate conditions where vibration was
applied to the passive, experimenter-driven arm (PV) and then to the actively matching arm
(AV). For example, a right-handed participant would be fitted with the vibration cuff on the
right upper arm. In the PV condition the examiner would guide the right arm and the
individual would match those movements with the left arm for 8 trials without vibration and 8
trials with vibration. In the AV condition, the examiner would guide the left arm and the
individual would attempt to match with the right (Table 2.1). Thus we were able to compare
typical limb position matching ability to that when vibration was applied either to the active,
matching limb or to the passive, driven limb. To avoid potential vibration after-effects, non-
vibration trials were always performed prior to vibration trials.
Outcome Measure

The position of each lever and thus the excursion of each arm was sampled at 40Hz
and raw position data were smoothed using a 100ms moving average. To demonstrate and
quantify the effect of our vibratory manipulation, the perceptual shift stimulated by vibration

was indexed by the ratio or gain between the actively matching and driven arm movement
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amplitudes®. Gain measures over 1.0 indicate movement amplitude of the active arm was
greater than that of the driven arm. Gain measures during no vibration trials were averaged
for each subject. Based on previous work,(Goodwin et al. 1972; van Deursen et al. 1998) we
predicted that vibration delivered to the passive experimenter-driven arm (PV condition)
would result in the perception of driven arm movement as greater than in reality. In this case,
individuals would over-estimate the magnitude of active limb motion required to match the
position of the other arm. The opposite was expected when vibration was applied to the arm
with which the participant actively tracked (AV condition)

Planned pairwise, one-tailed t-test comparisons of vibration and no-vibration trials

for both AV and PV were tested at o=.025.

2.3.2 Results

We hypothesized that if our method of vibration resulted in altered position sense,
then gain measures in the PV condition would be greater with vibration on compared to
vibration off. We also expected that gain measures in the AV condition would be less than in
the no vibration condition. As can be seen in Figure 2.2, vibration to the shoulder
musculature resulted in changes in perceived upper limb movement consistent with our
expectations. Pairwise t-testing revealed statistically significant differences between
vibration and non-vibration trials for both the PV (p=0.016) and AV (p=0.003) conditions.
Anecdotally, some participants reported feeling vibration both proximally in the shoulder and

neck as well as distally in the elbow and “tingling” into the wrist and hand.

* Gain = RMS position of arm / RMS position of driven arm, Root mean square (RMS) =
SQRT(Yxi* /n) where xi = limb position
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2.3.3 Discussion

These data demonstrate that vibration to the upper extremity at frequencies between
50 and 80Hz resulted in altered position sense that did not accurately reflect true limb
position. Importantly, every 0.1 difference in gain (Figure 2.2) translates into an average 3cm
difference between hand positions at the transition between flexion and extension
movements. As our participants demonstrated vibration-induced gain differences of .19 in
the AV condition and .13 in the PV condition vibration substantially altered tracking
accuracy.

Based on our findings, and other recent work by Bock et al. (2007) outlining the
problematic and invasive nature of other methods of sensory disruption (i.e., ischemic cuffs,
peripheral nerve blocks) we elected to use the same method of vibration in experiment 2 to
disrupt proprioception throughout practice of a continuous motor tracking task. This
approach allowed us to ascertain the impact of altered proprioception on motor sequence

learning.

2.4 Experiment 2
2.4.1 Methods
Participants

Twenty-five healthy adults (9 males, 16 females; mean age 27.0 [range 22-43]) with
no reported diabetes or upper extremity muscular or sensory impairments provided informed
consent in accordance with institutional guidelines. Three of these individuals participated in
experiment 1. The dominant arm, as determined by the Edinburgh Handedness

Inventory,(Oldfield 1974) was used for task practice.
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Tracking Task

Seated in front of a computer monitor, participants engaged in a continuous tracking
task of a target moving in a sine-cosine wave pattern (Pew 1974; Wulf and Schmidt 1997)
using their dominant arm: 23 right-handed, 2 left-handed. The same lever set-up used in
experiment 1 (Figure 2.1 a and b) was moved with shoulder flexion and extension to move an
on-screen cursor vertically up the screen (shoulder flexion) or down the screen (shoulder
extension); naturally elbow extension followed shoulder flexion and elbow flexion
accompanied shoulder extension in a parasaggital plane. The target appeared as a white box
and participant movements were represented as a yellow circle cursor. The lever apparatus
necessitated 31cm of angular excursion over a maximum of 60° to accurately track the
waveform and each participant was easily able to move through this range of motion. As in
experiment 1, lever position sampling was performed at 40Hz. All stimuli were presented at
40Hz using custom software developed on the LabView platform (v. 7.1; National
Instruments, Austin, TX).

The pattern of target movement was predefined according to a method modified from
Wulf and Schmidt.(1997) For each 33s trial a unique target wave was assembled from one 3s
baseline (to allow participants to orient their arm to task midline) and two 15s component
sine-cosine wave segments, or “epochs.” In each tracking trial, participants were exposed to
a novel random epoch and an epoch that contained a repeated sinusoidal sequence (Figure
2.1c). To avoid order effects presentation of the repeated sequence epoch randomly occurred
as the first or second segment. The same presentation order was employed for every

participant.
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Experimental Design

Upon enrollment, individuals were randomly assigned to either the control (CTL)
group that received vibration to the non-hand-dominant (passive, non-tracking) arm, or to the
proprioception altered group (DIS) that received vibration to the hand-dominant (active,
tracking) arm. To limit the possibility that task learning that might occur with pre-practice, no
task familiarization period was provided. Prior to acquisition, participants were instructed to
track the target as accurately as possible by controlling the position cursor with shoulder
flexion / extension movements of the lever.

Individuals practiced the tracking task 50 trials a day for two days (Table 3.2).
During these training days, vibration was applied according to group assignment. The
possibility of accommodation to the vibratory stimuli was avoided by randomly varying the
frequency of stimulation after each trial; frequencies of 50, 60, 70 and 80Hz were randomly
arranged and delivered in the same order for all participants.

On a separate third day, participants returned for 10 retention test trials. The upper
arm was fitted with a vibrating cuff in the same manner as Experiment 1, according to group
designation. However, to examine the impact of proprioception on motor sequence learning
without the transient effects of altered proprioception contaminating the data, at retention
testing the cuff was fitted but no vibration was applied for 10 trials.

The possibility that participants might use vision to compensate for altered
proprioception was limited by preventing vision of the arms and severely restricting visual
feedback of the cursor position. Draping was used to prevent vision of the arms throughout
the entire study for both groups. The drape was placed over, but did not come in contact
with, the participant’s upper body to avoid the possibility that brushing against it would

provide cutaneous sensory cueing. Additionally, over the first 20 practice trials, visual
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feedback regarding lever position was faded. We determined that initially (blocks 1 and 2 of
practice) some visual feedback of cursor position was necessary for participants to understand
the task; however, this feedback was removed quickly (our schedule of fading was similar to
that reported by Winstein and colleagues (1994)) and blocks where visual feedback was
present were not included in data analyses. Past work investigating continuous sequence
production demonstrated that when visual feedback for cursor movements was delivered at
500ms/1sec or less it actually disrupted the use of visual feedback to guide movement.(Kao
1976) Thus, in instances where visual feedback is less than or equal to 500ms/1sec, Kao
showed that its brevity rendered it virtually useless for guiding hand-controlled cursor
movements. Applying this finding, we linearly reduced the amount of time the position
cursor appeared beyond the threshold reported by Kao. This ensured that visual information
could not be used to continuously guide movement or influence motor learning. In the
present task, arm position information was faded from continuous on trial 1 (block 1), to a
200ms position cursor presentation every 2s by trial 19 (block 2) and kept at this level for the
remainder of the study. To maintain motivation for this difficult task and encourage accurate
tracking, participants were provided summary feedback after each trial during acquisition as a
percentage of time the position cursor spent within a 10° bandwith of the target. Because
summary feedback regarding overall tracking accuracy was provided only for motivational
purposes, did not contain sufficient information to alter performance, and was not explicitly

manipulated across the groups we also provided this information at retention.
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Outcome Measures

The primary outcome measure was root-mean-squared error (RMSE)’ calculated as
the area difference between target and participant position separately for random and repeated
sequence epochs. RMSE from each 10 consecutive trials was averaged to represent 1 block
of sequence performance during the initial two days of training, and learning at retention.
Box-plot analysis revealed that one individual in the DIS group performed poorly enough to
be considered an outlier when compared to the group during practice. This participant was
excluded from further analysis.

Because proprioception has previously been related to both spatial and temporal
aspects of movement sequences (Bevan et al. 1994; Cordo et al. 1994) we further explored
whether altered proprioception would differentially impact spatial and / or temporal learning
the repeated sequence using a time series analysis.(Boyd and Winstein 2004a) This was
accomplished through cross correlation (stock signal processing function; Matlab 7.0.4, The
Mathworks, Natick, MA).(Day and Marsden 1982) In the time series analysis the position
signal of each trial was repeatedly correlated with the target signal while the time delay was
successively increased between the two signals. The time lag corresponding to the greatest
correlation index was taken as a measure of temporal tracking accuracy. Original, tracking
position data were shifted by this lag and RMSE was recalculated to produce a “lag-
corrected” measure of spatial accuracy. The distance that data were shifted to achieve the
lag-corrected measure represents time lag of tracking. Examples of real-time and lag-

corrected tracking accuracy from individuals in both groups can be seen in Figure 2.3.

> RMSE = SQRT(Y(xi — Xi)*/n) where xi = probe position, Xi = target position
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Satistical Analyses

First, to ensure that no baseline motor control differences biased group performance,
a one-way ANOVA of Group (DIS, CTL) at Block 1 using random epoch RMSE at the
dependent measure was conducted. Next, the first and last blocks of each day of training
were used to represent change in behavior associated with skill acquisition. Tracking
performance was assessed via three-way ANOVA (Epoch (random, sequence) x Block (3, 5,
6, 10) x Group (DIS, CTL) with repeated measures correction for Epoch and Block. RMSE,
time lag and time lag corrected RMSE served as dependent measures. Sequence-specific
learning was assessed using the retention test with two-way ANOVA (Group (DIS, CTL) x
Epoch (random, sequence)) with repeated measures correction of epoch for each of our
dependent measures. To separate change in tracking associated with improved motor control
or non-specific learning from more permanent changes in behavior as a result of sequence-
specific learning for the repeated epoch we statistically compared performance of random
versus repeated sequences. All analyses were tested at a=.01 to protect against Type I error.

A Greenhouse-Geisser correction was used where appropriate.

2.4.2 Results
Continuous Tracking During Acquisition Performance

At the beginning of training in block 1, before visual feedback of the position cursor
was faded, performance for the DIS and CTL groups for random sequence were similar,
(F(1,22)=1.079, p=.31). Because error during tracking of random sequences indexes motor
control or non-sequence-specific task performance lack of an initial group difference suggests

that there were no baseline effects that might shift our findings.
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Block 3 represents the first time-point where visual feedback was consistently below
levels considered useful for assisting continuous tracking; it was therefore considered the first
block of practice for data analyses purposes. Visual inspection of the data shows that over the
course of the two training days all participants improved (decreased) sequence tracking error
as compared to random tracking performance (Figure 2.4). This was confirmed via a [three-
way ANOVA (Epoch (random, sequence) x Block (3,5,6,10) x Group (DIS, CTL)) with
repeated measures correction of Epoch and Block. In this analysis, the acquisition of
sequence-specific knowledge across practice is evident in the significant Epoch x Block

interaction (F(3,66)=15.772, p<.001). However, no Group effect was evident.

Temporal versus Spatial Performance

Decomposing performance into spatial and temporal dimensions revealed that
altered proprioception impacted tracking accuracy rather than the time lag of tracking. Lag-
corrected RMSE, which indexes spatial accuracy, trended toward being worse for the DIS
group (Block x Group interaction (F(3,66)=3.606, p=.018)) during acquisition performance.
This finding may relate to the initially worse spatial tracking ability of the DIS group (see
Figure 2.5). In addition, an Epoch x Block (F(3,66)=10.34, p=.001) interaction revealed that
tracking accuracy for the repeating sequence improved more with practice than did random

epoch tracking.

Time lag of tracking did not appear to be changed by altered proprioception. This
was evident in the ability of both groups to similarly reduce the time lag of their tracking with
practice as shown by an Epoch by Block interaction (F(2.167, 47.669)=5.564, p=.006; Figure

2.6).
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Continuous Tracking at Retention

At the delayed retention test on day 3 both groups demonstrated sequence-specific
learning of task regularities that allowed them to maintain improved tracking ability for the
sequence epoch when compared to random performance. This was confirmed with a two
factor ANOVA (Group (DIS, CTL) x Epoch (random, sequence)) where only the main effect
of Epoch reached significance (F(1,22)=21.305, p<.001). This finding was echoed in the
time series analysis. Both groups showed a decreased error for the sequence epoch for
temporal (F(1,22)=25.32, p<.001) and spatial components of tracking (F(1,22)=16.310,

p=.001).

2.5 General Discussion

The purpose of this study was to examine the impact of altered proprioception in
motor sequence learning of a continuous tracking task. A large body of literature
demonstrates that information regarding body state is crucial for motor control.(Cordo et al.
1994; Ghez et al. 1995; Ghez et al. 1990; Gordon et al. 1995; Vercher et al. 2003) In this
study, we sought to determine whether this was also the case for motor sequence learning. In
the past, Rothwell and colleagues (1982) suggested that motor learning might be deleteriously
impacted by absent proprioception via their case report of a deafferented individual. In this
case, the authors reported that learning new, complex sequences of hand movements was
difficult when deafferentation was present. We sought to extend these findings to determine
if similar negative effects would be present for continuous motor sequence learning when
proprioception was shiftedd by vibration and discovered that a robust learning system was

able to overcome initially disturbed tracking performance.
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To our knowledge the present study represents the first experimental investigation of
the impact of altered proprioception on continuous motor sequence learning. The
experimental design employed for the current work differs from previous studies in several
important ways. First, we used a continuous tracking task that required participants to use
their entire upper extremity to produce movement. It has been suggested that investigation of
complex movements (i.e. those that involve more degrees of freedom or greater muscle
activation) are critical for our understanding of motor learning and behavior (Cordo and
Gurfinkel 2004; Wulf and Shea 2002) and our task met these criteria. Previous studies of
proprioception have almost exclusively employed discrete, reaching-type tasks for which
participants likely already have a motor plan. Our use of a continuous motor sequencing task
allowed us to examine learning of a novel tracking sequence. Finally, we engaged
individuals in two days of practice and a separate, delayed, retention test. In this manner
learning versus performance improvements were clearly differentiated.(Salmoni et al. 1984)
Because no prior studies of the role of proprioception have employed a retention test design it
has not been clear whether altered proprioception would deleteriously impact motor
learning.(Bernier et al. 2006; Hwang et al. 2006b)

We hypothesized that if veridical proprioceptive sensation was essential for sequence
learning, untrustworthy proprioceptive information would diminish both acquisition and
retention of the repeated motor sequence. We discovered that the opposite was true; all
participants were able to learn sequence-specific regularities as compared to random epoch
performance regardless of the presence of vibration. The finding that individuals can learn to
accurately and continuously track a repeating sequence even when vibration was applied to
the arm being used suggests that accurate and intact proprioception are not absolute

prerequisites for encoding and consolidating movement regularities. We found that, despite
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initially larger spatial error, the group that practiced with altered proprioception (DIS group)
was able to improve both spatial and temporal tracking error. This finding was facilitated by
our experimental design; had we stopped data collection earlier in the experiment as past
work has done we would not have noted the positive effect of task practice in overcoming
altered proprioceptive feedback.

Cordo and colleagues (1995a; 1994) have suggested that the dynamic position and
velocity information supplied by proprioceptors may be important for the execution of
movement sequences. Based on this, we posited that proprioception would also be critical
for learning the spatio-temporal regularities of a repeated continuous sequence. Rather, we
found that accurate proprioceptive information was not essential for learning our
experimental task. In fact, we noted that the worse performance of those with altered
proprioception was transient and not evident at retention.

Simply becoming aware of the repeating sequence is another possible reason that the
DIS group was able to learn the continuous tracking task. It is certainly possible that
observation of target movement was sufficient to stimulate learning. Indeed, sequence
learning has been demonstrated following stimulus observation alone (Bird et al. 2005)
especially when individuals attend to the task.(Howard et al. 1992; Willingham and Goedert-
Eschmann 1999) In accordance with these findings we cannot rule out the possibility that
untrustworthy proprioception was compensated for by paying greater attention to target
motion.

Another plausible explanation for our finding that altered proprioception did not
diminish learning may be that accurate afferent sensation from more distal segments of the
arm might have been preserved and exploited. We cannot totally rule out this possibility with

the present experimental setup. Single joint elbow muscles as well as wrist and finger
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musculature, joint and cutaneous afferents were possibly spared from vibratory disruption
(though several subjects reported “numbness and tingling” into the forearm and wrist).
Furthermore, secondary spindle afferents appear to be relatively insensitive to vibration
(Vedel and Roll 1983). The central nervous system could have preferentially attended to
these signals for information regarding performance.

However, we suggest that the hypothesis outlined above cannot completely explain
our results because this same “unaltered” afferent information did not overcome vibration-
induced changes as shown by the limb-position matching task in experiment 1. Additionally,
tracking error was elevated for participants in the DIS group early in training as compared to
the control group (random epochs, blocks 3 and 5). These findings supply convergent
evidence that vibration was disruptive to at least spatial motor control. Based on the early
practice and limb position matching data of Experiment 1, it appears that vibration induced at
least some shift in the afferent feedback from the shoulder and elbow spanning musculature
to the central nervous system that altered motor output. More importantly, initially disrupted
motor output was normalized by practice, allowing motor learning to occur.

It has been previously noted that vision is critical when proprioceptive sensation is
diminished or absent.(Cole and Sedgwick 1992; Rothwell et al. 1982) Ghez et al. (1990)
reported that individuals with large fiber sensory neuropathy improved their aim on discrete
reaching tasks when able to visualize arm position before movement. To explore the
contribution of proprioception without the confound of visual feedback, we reduced visual
information available to the participant via several controls. First, we occluded vision of the
arm via draping. Next, we quickly faded feedback regarding cursor position over the first 20
trials to an intermittency exceeding that which Kao (1976) cited as being disruptive to

continuous tracking. However, we chose to preserve some visual feedback to reduce
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cumulative error which might have obscured improved motor control associated with learning
(Hocherman and Levy 2000) by displaying the arm position cursor for 200ms at 1800ms
intervals. Though unlikely, it is possible that even this minimal visual information may have
allowed participants to evaluate their performance and adjust accordingly in the absence of
trustworthy proprioceptive feedback.

Our finding of preserved continuous sequence learning despite restricted visual
feedback and altered proprioception reflects the dynamic and robust nature of a motor
learning system that is able to compensate for inaccurate afferent information through
redundant physiological and cognitive systems. One or some combination of all of the
mechanisms proposed above may have facilitated learning for participants in this research.
Though these findings do not directly support our original hypotheses that altered
proprioception would disrupt motor sequence learning, they are not without precedent. Skill
learning has been reported in dorsal rhizotomized monkeys.(Taub et al. 1966; Taub et al.
1978) The juxtaposition between our findings and Taub et al.’s are in contrast to reports by
others,(Pavlides et al. 1993; Sakamoto et al. 1989) who have reported disruption of skill
learning following sensoricortical damage. These seemingly contradictory results may be a
function of the difference between central and peripheral neural damage/disruptions. It
remains to be seen if those with chronic sensory impairment resulting from damage to
sensory cortical or thalamic regions have difficulty learning new motor skills. Future work
should consider this possibility in persons with medical conditions characterized by reduced

proprioception.
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Chapter 2 Tablesand Figures

Active Vibration Passive Vibration
Left Right Left Right
Side Vibrated X X
Active Matching Arm X X
Passive Driven Arm X X

* Assuming a right hand-dominant individual

Table 2.1 Limb Position Matching Conditions

Test conditions for a right handed subject in the limb position matching task, experiment 1.
The vibrating cuff was applied to the dominant upper limb (in this case, the right shoulder).
Then, each arm was moved, or “driven”, by the experimenter, while the participant actively
matched those movements with the opposite arm. In this manner, the right arm was vibrated
both while it was actively matching (AV condition) and while it was passively driven (PV

condition).
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Visual

Da Blocks Trials  Vibration
= Feedback
1-2 20 Faded
Training Day 1 Yes
3-5 30 200ms / 2s
Training Day 2 6-10 50 Yes 200ms / 2s
Retention Day 3 11 10 No 200ms / 2s

Table 2.2 Testing Schedule and Conditions
Each subject completed three (3) days of training and retention testing. Visual and
proprioceptive conditions followed this schedule. Participant groups (CTL, DIS) differed

only according to the side on which vibration was applied.
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Figure 2.1 Experimental Setup.
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a) Participants were seated before a computer monitor and grip one (experiment 2) or both
(experiment 1) horizontally mounted levers. A vibrating cuff wass secured to one arm.
Draping was drawn over the shoulders to prevent visualization of arm movement, represented
by a dashed line in pane b. c) In experiment 2, participants followed a pattern of movement
similar to these two example trials. Following a 3s stable baseline, sine-cosine waveforms
dictated target movement. Two full trial waveform patterns, 1 random and 1 repeating
sequence each, are overlaid. The random epoch comes first, followed by the repeated

sequence epoch during both trials for ease of visualization.
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Figure 2.2 Effect of Vibration on Limb Excursion Sense.
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During the limb position matching task, participants interpreted the vibrated arm as having
moved to a greater extent than in reality This resulted in significantly reduced (AV) or
increased (PV) gain measures when vibration was applied compared to when vibration was

not applied.
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Figure 2.3 Tracking Performance Examples.
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performance of the example CTL participant can be seen in pane a, corrected for a lag of

240ms (c).
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Figure 2.4 Tracking Error.
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initial performance with attenuating visual feedback but also vibration. Blocks 3,5,6 and 10,
with vibration and minimal visual feedback, show an interaction of epoch and block
suggesting improvement on sequence epoch tracking over time. At retention, when vibration

was removed but minimal visual feedback maintained, improvements on sequence epoch
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tracking persist regardless of group, providing evidence that altered proprioception disrupted
performance but did not impair continuous sequence learning. Dotted lines represent changes

in visual input or vibration.
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Figure 2.5 Spatial Tracking Error.
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performance differences. Decreased RMSE, towards graph bottom, denotes improved motor

performance.
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Figure 2.6 Temporal Tracking Error.
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testing. Increasing lag values, towards the zero line, denote performance improvements.
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Chapter 3 Preface

During the development and proposal of this dissertation, the role and character of
vision during learning of a continuous tracking task was questioned. Specifically, it was
wondered if eye movements would lead arm movements during the course of skill acquisition
or if learned eye motions could be a strategy to compensate for proprioceptive disruption.
Experimentally, these concerns were controlled in the paper presented in Chapter 2 by
severely restricting visual feedback. However, the question led to the genesis of an additional
experiment presented here in Chapter 3.

Nine healthy young adults performed the continuous tracking task described
previously with a computer mouse. No proprioceptive disruption was performed. Eye
movements were recorded during all trials. Continuous visual feedback of the mouse
position was provided. Therefore participants were able to constantly calculate tracking error
with vision. This enabled a dissociation of the contributions of the eye versus arm during the

learning of the continuous tracking task.
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Chapter 3

Manual and Oculomotor Performance Develop Contemporaneously But Independently

During Continuous Tracking

Vidoni, E. D., McCarley, J. S., Boyd, L. A. Manual and Oculomotor Performance Develop
Contemporaneously But Independently During Continuous Tracking. (to be resubmitted to

Human Movement Science, 2008).
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3.1 Abstract

The coordination and unique contributions of the oculomotor and manual effector
systems during continuous motor tracking tasks has not been well characterized. Over 2 days
participants controlled a computer mouse with movements of their arm to follow an onscreen
target while eye movements were recorded. Though improvements in both oculomotor and
manual tracking accuracy were noted, differences between effectors were also apparent. Time
series analysis and multiple linear regression were employed to probe spatial and temporal
accuracy within each effector system. Oculomotor tracking accuracy primarily depended on
spatial accuracy. In contrast, manual tracking performance was equally associated with both
decreased time lag and more accurate spatial tracking. These findings indicate that
oculomotor and manual tracking accuracy improved contemporaneously, though they

contribute differently to improve accuracy during continuous motor sequence acquisition.
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3.2 Introduction

Skilled behaviors often require close coordination between manual and oculomotor
movements. Imagine reaching for your coffee mug without first observing it’s location.
Though arm movements can be made to a remembered position, foveation of the target
improves accuracy.(Bock and Eckmiller 1986) Past work studying the relationship between
vision and manual motor systems during goal-oriented discrete reaching movements has been
extensively studied.(Carlton 1981; Desmurget et al. 1998; Keele and Posner ; Vaziri et al.
2006) These data indicate that individuals tend to make a saccade to the target in advance of
limb motion (Helsen et al. 2004); that is for discrete end-point movements, motion of the eyes
leads the limb to ensure accurate end position.(Helsen et al. 2000; Helsen et al. 2004) The
conclusion that the eyes lead the arm during discrete predictable movements is further
supported by documentation of anticipatory saccadic behavior during serial movements
where each successive manual movement is known in advance and can be pre-planned.
(Marcus et al. 2006)

Research has demonstrated that expectation (Kowler and Steinman 1979b) and
learning (Marcus et al. 2006) can influence eye motor control. For example, anticipatory
smooth eye movements occur in response to learned target movement regularities.(Kowler
and Steinman 1981; 1979a; 1979b) In fact, the expectation that prior target movements will
predict future appearances appears to strongly influence future smooth eye
movements.(Kowler et al. 1984) It has also been demonstrated that individuals are able to
produce anticipatory smooth pursuit movements and improve error during oculomotor pursuit
of repeated target patterns.(Barnes and Schmid 2002; Burke and Barnes 2007; McHugh and

Bahill 1985)
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The ocular and limb (i.e. arm) motor control systems have been noted to be so well
associated that it has been suggested that they have access to a common efference command
(Steinbach and Held 1968) or internal model.(Vercher et al. 2003) Work to verify the theory
that eye and limb movement are planned simultaneously, though, has been limited to the
study of discrete end-point movements and self-moved target tracking. Little work has
considered the development of oculomotor and manual tracking proficiency during learning
of continuous sequences of motion. Ketcham and colleagues (2006) examined the interaction
of eye fixations and arm movements during cyclic shape drawing but allowed participants to
practice in advance of recording and to use relatively familiar shapes. The present study was
designed to determine how ocular control is shifted by practice of continuous motor
sequences.

Motor learning of continuous sequences has been well described for the arm (Pew
1974; Shea et al. 2006; Wulf and Schmidt 1997) and whole body.(Shea et al. 2001)
However, the relative contribution of learned eye movements to the performance of
predictable, repeated continuous sequences of motion has not been evaluated. Thus the
purpose of this study was to parse the relative contributions of changes in eye movements
versus arm motor control during the learning of a novel, repeated continuous sequence. Based
on past work, we expected that the eyes might lead the arm in the learning of continuous
sequences as evidenced by an interaction of practice and effector. Further, we hypothesized
that oculomotor and manual error scores would display a moderate relationship with multiple
regression analysis.

We employed a modified version of a well-characterized continuous tracking task
(Pew 1974; Wulf and Schmidt 1997) to assess learning of an embedded repeated pattern.

Over two practice days, participants engaged in 10 blocks of 10 tracking trials. We were able
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to separate learning from short-term performance effects by having individuals return for one
block of trials on a third, retention testing day.(Salmoni et al. 1984) Both manual and
oculomotor tracking behavior was recorded simultaneuously. Root mean squared tracking
error (RMSE") was separated into spatial and temporal components using a time series
analysis. We also employed multiple regression analysis to examine the relative contributions

of spatial and temporal tracking to overall performance for both the eye and arm effectors.

3.3 Methods
Participants

Nine right-handed adults (mean age 21.7+ 3.7: 5 males) with no reported
neurological or orthopedic pathology provided institutionally approved informed consent.
Participants were screened for normal or corrected visual acuity (all 20/20) and

colorblindness.

Procedure

Seated participants rested their heads in a chin rest 57cm in front of a 55.8cm
computer monitor (1024 x 768 resolution, 60Hz refresh rate). One centimeter onscreen
subtended 1 degree of visual angle. An Eyelink II eyetracker (SR Research Ltd.,
Mississauga, Ontario, Canada) with temporal resolution of 250Hz and spatial resolution of
better than 0.01° recorded eye movements. Position of the participant’s gaze and a mouse-

controlled cursor were recorded every 17ms for subsequent processing.

* RMSE = SQRT(Y(xi — Xi)*/n) where xi = manually controlled cursor position, Xi = target
position
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Each participant performed two sessions of training, with each session comprising 50
trials 30s in duration (5, 10 trial blocks per day). They were instructed to follow a target as
accurately as possible by moving a computer mouse. The mouse was placed in a track that
permitted movement only in a parasagittal plane. Each trial began when the subject gazed at a
central fixation cross and pressed the space bar. Immediately following, a 0.87cm x 0.87cm
target box and a circle of 0.38cm diameter corresponding to mouse position appeared at the
screen’s center. After a 2s delay, the target began to move vertically in a semi-sinusoidal
pattern. Participants attempted to follow the target with the position cursor as accurately as
possible. Maximum vertical deviation of the target was limited to 24.7cm. Target movement
patterns were dictated according to a method modified from Wulf and Schmidt (1997) as
reported previously.(Boyd et al. in press) Briefly, two sine functions were joined in random
order; one 11s novel pattern and one 11s repeated pattern. The repeated pattern or epoch was
the continuous movement sequence to be learned by the participant. The same repeated
pattern was used every trial.

All participants returned on a separate, third day for retention testing. Separate
retention and training sessions are necessary to adequately dissociate learning-related changes
in behavior from transient performance improvements.(Salmoni et al. 1984) Retention testing

included ten continuous tracking trials in the same manner as practiced.

Outcome measures

Saccades, gaze and manual position were reported by the Eyelink software. Smooth
pursuit durations and saccade counts were determined then gaze and manual position data
were smoothed using a 100ms moving average. Our primary outcome measure was average

RMSE on the repeated pattern for each block of ten trials. Additionally, we performed a time-

60



series analysis on these data to parse spatial and temporal changes in behavior (Boyd and
Winstein 2004a; Day and Marsden 1982). Manual position data from each trial epoch was
serially correlated with the target position. The position data were “slid” along the target data
to a maximum of 500ms of lead and lag. Only continuously overlapping sections of target
and position data were correlated to avoid sample size biasing from different temporal shifts
across trials and participants. The position of highest correlation was taken as the temporal
lead or lag as compared to target movement. The distance the position data were slid were
converted to ms to demonstrate the temporal accuracy of tracking. RMSE was recalculated
after the timing error had been accounted for as a measure of pure spatial error. Real time
correlation coefficients that did not exceed r=0.5 were flagged and these trials were

withdrawn from all analyses (< 5% for all participants).

Satistical Analyses

To examine the effect of task training, all variables of interest were subjected to two-
way ANOVA [Effector(arm, eye) x Block (1, 5, 6, 10, Retention)] with repeated measures
correction for both factors. Only the first and last blocks of the practice days were included to
provide an overall picture of practice related improvement. ANOVA analyses were tested at
o= 0.01 and Greenhouse-Geisser correction was employed. To assess learning for each
effector, predefined pairwise t-testing was performed on the first block of practice and
retention. These post hoc analyses were tested at oo = 0.05. Additionally, to examine the
contributions of temporal and spatial performance by each effector to overall performance,
stepwise multiple linear regression modeling was performed. The spatial RMSE and temporal

lag of both effectors were used as the predictor variables. Real time gaze and manual RMSE
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were treated as independent outcome variables. Adjusted coefficients of determination for the
most predictive model regardless of parsimony are reported. However, change in R” values
are provided for purposes of interpretation. Criterion for entry was a p<0.05 and variables

were checked for multicollinearity (VIF>10).

3.4 Results

Overall, improvements were noted across practice for both manual and oculomotor
tracking. Disparate effects of effector (eye and arm) and practice (practice block) were found
for spatial and temporal learning. The spatial and temporal components of accuracy were
differentially related to performance between effectors. Two-way ANOVA [Effector (arm,
eye) x Block (1, 5, 6, 10, Retention)] with repeated measures correction of both factors was
performed on variables of interest. Only sequence epoch performance was considered for

these analyses.

Real-time Tracking Error

The primary measure of manual continuous tracking performance was RMSE.
Reduced RMSE over time indicates improvement in tracking accuracy associated with
practice. Participants became more accurate with practice as indicated by a main effect of
Block (F;34=5.372, p=0.001, Figure 3.1). Additionally, manual tracking was more accurate
than oculomotor tracking (F; 16=9.475, p=0.007). Retention of the learned behavior was
confirmed by significantly lower RMSE scores at retention when compared to the first block
of practice for both manual (p=0.007, large Effect Size (ES) = 1.05)(Thomas et al. 1991) and

oculomotor (p=0.045, large ES=1.26) continuous tracking. Effect sizes for these significant
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improvements in error indicate meaningful (ES>0.8) differences developed from initial
performance over the course of practice (Cohen et al. 2003; Thomas et al. 1991).

To examine the relationship of oculomotor and manual RMSE, we correlated effector
error scores on a trial-wise basis for Blocks 1, 5, 6, 10, and Retention. Manual and
oculomotor deviations from the target were not closely associated as revealed by a weak

relationship between effector error rates (’=0.093, p<0.001, Figure 3.2).

Spatial Tracking Error

Spatial tracking accuracy did not improve over the course of practice for either the
manual or oculomotor systems (F<I, Figure 3.3). However, a main effect of Effector
confirmed the difference in spatial error between gaze and manual tracking (F, 4=22.542,

p<0.001).

Temporal Tracking Error

An improvement in tracking lag for both effectors with practice was noted. Reduced
lag over time indicates a learned ability to predict upcoming target location and hence to be
closer to it in time. Participants made improvements over practice as indicated by a main
effect of Block (F; 55=8.769 p<0.001, Figure 3.4). Post-hoc testing revealed that both
oculomotor (p=0.001, large ES=1.46) and manual (p=0.007, large ES=1.159) tracking lag

improved by retention testing. No significant difference between effectors was noted.

Regression Analysis

Multiple linear regression modeling was performed to examine which skill

components were most predictive of real-time occulomotor and manual tracking
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performance. In this manner we investigated the relationship of temporal and spatial task
performance for both effectors to the tracking accuracy of one effector. Complete results are
presented in Table 1.

Real-time oculomotor accuracy was almost exclusively predicted by spatial error of
gaze (R?=0.970, p < .001). Temporal accuracy made only a minor improvement to the model
(R* change =0.019, p < .001). Interestingly, manual spatial error made a significant but
essentially nominal contribution to the model (Figure 3.5a).

A somewhat different model was formulated for manual tracking performance. The
most predictive element of manual tracking performance was manual temporal accuracy (R*
=0.599, p < .001). Adding manual spatial accuracy improved the model markedly (R change
=0.347, p<0.001). As noted with gaze accuracy, spatial error of the other effector made a
nominal but significant contribution to the predictive model of manual tracking performance,

(R* change =0.001, p=0.045, Figure 3.5b).

3.5 Discussion

The purpose of this study was to characterize the relationship between oculomotor
and manual tracking during continuous motor sequence learning. Past work has shown that
both manual and visual systems can exhibit learning-related improvements in performance of
target tracking.(Barnes and Schmid 2002; Pew 1974) However, few studies have examined
concomitant changes in manual and oculomotor effector systems during continuous motor
sequence learning. Our use of a continuous motor sequence paradigm allowed the
examination of visual and manual movement relationships during continuous tracking with a

high requirement for precision. In addition, our use of a retention test design allowed the

64



separation of short-term change in behavior that is associated with performance from long-
term learning.

Smooth pursuit is generally considered to be dependent on the stimulus and not the
observers intentions in most situations.(Murphy et al. 1975 1975; Steinman et al. 1973)
However, there is some evidence to suggest that smooth pursuit tracking can improve with
repeated exposure to regularities in the environment.(Bahill and McDonald 1983; Barnes and
Schmid 2002; Kowler and Steinman 1979a) Furthermore, when participants manually
control the object on which they gaze, smooth pursuit becomes anticipatory suggesting a
common source of motor commands.(Lazzari et al. 1997; Steinbach and Held 1968) This
common access to motor commands (efference copy) is purported to account for coordinated
behavior between effectors.(Lazzari et al. 1997; Vercher et al. 1997)

Based on previous reports we expected to detect a relationship between oculomotor
and manual performance. In agreement with that work, both manual and oculomotor systems
exhibited contemporaneous block-wise improvements in tracking accuracy in the present
study. However, relative independence in trial-wise error was also observed. Furthermore,
spatial accuracy and temporal lag for each effector were minimally predictive of overall error
for the other effector. Were the two systems more integrated during continuous tracking, a
stronger relationship between the two would be expected. For example, if spatial oculomotor
error resulted in poor manual tracking as a function of failure to consistently foveate on the
target, a predictive relationship might exist between spatial oculomotor error and manual real-
time error. Instead we found essentially no predictive relationship between the two effectors.
One explanation for the difference between past work that showed a strong relationship
between the arm and eye during tracking and our data may be the length of the practiced

sequence of movements. In the present research, we employed a much longer continuous
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tracking sequence (11s) than has been previously reported. Other work considering
continuous tracking used a 15s non-continuous sequence of four smooth pursuit movements
(Burke and Barnes 2007) and a 4-step stimulus lasting no longer than 3s.(Barnes and Schmid
2002)

Previous studies have reported the relative dominance of the visual system for more
accurate movements during discrete reaching tasks.(Hirata and Yoshida 2000; Lateiner and
Sainburg 2003) We found little evidence of a close relationship between oculomotor and
manual error during continuous tracking: i.e., manual accuracy did not depend on visual
tracking accuracy. However, we are not the first to report a degree of independence between
the visual and manual systems. Dissociation of vision and manual movement planning has
been demonstrated during discrete reaching under conditions of prisim adaptation,(Hatada et
al. 2006) limited visual feedback (Mackrous and Proteau 2007) and to remembered
targets.(Ren et al. 2006) Our study confirms and extends these reports to include continuous
sequence-learning. The data indicate that though each effector system may have access to the
same information regarding upcoming movements, they are able to operate separately from
one another and are not inextricably linked. This level of independence may be an important
feature that facilitates both flexibility in responding and overall motor learning as each
effector system may capitalize on the information it finds most salient to improve motor
performance.

It is possible that rather than be constrained by a high degree of association between
eye and hand, tracking benefits more from an independent visual system that can search for
and exploit environmental or stimulus regularities. Marcus and colleagues (2006) posited that
the visual system may scout ahead and anticipate upcoming actions in an effort to improve

manual responses even in the absence of stimulus regularities. Anticipatory eye movements
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occur during serial reaction time tracking for upcoming stimuli regardless of whether a
repeating and predictable or random and surprising sequence is present. The eye movements
may be scouts, assisting manual response with as much advance information as is possible.
This could explain the overall increased error score of eye tracking that was observed in the
present study; as the eye works to guess where the continuous sequence will move next, more
error, but also more information available to guide learning, is generated by incorrect eye
motion. Alternately, the present finding of greater oculomotor error could be explained by
the paradigm itself. Participants were only instructed to maintain the cursor position as close
to the target as possible. No instructions were given regarding visual tracking.

This study presents an important extension of previous investigations into
oculomotor and manual coordination. We recorded both oculomotor and manual movements
during acquisition of a novel movement pattern with which participants had no prior
experience. Learning was differentiated from performance by assessing tracking accuracy on
a separate retention day following 2 days of skill practice. This differs from prior studies of
oculomotor sequence performance conducted in 1 session.(Barnes and Schmid 2002; Burke
and Barnes 2007; Marcus et al. 2006) Findings of the present study may represent a more
ecologically valid representation of visual and manual coordination during skill learning
wherein the two systems learn and interact to produce a motor pattern but are not

codependent.
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Chapter 3 Tablesand Figures

. 2
Outcome Predictor R Adj(lil e chI;n Model Significance
Variable Variables R . g &
Oculomotor 0.98 0.970 _ Model: F; 355=11675.119
Spatial Accuracy 5 ’ p<0.001
Oculomotor
Spatial Accuracy Model: F,357=16394.173
& p<0.001
0'599 0.989 0.019
Oculomotor R? change: F;357=629.108
Real-time | Temporal p<0.001
Oculomoto | Accuracy
r RMSE Oculomotor
Spatial Accuracy
& Model: F2,357:1 1066406,
p<0.001
%r‘;lo;l;tor 0'59 21 0989 | 0.000
Accfrac & R? change: F; 355=5.415
Y p<0.021
Manual Temporal
Accuracy
Manual Temporal | 0.77 0.599 _ Model: F; 355=537.341
Accuracy 5 ) p<0.001
Manual Temporal Model: F,357=3154.621
Accuracy & 0.97 p<0.001
'3 0.946 0.347
Manual Spatial R? change: F; 357=2308.482
Real-time | Accuracy p<0.001
Manual Manual Temporal
RMSE Accuracy & Fy306=2122.443
Manual Spatial 0.97 p<0.001
Accuracy & 3 0.947 0.001
y R2 change: F1,356:4.057
Oculomotor p=0.045
Spatial Accuracy

Table 3.1 Regression Statistics

Summary of regression model statistics for prediction of real-time tracking error based on

manual and occulomotor component spatial and temporal error.
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Figure 3.1 Real-time Tracking Error
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Real-time tracking RMSE (centimeters and standard deviation, SD) for both effectors over
the course of practice and at retention. Main effects of Block and Effector confirm retained

improvement over practice and greater manual accuracy.
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Figure 3.2 Trialwise Manual and Oculomotor Tracking Error
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For each trial (Blocks 1, 5, 6, 10 and Retention, across all participants), oculomotor tracking
is plotted against manual tracking error. The coefficient of determination suggests a weak

relationship between the two effector systems during performance.
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Figure 3.3 Spatial Tracking Error
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Spatial Tracking RMSE for both effectors over the course of practice and at retention. RMSE
is reported in centimeters (standard deviation, SD). The first and last block of each of the two
practice days are shown as well as the only performance block on the retention day. Spatial
error between the manual and oculomotor systems was significantly different. However, no

effect of practice was found.
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Figure 3.4 Temporal Tracking Error
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Temporal tracking error for both effectors over the course of practice and at retention. Gaze
and manual lag behind the target is reported in milliseconds (standard deviation,SD). The
first and last practice block of each of the two practice days are shown as well as the only
performance block on the retention day. Lag significantly improved over time regardless of

effector.
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Figure 3.5 Goodness of Fit for Tracking Error Regression Models
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73



Chapter 4 Preface

In the previous chapters healthy young adult participants engaged in a motor learning
task, some under conditions of peripherally disrupted proprioception. Regardless of
proprioceptive disturbance individuals were able to demonstrate sequence-specific motor
sequence learning over time suggesting that other sources of feedback were used to learn the
task.

The findings in Chapter 2 were contrary to the hypothesis that disrupted
proprioception would diminish sequence learning. This may be a function of central versus
peripheral disruption. A review of the literature hints at this possibility. Previous work has
demonstrated that peripherally deafferented monkeys retain the ability to learn tasks (Taub et
al. 1966; Taub et al. 1978), but that lesions of the central sensory processing areas diminish
learning capacity.(Pavlides et al. 1993; Sakamoto et al. 1989) In the following chapter
individuals with stroke and healthy control participants trained on the same tracking task used
in Chapter 2, though owing to their already centrally disrupted sensory systems, no disruptive
vibration was applied during motor skill practice. In addition, the sensory integrity and lesion
location of the individuals with stroke were assessed to provide a picture of central
proprioceptive perceptual health. This study is a human correlate to the non-human primate

work on learning after lesioned sensory cortex.(Pavlides et al. 1993; Sakamoto et al. 1989)
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Chapter 4

Stroke-related Proprioceptive Deficit is Associated With Disrupted Motor L earning

Vidoni, E.D. & Boyd, L.A. Stroke-related Proprioceptive Deficit is Associated With

Disrupted Motor Learning. (submitted to Experimental Brain Research, Dec. 2007)
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4.1 Abstract

Most motor learning theories posit that proprioceptive sensation serves an important
role for acquiring and skillfully performing a novel movement pattern. Investigations in
animal models of brain lesions strongly support this belief. However, research with
deafferented individuals or experimental paradigms that exogenously disrupt proprioception
via vibration reveal mixed results. Further, little work has considered individuals with
sensory pathology affecting central proprioceptive pathways which would more directly
correlate to the animal lesion models. Though the literature is replete with general studies of
human motor learning, there is a paucity of work specifically addressing the interaction
between proprioception and motor sequence learning. To address this gap in the research, 10
middle cerebral artery (MCA) stroke survivors and 9 similarly aged healthy control
participants performed a continuous tracking task with an embedded repeating section over
two days and returned a third day for retention testing. A limb-position matching task was
used to index proprioception. We report here that individuals with chronic stroke with
involvement including the sensory regions of the cortex and associated white matter tracts are
able to learn to track a pattern of continuous velocity changes; however, the magnitude of
behavioral change associated with sequence specific learning was directly related to the
integrity of central proprioceptive processing. These results are consistent with the animal
models of central nervous system (CNS) damage to somatosensory areas and support of the

concept that proprioceptive processing is necessary for motor sequence learning.
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4.2 Introduction

It is commonly held that sensory feedback plays an important role in motor skill
learning.(Schmidt and Lee 1999b) Animal evidence suggests that intact sensoricortical brain
function is necessary for learning new skills including movement sequences. In cats
(Sakamoto et al. 1989) and non-human primates,(Pavlides et al. 1993) lesions to sensory
cortex do not impact gross motor skill production but inhibit motor learning. Asanuma and
Pavlides (1997) proposed that motor learning occurs through paired and repeated stimulation
of motor neurons by corticocortical and thalamocortical inputs such as might be present
during practice; implicating the sensory cortex as an important “teacher” for the motor cortex
during novel skill acquisition. Somatosensory cortex potentiation of motor cortical neurons
in association with motor learning has been demonstrated previously in cats.(Iriki et al. 1989)
Likewise facilitation of the motor cortex by sensory cortical activation in humans has also
been reported.(Hamdy et al. 1998)

Perhaps the most common method of investigating sensorimotor interaction is via the
study of peripheral disruption. Temporary exogenous sources of proprioceptive disruption,
such as vibration,(Pipereit et al. 2006; Verschueren et al. 1999) and ischemic nerve block
(Christensen et al. 2007) have been used to study motor control and adaptation in otherwise
healthy individuals. In addition several studies have examined motor performance and
adaptation in individuals with large fiber neuropathy resulting in absent proprioception.
(Boussaoud et al. 1995; Cole and Sedgwick 1992; Ghez et al. 1995; Ghez et al. 1990; Gordon
et al. 1995; Rothwell et al. 1982; Vercher et al. 1997) Taken together these studies have
noted that the maintenance of internal representations of environmental forces and limb
properties appear to be at least partly dependent on peripheral sources of proprioceptive

input.(Ghez et al. 1990; Gordon et al. 1995) However, peripherally deafferented individuals
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are likely to have well developed compensatory strategies (Cole and Sedgwick 1992;
Rothwell et al. 1982) that rely on visual compensation.(Ghez et al. 1990) In contrast to
findings that skill learning is negatively impacted by deafferentation,(Rothwell et al. 1982)
maintenance of the ability to learn new movements has been reported after central lesions
such as in dorsal rhizotomies in non-human primates.(Taub et al. 1966; Taub et al. 1978)
Therefore it is not clear that the study of individuals with peripheral neuropathy or
temporarily disrupted proprioception adequately addresses the role of central proprioceptive
processing in motor skill learning.

Participation in motor learning studies by those with chronic non-progressive brain
lesions such as stroke help to elucidate mechanisms of motor learning and inform us of the
challenges faced by those with brain pathology. There is a developing body of literature
regarding motor sequence learning following non-progressive brain injury. This work has
implications for both motor learning theory and rehabilitation medicine. Whereas some
studies have indicated individuals maintain the ability to learn sequenced movement patterns
following stroke,(Boyd and Winstein 2003; Boyd and Winstein 2004b; Pohl et al. 2001;
Vakil et al. 2000) stroke-related impairments of motor learning have also been
reported.(Boyd and Winstein 2001) Boyd and Winstein (2001) noted impaired learning
capacity in a group with primarily parietal and thalamic strokes; lesions that likely had and
impact upon somatosensation including proprioception.

The present study was designed to address this gap in the literature regarding the
importance of central proprioceptive processing for continuous motor sequence learning.
Continuous sequencing tasks allow for the study of emergent procedural learning (Boyd and
Winstein 2006; Spencer et al. 2003) and because of the need for constant position updating,

are highly reliant on the proprioceptive system especially in the absence of visual feedback.

78



This is in contrast to other commonly employed motor learning paradigms. For example,
proprioception may not be necessary for a series of discrete key presses where movements
are largely planned in advance.(Nissen and Bullemer 1987) Continuous tracking also differs
from studies requiring reaching to discrete targets in a novel environment,(Shadmehr and
Mussa-Ivaldi 1994) where a commonly performed behavior is adapted to new dynamics.
Finally, in the present study we considered the pattern of continuous velocity changes rather
than absolute position (Boyd and Winstein 2006; Shea et al. 2001; Wulf and Schmidt 1997)
as recent work has emphasized the encoding of velocity-based information by the
proprioceptive system.(Hwang et al. 2006b; Prochazka and Gorassini 1998)

We hypothesized that if processing of proprioceptive feedback was necessary for
motor learning, stroke-related damage to somatosensory cortical areas, thalamus and/or the
white matter tracts associated with these regions would result in impaired continuous
sequence learning. Furthermore, we expected that the magnitude of learning-related change
in motor behavior would be related to the degree of proprioceptive impairment as measured
by limb-position matching ability. We tested these hypotheses using a continuous tracking
task in which we limited visual feedback. We additionally performed a separate retention test

to dissociate learning from performance-related improvements.(Salmoni et al. 1984)

4.3 Methods

Twenty-one individuals with near vision corrected to at least 20/40, and with no
history of diabetes or peripheral neurological damage were recruited from the greater
Vancouver, B.C. and Kansas City, KS communities. Twelve individuals (CVA group) with a
chronic stroke (at least 6mo post) primarily in the MCA distribution, and 9 age-matched

(£3yrs) neurologically intact individuals (HC group) provided institutionally approved
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informed consent to participate in this study. Group characteristics are summarized in Table
4.1. Data from two CVA participants were excluded from analysis secondary to consistently
poor tracking as defined in the outcome measures section of this manuscript (resulting CVA n
=10). The upper extremity portion of the Fugl-Meyer stroke recovery assessment (UEFM)
provides a measure of motor function and was administered to all participants in the CVA

group.(Fugl-Meyer et al. 1975) Individuals were compensated for travel expenses.

Lesion Location

Neuroanatomical scans were obtained for 7 of the 10 CVA participants. An MRI
report was obtained for 2 of the remaining 3 individuals. T1 anatomical scans were
converted to Talairach stereotaxic space using AFNI software.(Cox 1996) Lesions were
traced using MRIcro software (C. Rorden, Columbia, SC). To illustrate the extent and
location of lesions they were overlaid on a reference brain and are presented in Figure 4.1.

Participant-specific lesion information is reported in Table 4.1.

Motor Learning Task

The task used in the present study was similar to that reported previously (Vidoni and
Boyd 2007) and involved shoulder flexion and extension to move an on-screen cursor with a
horizontally mounted lever restricted to movement in the transverse plane; elbow movement
necessarily accompanied shoulder movement. Participants were seated in front of a computer
monitor and engaged in a continuous tracking of a target moving in a sine-cosine waveform
(Pew 1974; Wulf and Schmidt 1997) using either their dominant arm (HC) as determined by
the Edinburgh Inventory (Oldfield 1971) or their hemiparetic arm (CVA). The target

appeared as a white square and participant movements were represented as a yellow circle
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cursor. Lever position sampling and all stimuli were presented at 40Hz using custom
software developed on the LabView platform (v. 7.1; National Instruments, Austin, TX). To
ensure that participants could achieve the necessary range of movement, prior to testing, all
participants moved the lever to their maximum flexion and extension excursion. If maximum
volitional movement was insufficient for task performance (as a result of tone or contracture),
the software was calibrated such that the maximum excursion necessary to perform the task
was ~2cm less than maximum possible excursion. This was necessary for only one
participant with stroke. For all other participants, 31cm of angular excursion was required to
accurately track the target. In addition, an elastic wrap was used to help keep the hand of two
individuals with stroke on the lever.

The pattern of target movement was predefined according to a method modified from
Wulf and Schmidt (1997). A unique 33s trial was constructed from one 3s baseline and two
15s sine-cosine waveforms, or “epochs.” During each trial, participants were exposed to one
novel random epoch and one epoch that contained a repeated waveform (Figure 1.1c). The
presentation of the repeated epoch, first or last in each trial, was randomized to minimize
order effects. The same trial order was employed for every participant. Participants were not
informed of the repetition but instructed only to track the target as accurately as possible by

controlling the position cursor with the lever.

Experimental Design

Individuals practiced the tracking task 50 trials a day for two days. On a separate
third day, participants returned for 10 retention test trials. No practice or “warm-up” trials
were allowed prior to testing on any day. To maximize dependence on proprioceptive

information, visual feedback of movements was severely restricted. Draping was placed
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over, but did not come in contact with, the participant’s upper body to prevent vision of the
arms. Additionally, over the first 20 practice trials, visual feedback intended to aid
participants initial understanding of the task was faded out.(Vidoni and Boyd 2007; Winstein
et al. 1994) To accomplish this, arm position (cursor) information was faded from
continuous presentation on trial 1 (block 1), to a 200ms duration presentation every 2s by trial
19 (block 2). This frequency is much lower that which Kao (1976) reported to be virtually
useless for guiding continuous hand-controlled cursor movements. To encourage and
motivate individuals for this difficult task, summary feedback regarding overall tracking
accuracy was provided after each trial as a percentage of time the position cursor spent within
a 10° bandwidth of the target. This summary feedback did not contain sufficiently specific
information to alter performance characteristics or reliably improve tracking on the repeated

epoch.

Indexing of Proprioception

As in Chapter 2, the ability to access and discriminate proprioceptive information
was indexed via limb-position matching task. A near-frictionless, horizontally-mounted lever,
the same used in training, was grasped in each hand (Figure 2 A). The experimenter
supported the more involved arm at the elbow and drove the lever through eight continuous
patterns of random movements. Participants closed their eyes and matched the movement of
the driven arm by moving the opposite, less involved arm. Lever position measures were
smoothed using a 100ms moving average and corrected for constant error. The area

difference between the position of the driven and matching arms, root-mean-squared error
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(RMSE?), was then calculated. Average RMSE for each CVA participant normalized to the
mean HC RMSE was, taken as an index of the proprioceptive system’s sensitivity (LPM°).

Values above 1.0 reflect worse inter-limb matching than the average HC individual.

Outcome Measures

For the motor learning task, lever position data were differentiated into velocity
profiles and smoothed using a 100ms moving average (Koo et al. 2003) to reduce electrical
noise. A correlation of target and arm velocity profiles was performed for each trial. Trials
were excluded from analysis if the coefficient did not reach moderate strength (r=0.3).(Aron
and Aron 1999) Two participants were removed from analysis having tracked poorly in more
than 50% of trials based on this criterion. For the remaining participants, less than 3% of
trials were excluded. RMSE between target and arm velocity profiles was calculated
separately for random and repeated sequence epochs. By using the present experimental
paradigm, learning related to repetition of the sequence epoch can be separated from general
motor control improvements captured by velocity RMSE on the random epoch.(Wulf and
Schmidt 1997) Velocity RMSE was averaged for sets of 10 consecutive trials representing 1
block during the initial two days of training, and learning at retention. To more accurately
reflect the task demands of the sequence epoch, we only considered random epochs for trials

in which the average velocity of the target was within 2 standard deviations of the average

> RMSE = SQRT(Y(xi — Xi)*/n) where xi = driven arm velocity (or target velocity during
sequence training) and Xi = matching arm velocity (or tracking arm velocity during sequence
training).

% LPM = (Xxi/n) /  (Zyy/n)/r where x; = limb matching trial RMSE for CVA group, y; = limb
matching trial RMSE for HC group, n=# of limb matching trials, r = # of HC participants
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absolute random velocity of all trials. Thus, each random epoch block score is the average of
approximately 9 trials.

To quantify sequence-specific learning we calculated the epoch-respective
improvement in average RMSE. The difference between improvement on the random and
sequence average RMSE change from Block 1 to Retention was considered the sequence-

specific improvement score (SSI).

Satistical Analyses

First, to examine baseline motor control and epoch differences, a two-way ANOVA
of Group (CVA, HC) and Epoch (random, sequence) for Block 1 RMSE with repeated
measures correction of Epoch was conducted. Tracking performance during training was
assessed via three-way ANOVA (Epoch (random, sequence) x Block (1-10) x Group (CVA,
HC)) with repeated measures correction for Epoch and Block. Sequence-specific learning
was assessed at retention testing with two-way ANOVA (Epoch (random, sequence) x Group
(CVA, HO)) with repeated measures correction of Epoch. Analyses were tested at a=.02,
corrected for multiple tests.

Pearson’s product moment correlations were calculated between LPM or UEFM and
random epoch RMSE at Block 1, to assess the relationship between tracking accuracy and
sensorimotor function. To elucidate the relationship between continuous sequence learning
and sensorimotor indices, correlation analyses were performed between LPM or UEFM and

SSI. Correlations were tested at 0=.02, corrected for multiple tests.
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4.4 Results

We asked participants to perform a continuous tracking task under conditions of
limited visual feedback regarding performance, increasing dependence on proprioceptive
signaling for accuracy. Embedded within each target movement pattern was a repeated
pattern of velocity changes. We examined individuals’ ability to learn this continuous
sequence of movements through primarily proprioceptive feedback and the relationship

between the integrity of the proprioceptive processing system and motor sequence learning.

Practice Tracking Accuracy: Performance

At the beginning of training (Block 1), before visual feedback of the position cursor
was faded, no significant interaction or main effects of Group and Epoch were detected.
Visual inspection of the data shows that over the course of the two training days though the
HC group were better at tracking the target, all participants improved (decreased) tracking
error with practice (Figure 4.2). In addition, both groups showed performance related
improvement for the repeating sequence epoch as compared to random epochs (SSI HC=0.74,
CVA=.23). These observations were confirmed via a three-way ANOVA which yielded an
interaction of Block and Epoch (F(9,153)=7.80, p<0.01). Greater performance accuracy (less
overall error was also noted for the HC group, evident in a main effect Group (F(1,17)=8.52,

p=0.01).

Retention Test Tracking Accuracy: Learning

The use of trials with random and repeated sequence segments allows us to

differentiate sequence-specific learning from general task learning. At retention testing on
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day 3, both groups exhibited learning of our continuous tracking task. This was evident in a
main effect of Epoch (F(1,17)=29.91, p<0.01), demonstrating greater improvement for the
repeating sequence epoch at retention as compared to random sequence tracking. The greater

accuracy of the HC group noted during practice persisted (F(1,17)=10.39, p<0.01).

Rel ationship Between Learning and Proprioception.

As expected, the CVA group demonstrated greater overall error during limb position
matching (average RMSE=7.0 £2.5) than did the HC group (4.9£1.3) (p=0.033). The
importance of proprioceptive integrity (LPM = average RMSE normalized to the HC group)
for motor learning was illustrated by a strong and significant relationship between LPM and
sequence specific learning (i.e., SSI) was detected, r=-0.74 (p=0.015; Figure 4.3a). The
relationship between motor control and proprioception was strong and significant (r=0.83,
p=0.003) (Figure 4.3b).

The relationship between arm motor function and the ability to learn continuous
sequences of motion was also explored. Motor control as represented by tracking of initial
random epochs was strongly related to arm motor function as indexed by the UEFM (r=-0.68,
p=0.030) fig 4.4b); but interestingly, only a moderate but non-significant relationship was
noted between arm motor function and not sequence-specific learning (r=0.46, p=0.177);
Figure 4.4a.

As an additional, post-hoc check of motor function and performance we calculated
the average absolute velocity for individuals across all trials. The average absolute velocity of
target movement was 16.33 deg/s. The CVA group averaged 16.05 + 0.56 deg/s, which was
not significantly different (t-test: p=0.17) than the HC group, 16.95 £ 0.24 deg/s. That

velocity of movement was not a factor in expression of learning was further confirmed with
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correlation analysis. Average absolute velocity was correlated with SSI, yielding no

significant relationship (r=-0.1, p=0.77).

4.5 Discussion

Using a continuous tracking task and minimal visual feedback, we demonstrate here
that individuals can learn a specific, repeating pattern of velocity changes over the course of
several days of practice. Further, when the CNS is damaged, the magnitude of retained
capacity to perceive and interpret limb movements is closely related to the ability to learn
specific movement patterns. In contrast, motor function is related only to performance. Our
findings support and extend previous research implicating proprioception in motor learning to
include sequence-specific learning, in addition to previously described abilities to adapt
familiar behaviors to novel environments, e.g. visual rotations or mechanical
disruptions.(Krakauer et al. 1999; Pipereit et al. 2006; Verschueren et al. 1999) More
importantly, the present research represents one of the first studies to examine the impact of
damage to central proprioceptive processing structures on continuous motor sequence

learning, extending previous work to human behavior.(Asanuma and Pavlides 1997)

Motor Sequence Learning Task

Throughout training and retention testing, the CVA group performed with greater
error than the HC group. This is not surprising. Others have also reported worse
performance during tracking tasks after stroke.(Boyd and Winstein 2006; Boyd and Winstein
2004a) Importantly, we employed an age-matched HC group. We and others have noted
decreased sequence learning capacity with advancing age.(Boyd et al. in press; Shea et al.

2006) Therefore it was critical that our control group match our participants with stroke.
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Initially, both groups performed equally well on the random and repeated epochs
with sufficient visual feedback, suggesting that significant differences at retention were not
the result of initially dissimilar performance. Over the course of practice, an epoch-wise
performance effect became apparent. Prior tracking studies consistently report progressive
spatial improvement specifically on the repeated portion of the skill with practice.(Pew 1974;
Shea et al. 2001; Wulf and Schmidt 1997) The findings of the present study are no different
despite our use of velocity profiles rather than spatially registered movement. Both groups
were able to improve their general tracking ability and also to show better performance for
the specific repeating sequence of velocity changes. Importantly, both group improved on the
repeated, sequence portion of the tracking task to a greater extent than the random portion
with practice.

Using a random tracking epoch at each trial as well as a separate retention test is
critical for dissociating any effects of altered limb position sense on performance from the
development of a learned plan for movement. Indeed, both groups demonstrated significant
improvement on the sequence epoch as compared to the random at retention, supporting
previous findings of preserved motor sequence learning capacity following stroke.(Boyd and
Winstein 2003; Boyd and Winstein 2004b; Pohl et al. 2001; Vakil et al. 2000) Commonly,
work investigating the role of proprioception for motor performance has only considered
single time points.(Bernier et al. 2006; Bernier et al. 2007; Krakauer et al. 1999; Vercher et
al. 2003) If we had employed such a design we may have not noted a relationship between
motor learning related change and proprioceptive integrity. However, because we examined
multiple days of practice and employed a delayed retention test we were able to discover that

the magnitude of learning related change was directly related to the preservation of
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proprioception as indexed via our limb matching task. In this manner learning versus
performance improvements were clearly differentiated.(Salmoni et al. 1984)

To our knowledge, no prior studies of the role of proporioception in continuous
sequence learning and proprioception following stroke have employed a separate retention
test design. Therefore in the past it was not been clear whether disrupted central access to
proprioceptive information would deleteriously impact motor learning. Taken together, these
data indicate that the individuals with stroke who had poor proprioceptive ability were at a

disadvantage during motor learning as compared to those with intact position sense.

Sensorimotor-Learning Relationship

The present study parallels, to the extent possible with humans, previous reports of
disrupted novel skill learning following induced lesions to sensory cortex.(Pavlides et al.
1993; Sakamoto et al. 1989) Proprioception is commonly considered to be important for
motor skill learning. However, few if any studies have tested this in a cohort with a method
that allowed for quantification of the magnitude of central disruption of proprioceptive
perception. This is essential because work in non-human primates suggests that central and
peripheral proprioceptive damage may impact skill learning differently.(Pavlides et al. 1993;
Taub et al. 1966)

As previously reported, proprioception was related to motor control as evidenced by
a strong relationship between LPM and the accuracy of random epoch tracking (Figure
4.3b).(Rothwell et al. 1982; Smania et al. 2003) However, we also found that proprioceptive
integrity was strongly related to learning to accurately track a repeated pattern of movement.
Because our measure of sequence-specific learning (SSI) reflects improvement above and

beyond general task learning, this findings argue against the suggestion that proprioception is

89



merely important for general motor control improvement. Rather, it appears that
proprioception was crucial for tracking accuracy improvements specific to a repeating pattern
of velocity changes. This is consistent with the previous suggestions that proprioception may
be important for forming and helping to update a template of appropriate velocity-based
motor command for successful execution of a motor skill.(Hwang et al. 2006a; Thoroughman
and Shadmehr 1999).

The relationship between proprioception and skill learning stands in contrast to our
findings concerning arm motor function. These results suggest that following stroke, arm
motor function may be initially related to performance but this ability does not correlate with
the ability to learn new skills. Rather, participants with poor motor function can learn and
perform a continuous motor skill. Conversely, relatively good motor function in the more
involved extremity following stroke is not a guarantee of the ability to learn a novel
sequence. Because in the past, many studies of sequence learning following stroke required
the use of the ipsilesional, less involved upper extremity,(Boyd and Winstein 2006; Boyd and

Winstein 2003; Pohl et al. 2001) this relationship has been poorly characterized.

An Internal Model of Movement Sequence?

Currently, the most accepted theory of skilled motor learning and production is
conceptually centered on the internal model.(Kawato and Wolpert 1998) Within the
conceptual framework of the internal model, the body, environment and a plan for achieving
the desired action are represented.(Kawato 1999; Vercher et al. 2003) Two components of
the internal model have been proposed. The inverse model receives the desired and current,
perceived state as input and computes a motor command to achieve that goal.(Kawato and

Gomi 1992) The forward model predicts the likely outcome of an a planned or issued motor
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command that can be used to correct movements online or during subsequent
performance.(Davidson and Wolpert 2005) The maintenance of internal models of
environmental forces and limb properties appear to be partly dependent on proprioceptive
input as demonstrated by behavioral and computational data that suggest proprioception is
integral for developing models for discrete, center-out, perturbed reaching.(Hwang et al.
2006b; Pipereit et al. 2006; Sober and Sabes 2003; Thoroughman and Shadmehr 1999)
Thoroughman and Shadmehr (1999) proposed that proprioceptive signals might constitute a
template that guides feedback-based learning. This error-response could ultimately become
the inverse model that participates in generating appropriate motor commands. Consequent
to refining movement is the learned pattern of familiar sensory expectations resulting from a
correct movement, the forward model.(Blakemore et al. 2001; Blakemore et al. 2000; Witney
et al. 1999) In the same manner, we suggest integrity of the proprioceptive system was
crucial for developing both a set of motor commands (inverse model) and the template of
predicted sensory outcomes necessary for correcting movements (forward model).

Krakauer and colleagues noted that internal models are developed both for the
kinematics and kinetics of a discrete reaching task.(1999) It must be acknowledged, though,
that the literature rarely refers to internal models of a kinematic sequence of movements such
as the continuous tracking task used in the present study. A study by Wainscott et al. (2005)
addressed this question at least in part. By having participants perform a couplet of random
movements in a force field, the authors demonstrated that inverse models of novel dynamics
take into account the order of component and upcoming movements. The present data
support and extend this work by demonstrating that continuous sequence learning depends to
some extent on proprioceptive registration of movement, in the same way as models for

discrete, perturbed reaching. Thus, a parsimonious explanation of continuous motor
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sequence learning might dictate that complex movement patterns are indeed encoded in an
internal model or a closely related set of models, that are concatenated and coordinated with
practice.(Sakai et al. 2004) Though the present study is not a definitive statement on
continuous sequence learning in a theoretical construct such as the internal model, it does
demonstrate that sequences learning plays by similar rules to other work investigating the
development of internal models for learned movements.

We suggest then, that individuals with damage to proprioceptive sensory processing
areas resulting from stroke may experience difficult with encoding specific movement
patterns, i.e. learning the internal model for movement. Though, many previous studies have
placed the internal model within the cerebellum (Imamizu et al. 2003; Ito 2000), a few have
considered the cerebral cortex to be important as well.(Decicco and Fisher 2005; Fisher et al.
2000) Specifically, we suggest that the use of proprioceptive information and the interaction
of the sensorimotor areas is crucial for developing the internal model. This mirrors the
elegant animal work demonstrating disrupted skill learning in animals with damaged sensory

cortices.(Iriki et al. 1989; Pavlides et al. 1993).

Conclusion

We recruited individuals with chronic stroke in the MCA distribution, which is
known to process proprioceptive information centrally, and similarly aged healthy controls to
perform a continuous motor sequence learning task. We controlled visual feedback and in
this manner were able to examine the role of proprioception in motor sequence learning.
Regardless of the presence of a stroke, all individuals were able to demonstrate behavioral

change and thus show learning of the practiced pattern of continuous movements. However,
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the integrity of the central proprioceptive processing system was closely related to continuous

motor sequence learning, perhaps through the development of an internal model for the skill.
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Chapter 4 Tablesand Figures

Age MMSE UEFM LPM Lesion
CVAl 70 30 50 1.00 L Corona Radiata & Putamen
CVA2 67 29 59 0.96 L PLIC & Thalamus
CVA3 75 29 51 1.84 R Corona Radiata & Putamen
CVA4 45 28 60 0.98 L Occip. lobe, Parahippocampus & Thalamus
CVAS 60 25 54 1.41 R Temporal, Parietal, Insular & Occipital lobes
CVA6 65 28 51 1.48 R Corona Radiata, PLIC & Thalamus
CVA7 73 29 32 0.98 R Caudate, Corona Radiata, Putamen & PLIC
CVAS 32 28 25 1.35 L Middle cerebral artery distribution
CVA9 62 29 24 1.37 Unavailable
CVAI0 66 29 56 0.71 R Inferior Parietal & Temporal lobes
Avg. 61.5 28.4 46.2 1.21
(SD) (13.3)  (1.3) (13.8) (.3)
HCI 61 29 -- -- --
HC2 62 30 -- -- --
HC3 59 30 -- -- --
HC4 30 30 - -- -
HC5 66 30 - -- -
HC6 73 29 -- -- --
HC7 63 30 -- -- --
HC8 46 30 -- -- --
HC9 63 30 -- -- --
Avg. 58.1 29.8

(SD)  (1277) (0.4)

Table 4.1 Participant Characteristics

Individual characteristics and group averages (SD) including Age, Mini-Mental State Exam
(MMSE) score, Upper Extremity Fugl-Meyer (UEFM) score and normalized Limb Position
Matching index. Stroke location is also presented (PLIC = internal capsule, posterior limb).
Location of the stroke based on prior imaging records for individuals unable to complete an
MRI are presented in italics. CVA9 presented with clinical signs of a R MCA infarct,

including L hemiparesis and increased muscle tone.
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Figure 4.1 CVA Participant Lesions
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Lesion tracings in black overlaid on a healthy brain. All images are presented in stereotaxic
space and are at 10mm intervals. Three participants were unable to undergo MRI. White

arrows point at lesion on the slide nearest the centroid.
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4.2 Tracking Accuracy
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RMSE (SD) from velocity profiles over the course of training and retention testing for CVA
(circles) and HC (triangles) participants. Throughout the study, the HC group was more
accurate. At the beginning of practice, Block 1, there is no difference between random (black)
and sequence (white) epochs. Over the course of training both groups improved on the
sequence epoch to a greater extent than the random epoch. This improvement persisted at
retention testing with both groups exhibiting sequence specific learning, demonstrating less

error on the sequence epoch than the random.
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4.3 Relationship Between Proprioception and Motor Learning
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Proprioceptive integrity indexed as the normalized limb position matching RMSE (LPM) is
plotted against the epochal difference in sequence-specific improvement over the course of
practice (A). Increasing values of SSI represent greater improvement on the sequence epoch
as compared to the random epoch. A strong relationship was detected between
proprioceptive integrity and sequence learning (*p=0.015). The horizontal dotted line

represents the lower bound of the 95% CI for SSI. SSI values above this line fall within the
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95%CI of HC SSI scores. LPM values greater than 1.0 represent worse matching error than
the average HC participant. B) LPM is also plotted against Block 3 random epoch RMSE, a
measure of motor control. LPM was significantly related initial random sequence tracking

accuracy (p=0.003). In pane B, decreasing ordinate values represent better tracking accuracy.
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4.4 Relationship Between Motor Function and Motor Learning
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Motor function of the hemiparetic arm as indexed by the Upper Extremity Fugl-Meyer
assessement (UEFM) is plotted against the epochal difference in sequence-specific
improvement over the course of practice (A). A moderate (r=0.46) but non-significant
(p=0.177) relationship between motor function and SSI was detected. As in Figure 4.3,
increasing values of SSI represent greater improvement on the sequence epoch as compared

to the random epoch. The horizontal dotted line represents the lower bound of the 95% CI
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for HC SSI. B) The relationship between arm motor function (UEFM) and motor control
ability as indexed by random sequence tracking. Early in practice, motor function was
strongly related to motor control (*p=0.030). In pane B, decreasing RMSE indicates better

motor control and greater UEFM scores indicate better arm motor function.
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Chapter 5 Preface

The cerebellum is commonly considered to be one location of internal models and is
believed to be significantly involved in the use of proprioceptive feedback and other sensory
information for movement error evaluation to develop these models. Segregation of
participants by lesion location, i.e. cortical and subcortical versus cerebellar, allow for
differential examination of CNS damage and motor learning, especially the use of
proprioception, for development of a motor plan or internal model of movement by these
brain regions. The experimental paradigm used in Chapters 2 and 4 limits feedback primarily
to that which can be gathered through proprioception. As such, it affords the opportunity to
examine the use of proprioceptive signaling for motor learning, thought to be a possible
function of the cerebellum. The following study explores the link between cerebellar use of

proprioceptive feedback and motor sequence learning.
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Chapter 5

Preserved Continuous Motor Sequence Learningin Some Individualswith Cerebellar

Pathology

Vidoni, E.D., Boyd, L.A. Preserved Continuous Motor Sequence Learning in Some
Individuals with Cerebellar Pathology. (to be submitted to Neurorehabilitation and Neural

Repair, 2008)
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5.1 Abstract

The cerebellum is thought to play an essential role in movement optimization through
several mechanisms including the evaluation of proprioceptive feedback. Additionally, the
cerebellum appears to be important for adaptation to new environmental dynamics.
However, studies have reported mixed results regarding the capacity for continuous motor
sequence learning in those with cerebellar pathology. Owing to the cerebellum’s role in
somatosensory processing and its purported importance in motor learning, we engaged seven
individuals with cerebellar pathology in a continuous tracking task under conditions which
emphasized proprioceptive error evaluation. We also indexed participants’ proprioceptive
integrity using the LPM task described in previous chapters. Here we report evidence that
supports preservation of sequence learning and execution capacity even in the more involved
upper extremity of individuals with cerebellar pathology. We also identify a subset of
individuals with cerebellar pathology that do not demonstrate continuous motor sequence
learning. This dissociation may be a function of the scope of cerebellar damage in

relationship to somatosensory feedback comparison.
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5.2 Introduction

Evidence demonstrates an essential role for the cerebellum in a variety of human
activities. Individuals with damage to the central or vermal regions of the cerebellum often
experience dysmetric, tremulous or poorly coordinated intentional movements.(Beppu et al.
1984; Lundy-Eckman 2002; Martin et al. 1996) Lesions in the lateral hemispheres, especially
with the ventral posterior regions, are associated with cognitive and affective changes.(Exner
et al. 2004; Schmahmann and Sherman 1998) These functionally disruptive signs may be a
function of cerebellar responsibility for linking and coordinating components of movement or
perhaps cognitive tasks.(Grossberg and Paine 2000; Thach 2007) Along with a role in
movement optimization and cognition, evidence overwhelmingly identifies cerebellar
participation in sensorimotor learning. The cerebellum has been implicated as a structure
intimately involved in motor skill learning using a variety of experimental
paradigms.(Imamizu et al. 2000; Morton and Bastian 2004a; Nowak et al. 2005) Based on
these reports it appears that the cerebellum is important for adapting to changed
environments, such as visual shifts. (Martin et al. 1996; Morton and Bastian 2004a; Richter et
al. 2004) and predicting and automating movements based on a movement plan.(Lang and
Bastian 2002; Nowak et al. 2005) This later function is often attributed to the cerebellum
learning a forward model of movement.(Blakemore et al. 2001; Davidson and Wolpert 2005;
Imamizu et al. 2000; Miall 1998)

Motor sequence learning is critical for daily function. Sequenced patterns of
movement may be in the form of serial, discrete motions (e.g. typing) or more continuous
movements, (e.g cursive writing). Using a serial reaction time task (SRT) some have
demonstrated the importance of the cerebellum for motor sequence learning,(Jenkins et al.

1994) including reports of disrupted learning in those with lesions (Gomez-Beldarrain et al.
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1998; Molinari et al. 1997), perhaps for long term use and representation elsewhere in the
brain.(Doyon et al. 2002; Nixon and Passingham 2000) However, studies of individuals with
cerebellar damage do not present a united argument for or against cerebellar involvement in
sequence learning. Gomez-Beldarrain and colleagues reported failure to learn a motor
sequence when using the involved hand.(1998) Boyd and Winstein (2004a) reported spatial
learning on a continuous tracking task but failure to improve temporal accuracy. This
suggests that either the temporal representation or expression of movement is disrupted with
cerebellar damage, but not necessarily the target motor goal.

A partial explanation of these noted differences may be the use of discrete (Gomez-
Beldarrain et al. 1998; Molinari et al. 1997) versus continuous tasks.(Boyd and Winstein
2004a) Continuous sequence learning tasks require continuous coordination of movement
parts.(Schmidt and Lee 1999b) It is known that interference with cerebellar function via
cooling results in disruption of continuous tracking in animal studies.(Miall et al. 1987) The
cerebellum may be especially important in coordinated behaviors such as learning to
coordinate muscle synergies and to produce meaningful outcomes such as calligraphic
writing.(Paine et al. 2004) In movements that require more precise execution, motor plans
may be evaluated based on expected verus actual sensory outcome, especially through
proprioception and vision.(Hwang and Shadmehr 2005; Thoroughman and Shadmehr, 2000)

Extensive innervations from both peripheral sensory receptors and cortical structures
in the cerebellum,(Allen et al. 1977; Allen et al. 1978; Bloedel 1973) as well as the
homogenous and well studied cellular structure make it a consensus structure of error-
feedback learning.(Ito 2005) Further, evidence argues for a cerebellar role in detecting
changes in somatosensory input,(Liu et al. 2000; Restuccia et al. 2007) as well as processing

processing of movement information.(Jueptner and Weiller 1998; Naito et al. 2007; Ramnani
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et al. 2000) In the absence of reliable visual information, movement error evaluation would
be driven primarily by proprioception. Therefore, we hypothesized that individuals with
damage to cerebellar structures would demonstrate impaired but not abolished sequence
learning of a motor skill when proprioception was the primary source of feedback available to
aid motor performance and learning. We employed a continuous tracking task with an
embedded repeated sequence or epoch. Participants were asked to repeatedly practice a
pattern of movements, requiring continuous evaluation of proprioceptive error to optimize
motor performance, without continuous visual feedback. In this manner, participants would
derive feedback and update motor commands regarding performance primarily by comparing
expected somatosensory outcomes with perceived outcomes.

The present study builds on the previous work by examining the use of afferent
information by cerebellar patients during continuous motor sequence learning. It has been
suggested that proprioception is important learning new motor patterns,(Hwang and
Shadmehr 2005) and that the cerebellum is a necessary region for the evaluation of sensory
patterns related to learning skilled behavior.(Ito 2005; Kawato and Gomi 1992) However,
this study differs from previous work in several important ways. First, unlike our prior
continuous tracking experiment,(Boyd and Winstein 2004a) participants used the more
involved arm and were not provided with continuous visual feedback. Second, in contrast to
previous studies (Gomez-Beldarrain et al. 1998; Molinari et al. 1997; Morton and Bastian
2004a; Seidler et al. 2002), we employed a retention test on a separate testing day to
differentiate motor learning from performance improvements.(Salmoni et al. 1984) In this
manner, learning is more reliably characterized as a relatively permanent change in

behavior.(Schmidt and Lee 1999a)
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5.3 Methods
Participants

Eight individuals with cerebellar damage (CB) and 7 age-matched (< 5yrs)
individuals with no reported history of brain damage (HC) provided institutionally approved
informed consent. The performance of some HC participants was also reported in Chapter 4.
All participants scored at least 26/30 on the Mini-Mental State exam (MMSE), indicating no
evidence of dementia. Vision for all participants was corrected to at least 20/40 on near
vision assessment. Motor ataxia in the CB group was quantified using the Scale for the
Assessment and Rating of Ataxia (SARA).(Schmitz-Hubsch et al. 2006) No significant
difference was found between groups for age(p=0.785) or MMSE (p=0.105).

Because of the difficulty in recruiting a uniform cohort of individuals with cerebellar
damage, multiple etiologies were included.(Harrington et al. 2004; Morton and Bastian
2004b; Richter et al. 2004) Four CB individuals participated at least 6mo after one-time
cerebellar stroke (CVA group). One CB participant had experienced a pons stroke and
presented with clinical signs of cerebellar damage. Two individuals had significant cerebellar
atrophy. One participant withdrew from the study prior to its conclusion secondary to
perceived difficulty of the task. Her data were not included in our analyses. Individuals were
compensated for travel expenses. Participant characteristics and cerebellar damage are

summarized in Table 5.1.

Location of Cerebellar Pathology
Neuroanatomical scans were obtained for 5 CB participants. A pre-existing MRI or
CT report was obtained for the remaining two individuals. T1 anatomical scans were

converted to Talairach stereotaxic coordinates using AFNI software.(Cox 1996) Lesions
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were traced using MRIcro software to visually present the data when it was available.(C.
Rorden, Columbia, SC) Location of pathology is described in Table 5.1 using terminology

from Schmahmann et al.(2000)

Motor Learning Task

Seated in front of a computer monitor, participants engaged in continuous tracking of
a target moving in a sine-cosine waveform (Pew 1974; Wulf and Schmidt 1997) using either
their dominant arm (HC) (Oldfield 1971) or their more impaired, ipsilesional arm (CB). (The
participant with a pons lesion used the contralesional arm). The task used in the present study
was similar to that reported previously (Vidoni and Boyd, 2007; see also Chapters 2 & 4) and
involved shoulder/elbow flexion and extension to move an on-screen cursor with a
horizontally mounted lever restricted to motion in the transverse plane. The hand was
stabilized on the lever (using an elastic wrap for 1 participant). Participants tracked a white
square target with a yellow circle cursor. All individuals were able to achieve the necessary
range of motion to accurately perform the task (31cm of angular deflection). Lever position
sampling and all stimuli were presented at 40Hz using custom software developed on the
LabView platform (v. 7.1; National Instruments, Austin, TX).

We modified a method reported by Wulf and Schmidt (1997) to construct target
movement patterns. A unique 33s trial was constructed from one 3s baseline and two 15s
sine-cosine waveforms, or “epochs.” During each trial, participants tracked a novel, random
epoch and a sequence epoch, common to each trial. The presentation of the sequence epoch,
first or last in each trial, was randomized to minimize order effects. The same trial order was

employed for every participant for purposes of comparison over practice. Participants were

108



not informed of the repetition but instructed only to track the target as accurately as possible

at all times by controlling the yellow cursor with the lever.

Training Paradigm

Individuals practiced the tracking task 50 trials a day for two days and returned on
third day for 10 retention test trials. To maximize dependence on somatosensory information,
visual feedback of movements was severely restricted. Draping was hung above participant’s
upper body to prevent vision of the arms. Additionally, over the first 20 practice trials, visual
feedback regarding lever position was faded (Vidoni and Boyd 2007) from continuous
presentation on trial 1, to a 200ms duration presentation every 2s by trial 19. At this
intermittency, visual feedback has been previously shown to be not useful for guiding
continuous hand-controlled cursor movements.(Kao 1976) To motivate individuals, we
provided summary feedback regarding overall tracking accuracy following each trial as a
percentage of time the position cursor spent within a 10° bandwith of the target. This score
did not contain sufficient information to alter performance characteristics or reliably improve

tracking on the sequence epoch and was therefore provided on all days including retention.

Outcome Measures

Lever velocity profiles were smoothed using a 100ms moving average. The area
difference between target and participant velocity, root-mean-squared error (RMSE)’, was
calculated separately for random and sequence epochs. RMSE was averaged for sets of 10
consecutive trials representing 1 block during the initial two days of training, and learning at

retention. Because cerebellar damage has been linked to errors of movement timing, we

"RMSE = SQRT(Y(xi — Xi)*/n) where xi = probe velocity, Xi = target velocity
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additionally employed cross correlation time series analysis (Boyd and Winstein 2004b; Day
and Marsden 1982) to examine spatial and temporal changes in tracking accuracy. To more
accurately reflect the task demands of the sequence epoch, we only considered random
epochs with an average velocity within 2 standard deviations of the average absolute random
velocity. Thus, each random epoch block score is the average of approximately 9 trials.
Trials were also excluded from any analysis if the peak correlation coefficient for either the
sequence or random epoch did not reach moderate strength, r=0.3.(Aron and Aron 1999) The
difference between real-time and peak correlation coefficients of temporal tracking accuracy
represents time lag of tracking. The original tracking position data were shifted by this lag
and RMSE was recalculated to produce a “lag-corrected” measure of spatial accuracy.

To quantify sequence-specific learning we calculated the epoch-respective
improvement in average, lag-corrected RMSE. The difference between improvement on the
random and sequence average RMSE change from Block 1 to Retention was considered the

sequence-specific improvement score (SSI).

Indexing of Proprioception

As in Chapter 4, the ability to access and discriminate proprioceptive feedback was
indexed via a limb-position matching task. (One CB-L participant did not complete this
portion of the study at the time of writing this manuscript.) The experimenter supported the
more involved arm at the elbow and drove the lever through eight continuous patterns of
random movements. Participants closed their eyes and matched the movement of the driven
arm by moving the opposite, less involved arm. Lever position measures were smoothed

using a 100ms moving average and corrected for constant error. The area difference between
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the position of the driven and matching arms, root-mean-squared error (RMSE®), was then
calculated. Average RMSE for each CVA participant normalized to the mean HC RMSE

was, taken as an index of the proprioceptive system’s integrity.

Satistical Analyses

Visual inspection of the data suggested two subgroups of CB participants based on
variability in SSI. Using the lower bound of the 95% confidence interval for HC SSI as a
threshold we divided CB participants into learners (CB-L, n=5) and non-learners (CB-N,
n=2). As will be presented in the discussion, the two CB-N participants had by far the largest
lesions, encompassing the greatest amount of cerebellar cortex, providing neuroanatomical
support for this division.

First, to ensure no baseline differences in task demands were present, a two-way
repeated measures ANOVA of Epoch (random, sequence) x Group (CB-L, CB-N, HC) was
conducted on real-time RMSE. To separate change in tracking associated with improved
motor control or non-specific learning from more permanent changes in behavior as a result
of sequence-specific learning we subjected SSI to a one-way ANOVA of Group.

Because real-time and lag-corrected spatial error block averages were closely related
(r>0.9) we have chosen to present only the component elements of time lag and lag-corrected
RMSE to simplify interpretation of training and retention data. For each component element,
tracking practice was assessed via three-way ANOVA (Epoch (random, sequence) x Block

(1-10) x Group) with repeated measures correction for Epoch and Block. Sequence-specific

¥ RMSE = SQRT(Y(xi — Xi)* /n) where xi = driven arm velocity (or target velocity during
sequence training) and Xi = matching arm velocity (or tracking arm velocity during sequence

training).
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learning was assessed at retention testing using an Epoch x Group ANOVA with repeated
measures correction of Epoch for each of our dependent measures. ANOV As were tested at
0=0.02, and reported with partial eta-squared values (Pn?). Greenhouse-Geisser correction
was employed when sphericity was violated. Post-hoc least-squares difference (LSD) and

Student’s t-tests were performed to further characterize significant effects.

5.4 Results

In general, individuals in the HC group were able to learn a specific, continuous
sequence of movements despite deprivation of visual feedback while only some individuals
with cerebellar pathology were able to demonstrate learning of spatial sequence parameters.
Consistent with the literature,(Boyd and Winstein 2004a) individuals with cerebellar stroke
who learned the task had poor temporal tracking accuracy that persisted throughout training.
In contrast, individuals with cerebellar damage who were unable to learn the sequencing task
and who had the largest lesions exhibited less tracking lag with practice. However, this
improvement in timing came at a cost of generally worse spatial accuracy and had a negative

influence on overall tracking accuracy.

Real-time Tracking Velocity Accuracy

At the start of practice, tracking accuracy was no different on random and sequence
epochs (p=0.723) indicating no inherent, initial differences between the waveform component
sections. Nor did groups significantly differ on tracking performance (p=0.312). However,
at retention groups differed significantly regarding the sequence-specific learning they
demonstrated. We used SSI as a measure of practice related sequence-specific improvement

from Block 1 to retention testing. A significant main effect of Group was found,
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(F(2,11)=7.217, p=0.01; Pn>=0.56), Follow-up LSD analysis revealed this effect stemmed
from both the CB-L (p=0.027) and HC (p=0.003) groups’ tracking improvements differing

from that of the CB-N group.

Lag-corrected Vel ocity Tracking Accuracy

We corrected individuals’ velocity profiles to account for inherent sensorimotor
delays through time series analysis. This measure reflects strictly error in the movement
velocity pattern. Over the course of the first two blocks, lag-corrected velocity error
progressively improved for all participants as they became familiar with the task. Visual
inspection suggests that after initial improvements CB-N trended towards greater tracking
error whereas both CB-L and HC groups maintained improved performance (Figure 5.3).
Three-way ANOVA revealed an Epoch by Block interaction (F(9,99)=4.286, p=0.004; Pr*> =
0.28) during the first two days of practice. This is likely a function of greater improvement
on sequence epoch tracking than on the random epoch with practice, especially by the CB-L
and HC groups (Figure 5.2 a & ¢).

Improvements in tracking made by the CB-L and HC groups persisted at retention
testing. ANOVA revealed a significant Epoch x Group F(2,11)=12.839, p=0.001; Pn* =
0.700) interaction. Post-hoc, pairwise t-testing confirmed that both HC (p=0.003) and CB-L
(p=0.023) participants improved tracking on the sequence epoch. The CB-N group did not
demonstrate sequence learning (p=0.315). Additionally, post-hoc LSD detected significantly

less tracking error on the part of HC participants as compared to the CB-N group (p=.02).
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Temporal Accuracy

Though visual inspection would suggest that both the HC and CB-N groups
decreased their lag in movement velocity tracking with practice, no main or interaction Block
(p=.027) or Epoch (p=.296) effect was found to be significant with sphericity correction.
Instead, a main effect of Group (F(2,11)=7.295, p=0.011; Pn’ = 0.57) was detected stemming
from significantly worse lag on the part of CB-L participants than the HC group (p=0.003)
(Figure 5.3).

At retention, Group differences remained significant (F(2,11)=9.545, p=0.004;
Pn’=0.634). Again, the CB-L group demonstrated worse temporal accuracy of movement
velocity than either of the two other groups, (HC p=0.002, CB-N p=0.007). HC participant
movements lagged behind the target by an average of 37.3ms at retention testing. Similarly,
the two CB-N participants lagged behind by 56.3ms. By contrast, individuals with cerebellar
damage who otherwise learned the task never decreased their lag time, averaging 177.2ms lag
at retention testing. Considering previous reports of temporal movement disruption with
cerebellar damage (Boyd and Winstein 2004a) it is important to note that at least one
participant in the CB-N admitted to a strategy of target movement anticipation “just to keep
up.” It is possible that one or both of these participants, rather than learning movement
velocities, guessed where to go next, resulting in ultimately worse tracking performance that

made temporal “improvements” inconsequential.

Sensorimotor Characteristics

Several distinct characteristics are important to the interpretation of these data. First,

we indexed the integrity of proprioceptive discrimination using a clinically common limb
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position matching task. CB-L participants had similar LPM measures as neurologically intact
individuals, (HC 1.0+£0.26, CB-L 1.16£0.49). In contrast, the CB-N group had worse
proprioception (1.710.37). This Group effect trended towards significance (F(2,11)=3.272,
p=0.077; Pn2=0.971). Additionally, worse ataxia, as measured by the SARA, was seen in
CB-N participants compared to those in the CB-L group (CB-L 6.3+2.5, CB-N 1610)
(F(1,5)=26.049, p=0.004; Pn’=1.87). Finally, the CB-N group was distinguished by larger
lesions that encompassed substantial portions of the cerebellar cortex including lobes IV
through VI.

As an additional, post-hoc check of motor function and performance we calculated
the average absolute velocity for individuals across all trials. The average absolute velocity of
target movement was 16.33 deg/s. The CB-L group averaged 16.78 deg/s, and the CB-N
averaged 11.06 deg/s. The HC group moved with an absolute average velocity of 16.95 deg/s.
One-way ANOVA revealed that the CB-N group was significantly slower (F(1,5)=28.637,
p=0.003; Pn*=0.663) than either the CB-L participants (p=0.004) or the HC group (p=0.003)

based on Bonferroni post-hoc analysis.

5.5 Discussion

The experimental paradigm used in this study affords the opportunity to examine the
use of proprioceptive signaling for motor learning, thought to be a possible function of the
cerebellum.(Kawato and Gomi 1992; Ramnani et al. 2001) Because visual information
regarding tracking movements was severely restricted, proprioception was a primary source
of feedback for evaluation of what movement outcome was expected versus what was
perceived. Consistent with the literature,(Pew 1974; Wulf et al. 1999) healthy individuals

demonstrated sequence-specific learning of a pattern of movements as demonstrated by
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reduced velocity error over the course of training. In contrast to previous reports (Gomez-
Beldarrain et al. 1998) we found that some individuals with cerebellar pathology were able to
learn a movement pattern with the more involved arm. Despite the ability to track accurately
in space, the individuals in the CB-L group, were consistently worse at timing their tracking
movements appropriately.

The performance of the CB-L group agrees with our previous work (Boyd and
Winstein 2004a) as well as previous suggestions that the cerebellum participates in the
appropriate temporal coordination of movements.(Ivry et al. 1988; Ramnani et al. 2001)
Cerebellar learners tended to display less ataxic movement and kinesthetic accuracy equal to
that of individuals with no lesion. These individuals also tended to have smaller lesions and
pathology sparing the lateral hemispheric cortex (see Table 5.1).

Despite improved performance over the course of practice, not all individuals with
cerebellar pathology demonstrated sequence-specific learning. Two individuals did not
demonstrate sequence-specific improvement over the course of practice in either the temporal
or velocity profile domain. Rather, tracking lag decreased at the cost of worse tracking
velocity error. One participant admitted to attempting a strategy of anticipatory movements.
This strategy may have resulted in the participant moving with in advance to a postion then
holding there. This would give the appearance of anticipation as well as artificially decrease
averave velocity measures. The opportunity-cost of this may have been sequence-specific
learning. It is possible that in an effort to anticipate upcoming motions, accurate spatial
repetition of sequence motions was marginalized. It is also possible that any possible
sequence or non-specific task learning was simply masked by the highly variable

performance of theses participants. That is, even if sequence characteristics were encoded in
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some manner, poor motor performance could obscure execution and failure to express
learning.

Individuals in the CB-N group had the highest SARA scores (greatest ataxia) of the
CB cohort and lesions that encompassed portions of the lateral hemispheric cortex. In one
case, CB-N2, a complete cerebellar hemispherectomy was performed following stroke.
Though future work will need to confirm our findings, it appears that extensive damage that
includes the lateral cerebellar cortex may either inhibit or obscure the expression of

continuous motor sequence learning.

Proprioception and the Cerebellum

Because we limited visual feedback of movement error as well as indexed
propriopeptive integrity we were able to examine the somatosensory error-feedback learning
loop of a continuous movement sequence. The individuals in the CB-N group displayed
worse limb position matching ability than the CB-L and HC groups. This is consistent with
work suggesting the lateral hemispheres are integral to sensory discrimination.(Gao et al.
1996; Parsons et al. 1997) Some evidence even suggests that the cerebellum, specifically the
lateral cortices are involved in conscious somatosensory error detection.(Liu et al. 2000;
Restuccia et al. 2007) Therefore, consistent with prior work,(Jueptner and Weiller 1998) we
suggest that the failure of the CB-N to learn the movement sequence in this study was, in
part, a consequence of disrupted sensory discrimination and feedback-based learning. We
propose that these individuals were unable to develop a refined pattern of movement based on
error between feedback and expectation as a result of greater cortical involvement in two
participants. This was a direct result of widespread cerebellar damage encompassing the

lateral hemispheres critical for sensory error detection.
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Implications for Motor Sequence Learning

Grossberg and Paine (2000) have proposed a model (AVITEWRITE) of continuous
sequential movement learning, such as cursive handwriting, whereby the cerebellum learns to
coordinate a pattern of overlapping changes of bell-shaped velocity profiles. The required
effector speed and direction are encoded by the motor and premotor cortex.(Schwartz and
Moran 1999) Then the necessary changes in velocity are appropriately timed, or coordinated,
for upcoming pen strokes by the cerebellum. There is some disagreement as to whether these
deficits are related to timekeeping (Ivry et al. 1988; Schlerf et al. 2007) or are coordination
and execution related.(Diedrichsen et al. 2007; Harrington et al. 2004) Though our outcome
measures do not elucidate this difference of opinion, they do confirm a failure to improve
temporally coordinated movement with practice following cerebellar damage.

This purported role of the cerebellum posited by Grossberg and Paine (2000) fits well
with previous reports of disordered temporal execution (Bares et al. 2007; Boyd and Winstein
2004a; Miall et al. 1987; Schlerf et al. 2007) as well as the findings of the present study. As
expected, individuals with intact cerebella (HC) demonstrated sequence-specific
improvement in tracking velocity by retention testing, despite being forced to evaluate and
update movement plans primarily through proprioceptive evaluation and repetition. In
contrast those with cerebellar pathology who demonstrated learning of the movement velocity
pattern were unable to improve execution temporally. Those that tried to anticipate target
movement (CB-N participants) did so at the cost of sequence-specific learning.

Though Grossberg and Paine speak directly to the use of visuomotor signaling via
climbing fibers, there seems to be no reason why proprioceptive signaling could not serve a

similar feedback learning purpose. The cerebellum enjoys access to proprioceptive
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information via olivary climbing fibers (Bloedel 1973) and should theoretically be able to
tune patterns of Purkinje cell firing via LTD.(Ito 2000) Indeed, strong evidence exists for the
cerebellum playing important role in sensory processing during movement.(Jueptner et al.
1997; Jueptner and Weiller 1998; Ramnani et al. 2000) This also fits closely with internal
model theory. (Kawato and Gomi 1992; Wolpert et al. 1995) in which evaluation of sensory
feedback is used to update movements and encode movement plans in expected sensory
outcomes.(Hwang and Shadmehr 2005; Thoroughman and Shadmehr 1999) Indeed, some
researchers have placed the internal model wholly within the cerebellar
hemispheres.(Imamizu et al. 2000)

Based on the present findings and past work we suggest that the cerebellum is critical
for learning to predicatively coordinate and perhaps concatenate (Sakai et al. 2004)
movement segments (Krebs et al. 1999) to produce functional motor behaviors. These
predictions are made in terms of the sensory consequences the movement engenders,
accounting for the close association between the cerebellum and the forward
model.(Blakemore et al. 2001; Fisher et al. 2006). Learning to predict precise coordination of
movement segments results in the creation of an inverse model, also often associated with the
cerebellum. Continued activation of the cerebellum even after over-practice,(Imamizu et al.
2000) may then reflect the continued role of the cerebellum in appropriately coordinating
movement sequence segments to produce the desired behavior. The findings of the present
work suggest regional cerebellar activity for encoding of coordination patterns for movement
sequences based on error-feedback evaluation as well as executing thosee coordinated
movement patterns. We suggest that the lateral cerebellum is important for learning

predictive coordinative control of continuous motor sequences.
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Conclusion

We report here that some individuals with cerebellar damage were able to learn a
continuous repeated sequence of arm movements with the more involved extremity when we
accounted for temporal coordination errors. Those who were unable to learn the pattern had
worse proprioceptive discrimination and lesions that encompassed the cerebellar cortex.
These findings support previous work regarding the role of the lateral cerebellar hemispheres
in sensory discrimination. It also presents preliminary evidence for a role of the lateral
cerebellar regions in learning of specific movement sequences based on proprioceptive error-
feedback learning. This may include learning to coordinate execution of one or more internal

model for a movement sequence.
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Size

Age SARA Lesion (co)
CB-L1 70 4 B Cortical Atrophy --
CB-L2 58 9 R Lobule V, VI & Crus I CVA 0.3
CB-L3 42 4 L Pontine CVA 0.2
CB-L4 75 5.5 R Enlarged Superior Posterior Fissure 1.0
CB-L5 56 9 LCrus I & II CVA 3.1
CB-N1 68 16 R Lobule III-VI, Crus I and associated white 127

matter CVA
CB-N2 56 16 L Cerebellar Hemispherectomy following CVA --
Avg. 61.5 9.1
(SD) (12) (5.7

HCI 61 - - -
HC2 62 - - -
HC3 59 -- -- -
HC4 66 - - -
HCS5 73 - - -
HC7 46 - - -
HCS 67 -- - --
Avg. 62

(SD) (8.4) B B

Table 5.1 Participant Characteristics

Individual characteristics and group averages (SD) including Age and Scale for the
Assessment and Rating of Ataxia (SARA). A description of cerebellar pathology is also
presented. For individuals with an available MR study, locations of damage are reported
according to the conventions of the Schmahmann Atlas.(Schmahmann et al. 2000)
Descriptions based on medical records for individuals unable to complete an MRI are

presented in italics. Lesion size is presented in cubic centimeters (cc).
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Figure 5.1 Cerebellar Pathology

Lesion tracings in black overlaid on an exemplar brain. All images are presented in
stereotaxic space and are at Smm intervals. Three participants were unable to undergo MRI.
A white arrow points to the lesion. Studies are labeled by group (CB-L, CB-N) and are

matched to Table 5.1.
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Figure 5.2 Lag-corrected Velocity Tracking Accuracy
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5.2 Lag-corrected Velocity Tracking Accuracy continued
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Accuracy of tracking velocity in RMSE is plotted in over the course of practice (Blocks 1-10)
and at retention testing. At retention both CB-L (A) and HC (C) participants demonstrate
sequence-specific learning. Cerebellar non-learners (B) do not demonstrate sequence-

specific learning.
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Figure 5.3 Temporal Accuracy
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5.3 Temporal Accuracy (continued)
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Lag in velocity changes plotted in milliseconds over the course of practice and at retention
testing. The dashed line indicates perfect temporal correlation between the velocity of the
target and arm movement. No group makes a sequence-specific improvement in timing.
Cerebellar learners (A) do not appear to improve tracking lag at all, consistent with previous
literature. Cerebellar non-learners (B) and healthy participants (C) appear to decrease lag.
However, these practice-related timing improvements did not reach significance. At all times
during the experiment, the CB-L group demonstrated worse temporal error than the HC

group.
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Chapter 6

Discussion and Conclusions
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6.1 Summary of Findings

The work presented here was primarily undertaken to help characterize the role of
proprioception in motor learning. Specifically, this research extends the literature firmly into
the realm of motor sequence learning by employing a whole arm novel continuous motor
pattern and a delayed retention test. Further, these experiments represent some of the first
investigations of continuous motor sequence learning on those with sensory impairment as a
function of central nervous system damage. The findings presented suggest that the impact of
peripheral versus central damage on motor learning may be different. Possible reasons for
this will be discussed later in this section. Differentiated findings such as these are important
both to guide motor learning theory and rehabilitation practice. Through this work and the
follow-up studies beyond, it is hoped that a better understanding of the challenges faced by

those with impaired proprioceptive function will be gained.

Chapter 2. Motor Sequence Learning Occurs Despite Disrupted Visual and Proprioceptive
Feedback

The primary aim of the experiments in Chapter 2 was to determine the effect of
peripherally disrupted sensory feedback on motor sequence learning. If proprioception were
important for motor learning of a continuous task, then disruption of proprioceptive sensation
should have deleteriously impacted performance and learning of a continuous sequence.
Experiment 1 demonstrated the disruptive nature of whole arm vibration on limb position
sense. However, when vibration was applied in Experiment 2, learning of spatiotemporal
regularities in the movement pattern occurred regardless of proprioceptive disruption. Thus,
it was concluded that rather than being an essential element of feedback-based learning, it

should be considered a component of a robust learning system. Other modalities such as
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vision and attention likely also contribute and compensate for disrupted proprioceptive

feedback.

Chapter 3. Manual and Oculomotor Performance Develop Contemporaneously But
Independently During Continuous Tracking

To investigate vision as an important component of this robust motor learning
system, individuals engaged in a tracking task while their eye movements were monitored. It
was expected based on the previous that the eyes might lead the arm in the learning of
continuous sequences as evidenced by an interaction of practice and effector. Further, it was
hypothesized that oculomotor and manual error scores would display a moderate relationship
with multiple regression analysis. Instead, it was found that improved error for both effectors
occurred contemporaneously. Also, minimal interdependency between effectors was noted,
suggesting that sequence learning by either motor system (visual or manual) is not dependent
on the accuracy of the other system. Rather, as in Chapter 2, accurate visual tracking may be

a useful component for building and system-wide motor plan for a sequence of movements.

Chapter 4. Sroke-related Proprioceptive Deficit is Associated With Disrupted Motor
Learning

The aim of the third experiment was to establish whether sensation is critical for
motor sequence learning in a chronic stroke population with varying levels of sensory deficit.
If the neural structures conveying and processing somatosensory information were important
for motor learning, it was expected that damage to those structures would negatively impact
acquisition of a new motor skill. As has been previously demonstrated, some individuals

maintain the capacity to learn movement sequences following stroke. However, the integrity
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of their proprioceptive perception (kinesthesia) was strongly correlated with any sequence-
specific improvements they made. These results provide some of the first evidence that
central cortical/subcortical processing of proprioceptive information is critical for the

encoding of specific movement patterns.

Chapter 5. Preserved Continuous Motor Sequence Learning in Some Individuals with
Cerebellar Pathology

The cerebellum likely plays an important role in movement-error assessment and
motor learning based on sensory information. The primary aim of the final experiment
presented in this dissertation was to qualify the effect of cerebellar damage on the use of
proprioception to learn a motor sequence. The experimental protocol used in Chapters 2 and
4 allows for a unique examination of cerebellar use of proprioceptive information. The
results confirm and extend previous finding. First, some individuals with cerebellar
pathology demonstrated a preserved capacity for motor sequence learning but displayed
poorly timed movements as previously reported. Importantly, participants in the present
study performed the tracking task with the more involved hand, contradicting previous
findings of disrupted ipsilesional learning. Individuals that learned tended to have smaller
regions of pathology that preserved the cerebellar cortex. Other individuals, with generally
much larger areas of infarct encompassing portions of the cerebellar cortex, did not
demonstrate sequence-specific learning and appeared to attempt a strategy of movement
anticipation. These individuals also demonstrated severe sensory and motor deficits. The
results suggest that the area of cerebellar damage may be critical the maintenance of

somatosensory feedback-based motor learning.
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6.2 Limitations
Proprioceptive Disruption

The literature appears to lack a controlled report on human novel motor sequence
learning with disrupted somatosensation that employs a separate retention test. Therefore a
population of otherwise healthy adults was chosen to in which to transiently disrupt
proprioception. As outlined in Chapter 1, Bock and colleagues (2007) recently confirmed
that vibration is an effective means of stimulating primary muscle spindle (Brown et al. 1967;
Roll and Vedel 1982; Roll et al. 1989) and cutaneous afferents (Collins et al. 2000; Collins et
al. 2005) for the study of motor control. Sensory receptors fire synchronously with the
vibration stimulus masking movement-related signaling.(Roll and Vedel 1982) Continuous
tracking likely results in significant primary spindle activity during constant limb velocity
shifts. For this reason, vibration was chosen to transiently disrupt proprioception

It is possible that vibration did not unrecognizably disrupt proprioception. Therefore,
the findings of Chapter 2 may have been bolstered by recruitment of deafferented participants
whose proprioception would be completely eliminated. However, this presents a different set
of challenges. First, individuals long past deafferentation onset are likely to have developed
compensatory strategies.(Cole and Sedgwick 1992; Rothwell et al. 1982) Second, the
prevalence of complete deafferentation is low and researchers typically reuse qualifying
participants.(Gordon et al. 1995) The present study may not have been feasible using this
population.

Other methods of exogenous sensory disruption exist. One is to apply constant,
vascular occluding pressure to the arm via a sphygmomanometer. The resulting transient
anaesthesia mimics the consequences of sensory neuropathy. However, the unpublished

experiences of this author suggest that hypoxic restriction via the method reported by
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Ziemann et al.(2001) quickly leads to both sensory and motor disruption. There appears to be
no report in the literature that vibration directly impacts efferent nerves, making vibration
useful for more strict study of sensory disruption than ischemic nerve block.

Perhaps the most promising technique for sensory disruption study paradigms is the
utilization of repetitive transcranial magnetic stimulation (rTMS). rTMS applied under
certain parameters temporarily reduces cortical excitability in a directed area.(Pascual-Leone
et al. 1999) This technique utilizes and has been demonstrated to disrupt parietal cortex
function (Hilgetag et al. 2001) and can be targeted to small regions such as the hand region of

S1.(Ishikawa et al. 2007) Unfortunately, TMS cannot be used on subcortical structures.

Indexing Proprioception

Limb-position matching is a consensually valid clinical test for examining
proprioceptive deficit. However, clinically it is difficult to express as a numeric measure.
For the purposes of this research it was necessary to more consistently quantify kinesthesia.
Therefore a previously reported method of proprioceptive indexing (van Deursen et al. 1998)
modified for the upper extremity was employed. Lesion analysis was also used to identify
disruption of brain regions likely involved with proprioceptive processing.

Other, perhaps more robust measures of proprioceptive health have been reported.
Several studies have demonstrated that somatosensory evoked muscle potentials can be
modulated through TMS (Ishikawa et al. 2007; Kujirai et al. 1993) One possible method
would be to compare these evoked potentials between hemispheres in individuals with
unilateral stroke, or between matched groups. The drawback is that this method does not

target proprioceptive perceptual regions.
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Biodex machines can be used to test error between passive limb placement and active
replacement, yielding a precise measure of position matching capacity.(Santos et al. 2007,
Sterner et al. 1998) However, this protocol requires memorization of position and utilizes
discrete movements. In contrast, the method used in the present work directs the participant
to maintain real-time, dynamic position matching, arguably a more ecologically valid

challenge.

Confounds of Lesion Location

It is becoming increasingly clear that sensory and motor cortices are not only
internconnected but are highly interdependent. Nudo and colleagues have shown that pure
lesions to primate motor cortex leads to behaviors commonly associated with sensory
disruption, such as visual checking of grabbing success.(Friel et al. 2005; Nudo et al. 2000)
These findings indicate that at the very least, M1 integrates sensory information into motor
activity. M1 receives somatosensory input from the thalamus (Asanuma and Mackel 1989;
Holsapple et al. 1991) and somatosensory cortex.(Porter and Sakamoto 1988) Motor to
sensory projections are less apparent. Dancause et al.(Dancause et al. 2005) reported
premotor projections to somatosensory cortex in lesioned animals only. These corticocortical
connections were absent in neurologically intact control animals. Others have noted
corticospinal neurons in S1 (Sessle and Wiesendanger 1982), though the bulk of motor
information passed to the parietal sensory areas may come from corticocerebellar circuitry
and processed in the secondary somatosensory cortex.(Blakemore et al. 2000)

Because of this close sensorimotor interaction, damage to one cortical region can
result in apparent deficits in the other. Thus, it may be suggested that the current findings

reported in Chapters 3 and 4 are confounded by the use of the hemiparetic arm. That is to say
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damage to motor pathways may have resulted in aberrant sensory disruption measures or in
learning measures that do not accurately reflect skill consolidation. Though this cannot be
ruled out, there is reason to believe that data from the present work was not contaminated to a
consequential degree by motor pathway damage. Nudo, Friel, and colleagues (Friel et al.
2005; Nudo et al. 2000) reported behaviors consistent with evaluation of the success of a
reach and grasp. In contrast to those active motor behaviors, during proprioceptive testing,
the involved arm was passive and driven by the experimenter, only the less involved arm was
volitionally moved in the matching task. Thus only kinesthesia was necessary and not active
motor control. In Chapter 4 proprioceptive integrity was related to sequence-specific motor
learning. Thus, sequence learning was compared to passively moved limb position sense
which should have minimized any sensorimotor confound in these data.

Second, during skill acquisition a change score was used to index sequence-specific
learning relative to general motor performance seen on random epochs.(Boyd and Winstein
2006; Boyd and Winstein 2001) If proprioception was affected by a motor cortical lesion, the
effect would be expected in both the random and sequence epoch tracking performance.
Improvement over random waveform tracking would still then reflect sequence-specific
learning beyond general motor control improvements.

Finally, known cerebrocerebellar signaling is primarily conducted through the ventral
posterior and ventral lateral thalamic nuclei and internal capsule to the premotor and motor
cortex. Thus, damage to these regions can produce both sensory deficits as well as sequelae
related to cortico-cerebellar interaction. In individuals with thalamic lesions, performance
decrements could result from both disrupted sensation as well as disrupted cortico-cerebellar
interaction. With more elegant methods of neuroimaging such as diffusion tensor imaging

(DTI) it would be possible to roughly quantify the damaged pathways. However, cerebellar

134



mapping with DTI is still in the descriptive stages.(Salamon et al. 2007) Dissociation would
also be possible using a cohort of cerebral cortex-only strokes. However these circumscribed

lesions are extremely rare outside induced stroke models in monkeys.(Nudo et al. 2003)

6.3 Sequence Learning and Proprioception

Though an extensive literature in motor learning grows larger by the month, the role
of proprioception in motor learning remains under examined. This dissertation and the
experiments documented within represent early studies of the role afferent somatic
information plays in acquisition and retention of a novel motor skill. It seems appropriate
then to place this work in context of what is known about proprioception, motor learning,

CNS pathology and the intersection of these variables.

Peripheral Disruption of Proprioception

Proprioception is important for accurate movement. This has been demonstrated
repeatedly in case study (Rothwell et al. 1982) and experiment alike.(Ghez et al. 1990)
Proprioception aids in appropriately coordinating sequential movements.(Cordo et al. 1994)
Individuals with complete peripheral neuropathies exhibit errors in reaching that suggest the
motor control system is not being informed of changes in body dynamics.(Gordon et al.
1995) Vision can temporarily substitute but proprioception is necessary for long-term
maintenance of internal body representations.(Ghez et al. 1995) Aurtificial disruptions of
proprioception by vibration result in failure to adapt to novel environments (Bernier et al.
2007; Pipereit et al. 2006) when not overruled by vision.(Bernier et al. 2006; Sober and Sabes
2003) These studies were one-time experimental sessions that did not consider more

permanent changes in the capacity to perform.(Schmidt and Lee 1999a)
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In the first experiment of chapter 1 and early performance of Experiment 2 we found
that disrupting proprioception with vibration interfered with performance, perhaps by
masking proprioceptive signals the CNS used to coordinate movement. These effects are in
agreement with the previous literature on the use of proprioception to guide movement.
However, this ultimately did not prevent participants from learning a specific sequence of
movements which may reflect a robust sensorimotor learning system able to capitalize on
other sensory and cognitive systems to process and encode representations of the movement
pattern. Over the course of a long movement such as a 15s continuous tracking bout, visual
and manual systems appear to operate relatively independently of each other (see Chapter 3),
One system could therefore provide information regarding a sequence characteristics

regardless of the accuracy of the other.

Central Disruption of Proprioceptive Processing

Primate studies have shed much light on specific neural and molecular substrates of
sensorimotor learning. Perhaps the most well developed lines of evidence for sensorimotor
interaction in learning come from Asanuma, Pavlides and colleagues.(Iriki et al. 1989; 1991;
Pavlides et al. 1993; Sakamoto et al. 1989) Several regions in the parietal cortex are well
recognized as receptive and processing areas for sensory information. The same systems
allow us to maintain awareness of our bodies in that environment, through somatosensory
information. It has been hypothesized that sensory inputs acts to train motor output skills in
early practice.(Asanuma and Pavlides 1997) As discussed in the Introduction (Section 1.6)
skill acquisition requires somatosensory cortex, probably through paired thalamo-

sensoricortical stimulation of motor cortex.(Iriki et al. 1991) If this theory of motor learning

136



holds, then damage to areas that receive and process sensory information should impact
human motor learning as it does in animals.

Other than the characterization of general lesion location, this dissertation work was
not able to evaluate CNS physiology or pathology. Nevertheless, the experiment detailed in
Chapter 4 is one of the first reported attempts to quantify the impact of disordered
proprioceptive sensation on motor learning in humans. Consistent with the posited role of
sensory cortical areas “teaching” the motor system a skilled movement, we found that
integrity of the proprioceptive processing system, as indexed by a consensually valid clinical
test, was strongly related to sequence-specific motor skill acquisition.

Finally, much has been proposed but little concluded regarding the role of the
cerebellum in motor learning. Mixed reports of disrupted and maintained motor sequence
learning can be found in the literature.(Boyd and Winstein 2004a; Gomez-Beldarrain et al.
1998) Much evidence seems to point to a role in coordination of movement, including the
assembly of multiple movement segments in the appropriate time-course to produce skilled
behaviors.(Grossberg and Paine 2000; Sakai et al. 2004) The work in Chapter 5, supports the
reports preserved sequence learning but impaired temporal execution in individuals.(Boyd
and Winstein 2004a) Further, it extends this capacity to the ipsilesional side of the body,
previously reported to have impaired sequence learning.

The findings of the study, considered in light of the available evidence suggest an
interesting dichotomy regarding the role of proprioception, feedback evaluation and motor
learning. In the next section, the present findings are discussed in the context of a widely

accepted motor learning model.
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6.4 Encoding the Movement Sequence

Throughout this dissertation, the internal model has been mentioned as the theoretical
mechanism by which sensation and motor control are integrated to learn and execute a skill.
(Kawato and Gomi 1992; Wolpert et al. 1995) This internal model is purported to account
for the internal and external forces such as momentum and friction that must be considered to
achieve the movement goal as well as predict the consequences of our plan for movement.
The model may also encode a pattern of muscle activity necessary to complete a skill based
on initial and desired positions.(Krakauer et al. 1999) The present data reflect more directly
on the kinematic internal model by examining the acquisition of a series of movements
separate from general motor control.

It must be acknowledged, though, that the literature rarely refers to internal models of
movement sequences such as the continuous tracking sequence used throughout this
dissertation. This omission occurs despite these behavioral patterns being essential to daily
activity. It isunclear if this is a limitation of the concept or a product of the experimental
paradigms employed by leading researchers in the field. Nevertheless, this author suggests
that evidence exists for representation of movement sequences by internal models.

Krakauer noted that internal models are developed both for the kinematics and
kinetics of a discrete reaching task.(Krakauer et al. 1999) What happens when reaching is
followed with another movement, such as changing the aperture of the hand to grasp your
morning coffee. While this is occurring, the brain predicts the weight of the cup, braces
appropriately at the shoulder girdle and plans the appropriate grip force, then begins to bring
the cup to your mouth: all in a matter of milliseconds. This sequence of movements is
practiced from a young age but occurs in the healthy adult with such fluidity and speed, it is

unlikely that each step is a discrete action. Rather, the simple elements are likely chunked
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together as we learn. Sakai and colleagues (Sakai et al. 2003) elegantly demonstrated that
individuals compose a sequence of movement elements into groups. As we learn, these
groups, or chunks, continue to evolve, encompassing more elemental parts that are executed
as a group. These chunks are not specific to the movement but rather idiosyncratically
determined. If the internal model can represent a discrete reaching movement in a specific
direction encountering a specific force environment, should it not also be able to represent the
grasp at the end of that reach?

A study by Wainscott et al. (Wainscott et al. 2005) has addressed this question at
least in part. By having participants perform a couplet of random movements in a force field,
the authors demonstrated that inverse models of novel dynamics take into account the order
of component and upcoming movements. It is possible that many models can be used
simultaneously or sequentially for highly skilled motor behaviors. It remains to be seen if a
single internal model can represent complex movements such as reaching for a full cup of
coffee or pitching a curve ball, calculating necessary motor commands and predicting
outcomes. However, the results of the present work are in line with the findings of the
importance of central proprioceptive processing for motor learning and thus hint that this may

be the case.

Possible Physiological Mechanisms of Sensorimotor Interaction During Learning

The work detailed in this study is framed by the author’s understanding of the
internal model as the most current conceptualization of Schmidt’s motor schema.(Schmidt
1975; Vercher et al. 2003) In this model, skills are represented by required movement
specifications, and expected outcomes, fit to and modified by initial conditions and realized

outcomes. The internal model learns to forwardly predict the sensory outcome of a set of
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motor commands and inversely, the motor commands for a desired outcome.(Blakemore et al.
2001; Davidson and Wolpert 2005; Kawato 1999; Kawato and Wolpert 1998; Wolpert et al.
1995) With practice, as the skill becomes more automated, less sensory “guidance” is
necessary.(Asanuma and Pavlides 1997) Ultimately, with help from the visual system, motor
skills can be performed in a prognostic or feedforward manner.(Ghez et al. 1990; Polit and
Bizzi 1979; 1978) At least for short, discrete movements the brain can evaluate, change and
update the motor plan based on its own prediction of outcome.(Davidson and Wolpert 2005).

Research on internal models for movement have separately invoked the cerebellum
and cerebral cortex. The data presented here support the involvement of the CNS as a whole
for motor learning as opposed to attributing motor sequence learning to one of these central
structures. This author suggests that both the cerebellum and sensorimotor cortex learn
movement patterns in part through intention and execution evaluated against sensory
feedback including vision, proprioception and knowledge of success. In this hypothesis,
sensorimotor cerebral structures are responsible for developing and maintaining
representation of desired behaviors in terms of their proprioceptive and visual outcome (or
perhaps auditory), including position and velocity of limb segments.(Hwang and Shadmehr
2005; Hwang et al. 2006a; Nasir and Ostry 2006; Sober and Sabes 2003; Thoroughman and
Shadmehr 1999) The following paragraphs will outline how this might be possible.

The sensorimotor structures, including subcortical basal ganglia loops, encode a
representation of desired actions and component movements. Several studies have reported
plastic modification or motor plan learning/disruption in the sensorimotor cortex.(Fisher et al.
2000; Li et al. 2001; Matsuzaka et al. 2007) This is accomplished in part through the
potentiation of appropriate motor execution networks by processed sensory

feedback.(Asanuma and Pavlides 1997; Hamdy et al. 1998; Iriki et al. 1989; Pavlides et al.
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1993) In the absence of accurate and dependable external sensory feedback, internal
feedback can be used. Christiensen (2007) recently demonstrated that during transient
deafferentation and voluntary movements, vPMC activity is correlated with SI activity. This
suggests a possible pathway for sensorimotor interaction and learning such as reported in
Chapter 2. However, when cortical/subcortical sensory processing structure are disrupted
encoding of sequence-specific movement patterns is also disrupted (see Chapter 4).

The critical point here is the integrity of the sensory processing system. Parietal
cortex is known to maintain representations of the body.(Wolpert et al. 1998) When these
sensory-associated regions are disrupted, by insult (Chapter 4) or by transient disturbance
such as TMS (Della-Maggiore et al. 2004) learning is compromised. If these structures
remain intact, they are available to create representations, or internal models, of behavior
through intracortical interaction even when one or more sources of feedback are
undependable (Chapter 2).

This proposition by no means diminishes the role of the cerebellum in this process.
Leading researchers in the field of internal models have placed the internal model entirely
within the cerebellum.(Imamizu et al. 2000) This is for good reason as the cerebellum is
repeatedly demonstrated to be active during learning. However, this author suggests that the
cerebellum plays a specific role in the development of predictive control that fits the research.
Specifically, the role of the cerebellum in motor learning and execution may be primarily to
learn predictive coupling of movement segments for coordinated and fluid movement. This
has been proposed previously by Grossberg and Paine.(2000) (However, it may also support
error-feedback learning of individual movements themselves as well. The performance of the
CB-N group in Chapter 5 suggests this but it is unclear if this results from disordered

movement or a true failure to learn the velocity pattern.)
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This conceptualization of the role of the cerebellum as primarily a coordinator would
account for the observed predictive capacity of the cerebellum.(Blakemore et al. 2001;
Nowak et al. 2005) It would also account for the preserved pattern but disrupted temporal
execution reported, as the cerebellum would be necessary for learning to predict and help
execute the correct timing and coordination of serial actions into a continuous movement
pattern.{Boyd, 2004} (also see Chapter 4) It may also explain cerebellar activation in novel
environment adaptation, again as the cerebellum learned to predict the correct timing and
order of serial movement segments to produce a successful movement.

Proprioception would serve as an important template for comparison of the predicted
behavior against the realized behavior in both the cerebellum and sensorimotor cortex.
Proprioception is the likely language for encoding limb state and EMG closely matches how
limb state is encoded by proprioceptors.(Hwang et al. 2006a; Prochazka and Gorassini 1998)
During skill practice, this process would either reinforce or discourage the plan that was used
through LTP of involved motor cortical cells (Imamizu et al. 2003; Imamizu et al. 2000) and
Purkinje cells of the cerebellum.(Ito 1989) In this conceptualization the actual outcome,
conveyed via the afferent somatosensory system, is compared to the desired outcome and the
motor commands, perhaps in the cerebellum.(Fujita 1982; Kawato and Gomi 1992)

Motor skills then would also require the interaction of these separate structures to
produce a highly skilled and accurate movement with information flowing freely between
these structures regarding plans, outcomes and adjustments. Fortunately, the literature is
replete with reports of these interactions. For example, Holsapple et al. (Holsapple et al.
1991) demonstrated that the ventrolateral nucleus of the thalamus in primates receive signals
from both cerebellum and basal ganglia and then project to M1. In another example of

cortio-cerebellar interaction, Brown and colleagues (Brown and Bower 2002) have reported

142



that SI, strongly concerned with proprioception (Rausch, 1998) influences complex spike

activity in the cerebellum.

6.4 Clinical Implications

A comprehensive understanding sensorimotor interaction during both performance
and learning is critical for optimization and restoration of skilled behavior. The knowledge is
applicable in both rehabilitative and healthy exercise settings. For example, proprioceptive
neuromuscular facilitation (PNF) is a training methodology that emphasizes the stimulation
of proprioceptors via stretch and resistance to maximize movement control.(Knott and Voss,
1968) The spiral and diagonal patterns of movement employ stretch and resistance to train
the participants to more effectively functional movements and increase joint range.(Decicco
and Fisher 2005) These patterns are ultimately used in the performance of functional
activities such as toileting or climbing stairs (Knott and Voss 1968). The principles of PNF
are considered applicable for individuals with pathology as well as those seeking improved
motor performance.(Decicco and Fisher 2005)

However, the data on proprioceptive disruption of healthy individuals presented here
do not wholly support PNF principles. For neurologically intact individuals, these patterns of
stretch assisted movement may improve range or strength but it appears that the
proprioceptors are not absolutely necessary for learning movements. In contrast, there may
be some validity to the suggestion that PNF principles help those with central lesions to
“develop or redevelop the responses of the neuromuscular mechanism” via proprioceptive
stimulation.(Knott and Voss 1968) The present data suggest that proprioceptive deficit is a
predictor of motor learning capacity. Though these data cannot comment on the efficacy of

any particular therapeutic intervention, augmentation of existing proprioceptive feedback or
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compensation with other sensory modalities (i.e. vision, audition, discriminative cutaneous
sensation, vestibulation) that are concurrent with PNF treatment may be helpful during
rehabilitation.

Davies found perceptual deficits and stroke sequelae that “cannot be observed” to be
so important she addressed therapeutic response to the problem in her first chapter of her
monograph on rehabilitation.(Davies 2000) A similar sensory-oriented approach has been
promulgated by Margaret Rood.(O'Sullivan 2000) Considering the findings of the present
work, this emphasis may be warranted. As shown in Chapter 4, proprioceptive deficit is
related to motor learning capacity. Intervention strategies that enhance sensory feedback may
improve motor performance.(Priplata et al. 2003; Priplata et al. 2006; Wells et al. 2005) In
related studies, providing a more complete sensory experience during practice improves
motor performance. Wu and colleagues (2000) observed faster, more efficient movements in
stroke patients and control subjects who practiced reaching for real objects as opposed
reaching for a location. In an ingenious study the same group (Wu et al. 1998), demonstrated
that providing for a tangible consequence to movement greatly improved movement quality.
Using a one-hand chopping device, stroke patients did markedly better, when chopping a
mushroom than when chopping nothing.

As with most therapeutic interventions an important caveat must be considered. In
this case, conscious attention to those sensory experiences, including proprioception can be
detrimental. Fasoli and colleagues (2002) observed survivors of stroke and healthy controls
produced better quality reaching movement when instructed to direct their focus externally on
the task as opposed to internally. Similar findings have been documented in studies of
athletic performance in healthy young adults.(Wulf et al. 2000) The critical difference

between these findings and those in the rehabilitation literature appears to be directed
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attention. Though sensory input may be critical to learning, paying attention to perception

can negatively impact learning and performance.

6.5 Future Directions

The long-term goal of this project is to characterize the contribution of intrinsic
somatosensory feedback to motor learning both in healthy and pathologic populations. The
presented work has established the foundation for more elegant exploration of sensorimotor
interaction. Several candidate areas of investigation based on the literature present
themselves including, but by no means limited to task complexity, effector interaction and

sensory training or assistance.

Several Sources of Feedback

The experimental protocol used in these studies was designed to limit visual and, in
the case of Chapter 2, proprioceptive feedback regarding tracking performance. Based on the
findings reported in Chapter 2, it is conceivable if not likely that participants were using other
sources of feedback to learn the movement pattern. One likely source of information is
simple attention to the target. Simply watching a repeated pattern can result in some degree
of learning.(Bird et al. 2005; Kelly et al. 2003) Construction of sequence representation
occurs in the parietal cortex,(Frey and Gerry 2006) which is perhaps why neurologically
intact individuals with disrupted proprioception were able to learn the sequence when those
with central lesions could not. However, by conducting the task under dual task conditions
such as mental mathematical calculations as well as disrupted proprioception the contribution

of attention could be evaluated. Though this has been done in probabilistic (Shanks et al.
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2005) and repeated sequence tasks (Cohen et al. 1990) it does not appear to have been

performed in a continuous sequence tracking paradigm.

Movement Compl exity

Continuous tracking was employed in this study partly to increase the kinematic
complexity of the skill to be learned. However, it is unlikely that upper extremity tracking
approaches the complexity of some real world skills such as skiing.(Wulf et al. 1999; Wulf
and Toole 1999) Similar tasks such as whole body sequence tracking have been employed
previously.(Shea et al. 2001) Whole body balance tasks necessitate control of more degrees
of freedom; one criterion in the evaluation of movement complexity.(Wulf and Shea 2002)
To evaluate proprioceptive dependence on increasingly complex skills, the above mentioned
experimental paradigms could be performed under conditions of vibration. Currently

marketed vibration platform trainers make this feasible.

Effector Interaction

The internal model allows for an advance prediction of the outcome of the motor plan
and therefore the ability to base other behaviors on that expected outcome. One such closely
studied paradigm involves visual-manual coordination.(Carlton 1981; Desmurget et al. 1998;
Keele and Posner 1968; Vaziri et al. 2006) Skilled behaviors often require close coordination
between manual and oculomotor movements. As has been demonstrated previously, advance
predictions aid in the production of coordinated effector movements such as ocular and
manual movements.(Steinbach and Held 1968) The conclusion that the eyes lead the arm

during discrete predictable movements is further supported by documentation of anticipatory
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saccadic behavior during serial movements where each successive manual movement is
known in advance and sdcan be pre-planned.(Marcus et al. 2006)

Development of the inverse model for a skilled movement that allows for coordinated
activity of other systems may depend substantially on proprioception.(Vercher et al. 1996;
Vercher et al. 2003) It is presently unknown if these coordinated patterns of movement are
disrupted following stroke-related proprioceptive disruption. If oculomanual coordination is
disrupted following stroke, an understanding of the functional relevance of this disruption
could assist rehabilitation professionals in providing appropriate remediation or compensation

strategies.

6.6 Conclusions

The work presented in this dissertation indicates a more complex picture of the use of
proprioceptive feedback for motor learning than simply whether it is necessary or not. There
is little doubt that proprioception is critical for informing the CNS of the current state of the
body for planning a movement (Polit and Bizzi 1979) or that proprioception helps develop
and maintain representations of bodily and environmental dynamics.(Gordon et al. 1995;
Pipereit et al. 2006) However, the present findings suggest that when limb position sense is
peripherally disrupted other sources of feedback can be utilized or substituted for motor
sequence learning. Clinically, this is important for the rehabilitation of those with peripheral
sensory neuropathy, such as diabetic neuropathy or Guillain-Barre syndrome. It appears that
new skills can be learned despite disrupted afferent information. In contrast, when perceptual
areas of the cortex/subcortex are damaged, proprioceptive sensation is related to learning of
the repeated, integral components of the movement pattern but not necessarily general non-

sequence-specific elements of the task. It also appears that when the cerebellar cortex is
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mostly intact, feedback and learning through primarily proprioceptive registration of
movement patterns is maintained. This may result from the role of these central structures in
integrating sensory and motor experiences into the motor plan for skills through mechanisms
such as long term potentiation and depression.

Clinically, these findings suggest that rehabilitation professionals should consider the
health of central nervous system regions concerned with the processing of proprioceptive
information. Mild to moderate, neuropathic conditions affecting the peripheral sensory
structures such as occurs with chronic diabetes may not impede rehabilitative care. However,
large scale injury to central, sensory processing structures such as parietal cortex, thalamus,
and the cerebellum can have potentially significant bearing on the acquisition of motor skills.
Learning of specific patterns of movement, a common goal of therapies, appear to be
impeded by damage to these and related regions. Future studies such as those outlined
previously will be necessary for elucidating why this peripheral-central dichotomy exists, if it
is clinically relevant, and how rehabilitative potential can be maximized when proprioceptive

deficits result from CNS lesions.
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Appendix 1
Target Waveform Creation
One thousand sets of 12 random numbers between -10 and 10 were generated using
Microsoft Excel and rounded to the nearest tenth. Wulf and Schmidt’s (Wulf and Schmidt)
original coefficient set was doubled to create the repeated sequence epoch coefficient set: by
=40, a,=-8.0,b;=6.0,2,=-8.0,b,=-7.2,23=7.8,b3=9,2,=0.0, b, =2.0, a5 =-7.6, bs =

-1.0, a5 = 2.0, bg = 5.0. Coefficients were substituted into Equation 1:

(Eq.1): 8(1) = by + a;sin(0) + b;cos(0) + a,sin(20) + brcos(26) + azsin(36) ...

+ bsc0s(30) + assin(40) + bycos(40) + assin(50) + bscos(50) + agsin(66) + becos(60)

where:

(Eq.2): (i) = 2n( i+ ¢) / 800 and ¢ = 35.

Coefficent sets with a resultant wave range greater than 10% of the repeated epoch range
were discarded to ensure no large changes in movement magnitude between trials and more
uniformity between random and repeated epochs. Remaining waveforms were corrected

vertically (by) to ensure equidistant minima and maxima from the midline.

Next, to ensure target wave epochs transitioned smoothly, a phase shift (¢) was induced in all
resultant curves. This was accomplished by identifying all midline crossing points and
calculating the first derivative of the point. Crossing points were tested against the initial

slope of the repeated segment. The first point with a slope that differed by less than 20% was
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used as the phase shift. If no point in the waveform met this criterion, the coefficient set was
discarded. Remaining random waveform epochs were substituted into the target wave in
order of their creation. Random waveforms were never reused. For each trial, a 3s level

baseline was followed by a random epoch and the repeated sequence epoch, in random order.
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Appendix 2

S0 WHAT KIND
oF JoB ARE vou
LookKIG FoR?

BASED Ol YouR
TIETHCT PERSOHALITY
PROFILE, THE MYERS-
BRMmE TEST CAH EEC-

THE JoB TYPE
THAT BEST SUms YoUuR
PARTIZULAR THCLINA-
TIoMS AND ABILMTES,

Used with permission. "Piled Higher and Deeper" by Jorge Cham

www.phdcomics.com. (Cham 2007)
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