Running head: PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION
TIME COURSES

Time Courses of Proprioceptive Recalibration and Reach Adaptation
to a Visuomotor Distortion

Basel Zbib

Thesis Supervisor
Dr. Erin K. Cressman

Thesis submitted in partial fulfillment of the requirements
for a degree of Master of Science in Human Kinetics

School of Human Kinetics
Faculty of Health Sciences
University of Ottawa

© Basel Zbib, Ottawa, Canada, 2015



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Statement of Contribution of Collaborators

| hereby declare that | am the sole author of this Master of Science thesis. My
contributions included: a review of relevant literature in the area of interest, participant
recruitment, participant testing, data collection and analysis, data compilation, statistical
analyses, and the write-up of the thesis document. All of these duties were performed under
the guidance and mentorship of my research supervisor, Dr. Erin K. Cressman.

The original conception of the experiment in this thesis was performed in
collaboration with Dr. Erin K. Cressman (School of Human Kinetics, University of Ottawa)
and Dr. Denise Y.P. Henrigues (School of Kinesiology and Health Science, York
University). They provided editorial corrections and feedback, and were co-authors in the

article presented in this thesis.



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Acknowledgements
In name of God, the Beneficent, and the Merciful:

All praise and thanks is due to God. He is my originator and guide, and the source of
all that I have to be thankful for.

My time as a member of the psychomotor behaviour laboratory has been a period of
tremendous enjoyment, fulfillment, maturation, personal achievement, and academic and
professional development. | would like to thank Dr. Erin Cressman for her incredible
patience, guidance, and support throughout this time. She has given me invaluable skills,
knowledge, experience and confidence, which I know I will carry with me for the rest of my
life. I could have not asked for a better supervisor or mentor.

| would like to thank all of the faculty members at the University of Ottawa who’ve
provided their time and knowledge throughout the years. In particular, I’d like to thank Dr.
Anthony Carlsen for teaching me how to be a rational and critical scientist. | would also like
to thank the members of my lab — Sajida, Neil, Jenna, Katherine, Jesse (and you too, Mike) -
for their friendliness, collaboration and assistance. Additionally, | would like to sincerely
thank all of the participants who provided their time (and patience) to participate in my
study.

| would like to thank my family for their ceaseless love, care and support. | would
especially like to express my deepest love and gratitude for my father who has shaped my
character and made me the person | am today.

A special thanks to my fiance, Zaynab; you have been the source of light and joy in

my life. I love you and look forward to spending the rest of my life with you.



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Table of Contents

Statement of Contribution of Collaborators............cciiiiiiiiier s i
ACKNOWIBAGEMENTS ...t e e e re et e seesneebeaneenreas ii
TabIE OF CONENTS ...ttt bbbttt b e bbb b ne e iv
LISE OF FIQUIES ..ottt e b et e e s e e be e st e sneesteeaeaneenneenneas vi
N o1 = Tod SRS vii
Chapter 1: LItEratUre REVIBW ........ccuiiiieieiiite e 1
1. General INtrOAUCTION .....ooeiiiieiieie ettt sbe e eesneenreas 1
2. GOoal-Directed MOVEMENTS .......ceiieiiiieiierie e stee et ae e sreestesneesreesseeneennen 4

FZ AV 1] o] o OSSPSR 4

A S (] o] ToTor=T o] ([0 o OSSR 5

2.3 INTEINAI MOUEL ...t ste s e te e e stesteeaesreereenee s 6
K T V(o] (o] gl o F= T £ o | YRS OSORRSR 8

TN o 1) (Ao P o] =L [o] ISP OSSR 9

3.2 Virtual-reality AdapLation...........coiiiiiieiieee e 10

3.3 Force-field Adaptation...........coiiiiiiiiie e 11

3.4  Motor Adaptation via Use-dependent and Operant Learning.........ccccceevveveevevieneeveeseseennenns 12

3.5  Time Course of Motor AdapPLatioN...........coeeveieiiiiiiesise e 13
4. SENSOMY PIASHICILY .....cciviiiiciiccieee sttt s ste et nne s 15

4.1 Sensory Plasticity in ANGNMENt TaSKS .......c.coiiiiiiiiiiiieic ettt 16

4.2  Current Method for Measuring Proprioceptive Recalibration ............cccooovviiiiinencicinnn, 17
5. Relationship between Motor and Sensory PIastiCity...........ccccccevveveiiciicve e, 22
6.  SPECITIC ODJECLIVES......eciiieieie et 25
Chapter 11: ReSEArCh ArTICIE........ccviieiee e 28
N 01511 - Tod OSSPSR 29
ISR {011 0o [0 od o] o OSSR 30
N =11 2T o LRSS 35

2.1 SUDJECES ...ttt bbbttt 35

2.2 General EXPerimental SEIUD ......cooiiiie it 36

2.3 (0 Tt=T o 1] £ OSSPSR 36

2.3.1 REACH TRAINING TASK ...ttt ste st e e snae et e e nnae e snreeennne s 37

2.3.2 REACH AFTEREFFECTS TASK ...ttt ettt 38

iv



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

2.3.3 PROPRIOCEPTIVE ESTIMATION TASK ..ottt
2.4 DAtA ANAIYSES ...ttt
24.1 PROPRIOCEPTIVE ESTIMATES OF HAND POSITION .....cccooiiiiiiincnieenee e
24.2 REACH ADAPTATION ..ottt bbb
24.3 RELATIONSHIP BETWEEN PROPRICOEPTIVE RECALIBRATION AND
REACH ADAPTATION ...ttt ettt sttt b e e nbe e sbe e saeesne e
2.5 CONLrol EXPEIIMENT ..o
Be RESUIES .. 43
3.1  Time Course of Proprioceptive Recalibration ............cccccvvveiiiiiiiiciiin e
3.2 Time Course of Reach Adaptation...........coeoveieiiiiiiiiiise e
3.3 Comparison of Proprioceptive Recalibration and Reach Adaptation...........c.ccccoevevveveinennnne,
3.4 CONLIOL EXPEIIMENT .. .ottt bbb et
4. DISCUSSION ...ttt ettt bbb bbbt b bbb bt bt b n et bt e 47
4.1 Proprioceptive RECAlIDIatioN ........c.ccoviiiiiiicie et
4.2 REACH ACAPLATION. ...ttt
4.3  Comparison of Proprioceptive Recalibration and Reach Adaptation............c.ccccoevevevviienns
5. CONCIUSION. ...ttt bbbttt bbb bbb n e 56
FIUIES <ottt sttt et e e e e b et e e R e Re ettt e nhe e teene e e re e teentenraenreenreanes 58
RETEIENCES ... 66
Chapter H1: General DISCUSSION ..........ccuiiiiiieie et ste ettt te e sae e e e e sreenre e 75
RETEIENCES ...ttt 82
APPENTIX A ettt ettt et e ae e te et e be e be e e areeteeaeeareereaneenres 94
APPENTIX B ..ottt e e ra et e e te e reaneenre s 95
APPENTIX C oot et e st et et e e a et et e beeteera e re e b e neeare e teaneenaes 97



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

List of Figures

FIG. 1. Proprioceptive eStimation task............ccooieiiiiieii e 19
FIG. 2. EXPErimental SEt-UP. ....ccoooiiiiiiiiiiiiie et 58
FIG. 3. EXperimental deSign. ..o 59
FIG. 4. Time course of changes in angular reach error............cccccveve i 60
FIG. 5. Time course of changes in proprioCeptive bias .........ccccccveveiieiviie s 61
FIG. 6. Final and initial change in angular error. ..........ccccveieiieie e 62
FIG. 7. EXPONENTIAL TITS. ..cviiiiiiceee ettt 63
FIG. 8. RateS Of ChaNQe. .....oceeieecece e 64
FIG. 9. Differences in reach aftereffects at Time 1 and Time 2 for main and control

EXPEITMENTS. ..ttt b bbb bbbt bbbt Rt e s e b e bbbt bttt 65

Vi



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Abstract
When subjects are presented with distorted visual feedback of their hand during a goal-
directed movement (i.e. subjects view a cursor representing their hand that is rotated from
their hand’s actual position while reaching in a virtual reality environment), they typically
adapt their movements so that the cursor is brought to the target, thus reducing reaching
errors. In addition to motor adaptation, it has recently been shown that reaching with
distorted visual feedback of the hand results in sensory changes, such that proprioceptive
estimates of hand position are shifted in the direction of the visual feedback (Cressman and
Henriques 2009). The current study looked to establish how quickly these sensory changes
arise while training to reach with distorted visual feedback of the hand. Additionally, by
comparing sensory to motor changes across time, we looked to determine the relationship
between their underlying processes. Subjects trained to reach to a single visual target while
seeing a cursor that was aligned with their actual hand position (50 trials: aligned reach
training), or rotated 30° clockwise (CW) relative to their actual hand position (150 trials:
rotated reach training). Reach errors and proprioceptive estimates of felt hand position were
assessed following the aligned reach training trials and at 7 different times during the rotated
reach training trials by having subjects reach to the target without visual feedback, and
provide estimates of the position of their hand relative to a visual reference marker
respectively. Results revealed a slow change in proprioceptive estimates over the course of
reach training with the rotated cursor relative to estimates after the aligned reach training,
and in fact, significant sensory changes were not observed until after 70 trials. In contrast,
reach adaptation showed a much steeper increase and significant adaptation after a limited
number of reach training trials with a rotated cursor. These different time courses suggest

that proprioceptive recalibration and reach adaptation arise due to separate neural processes.

vii
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Chapter I: Literature Review

1. General Introduction
It has been suggested that the human brain’s most important job is to program goal-

directed movements, as they are our primary means of interacting with one another and the
environment (Wolpert et al. 2001). However, our body and environment are continuously
changing, such that we may need to learn new movements, or adapt our learned movements
in order to accommodate for changing intrinsic and extrinsic conditions. For example, the
perceived spatial location of an object may be altered after putting on a new pair of
prescription glasses. Motor learning can be defined as the process of improving performance
(or returning to normal (baseline) levels of performance) when encountering novel task
demands or a novel environment (Hallett et al. 1996; Wolpert et al. 2001). One method of
studying the processes underlying motor learning is to present subjects with distorted visual
feedback of their hand during a goal-directed movement in the form of a misaligned on-
screen cursor (i.e. subjects view a cursor representing their hand that is shifted from their
hands actual position while reaching in a virtual reality environment), and to monitor how
they adapt their movements in response. Reaching with this distorted visual feedback
typically results in rapid adjustments of one’s movements (i.e. within 20 reaches; Krakauer
et al. 2000; Rabe et al. 2009), in order to reduce reaching errors so that the cursor is brought
to the target. Moreover, when subjects reach in the absence of visual feedback, they continue
to produce movements in the direction opposite to the visual distortion. These persistent
deviations in their movements reflect plastic changes in the motor system (i.e. reach
adaptation), and are referred to as reach aftereffects (Martin et al. 1996; Krakauer et al. 1999

2000; Baraduc and Wolpert 2002; Buch et al. 2003).
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In addition to reach adaptation, recent research has suggested that reaching with
distorted visual feedback of the hand also results in sensory changes, such that
proprioceptive estimates of hand position shift in the direction of the visual distortion
(Efstathiou and Held 1964; Harris 1963, 1965; Craske and Gregg 1966; Hay and Pick 1966;
Redding and Wallace 1988, 1996, 2002, 2003, 2006; Cressman and Henriques 2009). This is
thought to involve a recalibration of subjects’ sense of felt hand position (i.e. proprioceptive
recalibration) to match the visual representation of the hand provided (Cressman and
Henriques 2009, 2010; Cressman et al. 2010; Salomonczyk et al. 2011, 2012).

It is well established that sensory changes arise after reaching with distorted visual
feedback of the hand; however, it is currently unclear how quickly these changes arise and
how quickly they arise relative to reach adaptation. Research investigating the time course of
sensory changes and their relationship to motor changes will provide insight into the
mechanisms underlying sensory and motor plasticity. Previous research using a velocity-
dependent force-field paradigm, in which subjects learned to adapt their reaches in order to
compensate for forces applied to the hand, has suggested a link between sensory and motor
changes (Matter et al. 2013). Specifically, this research found that motor changes occurred
much earlier than sensory changes, and thus suggested that reach adaptation may drive
sensory changes when subjects reach within a velocity-dependent force-field. However,
research from our lab has suggested that motor and sensory changes may be independent
processes, as proprioceptive recalibration is not correlated with reach adaptation (Cressman
and Henriques 2009, 2010; Henriques and Cressman 2012). Additionally, these two
processes have shown different patterns of generalization across target distances and

between limbs (Mostafa et al. 2014a, 2014b). It is therefore unclear whether reach
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adaptation and proprioceptive recalibration arise due to a single mechanism or separate,
independent mechanisms occurring during reaches with distorted visual feedback.

The purpose of this research is to establish the time course of proprioceptive
recalibration. After establishing the time course of proprioceptive recalibration, we will then
compare it to the time course of reach adaptation in order to establish the relationship
between these two processes. Thus, we performed a similar experiment to Mattar et al.
(2013), except that we assessed the time course of sensory and motor changes in response to
a visuomotor distortion, rather than a velocity-dependent force-field. Specifically, the current
study looked to address the following question: How long does it take for sensory changes
(i.e. proprioceptive recalibration) to arise when reaching with distorted visual feedback of
the hand? And, when do changes arise relative to reach adaptation? Research in this area is
critical to advance our current understanding of the processes that underlie proprioceptive
recalibration and reach adaptation. Additionally, this research will be useful in improving
rehabilitation programs for individuals with sensorimotor dysfunction (e.g. Parkinson’s
disease, stroke, etc.), as results will provide insight into if it is possible to develop
rehabilitation techniques that restore or improve motor function through sensory
recalibration.

This literature review will provide background information which is relevant to the
specific objectives of the current project. First, the production of goal-directed movement
and its reliance on visual and proprioceptive information will be discussed. Next, the internal
model, which is a theoretical framework put forth to understand the sensorimotor
transformations involved in movement production and reach adaptation will be explained.

This will be followed by a discussion of the paradigms which are used to assess motor
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plasticity, as well as the proposed processes which underlie motor changes and the time
course of these processes. The paradigms, mechanisms, and time courses involved in sensory
plasticity will also be discussed. Lastly, the proposed relationship between motor and

sensory changes put forth in the literature will be outlined.

2. Goal-Directed Movements

We are constantly performing goal-directed reaches: movements performed by the
body or parts of the body, in order to carry out a specific task or goal (Kroger et al. 2010).
These movements enable us to interact with different objects and within a variety of different
environments (Wolpert and Kawato 1998). In order to perform these movements, the central
nervous system must transform sensory information about hand and target location into
appropriate motor commands to move the hand to the desired location (Jeannerod 1988;
Flanders et al. 1992; Desmurget et al. 1998). The primary sources of this sensory

information (i.e. vision and proprioception) will now be briefly described.

2.1 Vision

Humans tend to rely more on visual cues than other sensory cues for information
regarding the position of one’s body and objects in one’s environment (Cohen 1999;
Bhatnagar 2002; Schmidt and Lee 2011). Visual receptors (i.e. photoreceptors) are located
on the retina at the back of the eye. Photoreceptors are categorized as either rods or cones.
Rods are situated on the outer edges of the retina and are used in peripheral vision. Rods are
not able to distinguish colours; however, they are the primary photoreceptors involved in
night vision (Curcio et al. 1990; Cohen 1999; Bhatnagar 2002). Cones, on the other hand, are

present in the fovea and are sensitive under conditions of more intense light relative to rods.
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Hence, they are responsible for distinguishing colours and details in our surroundings
(Cohen 1999; Bhatnagar 2002).

After visual cues are captured in the retina, visual information is passed to the
primary visual cortex (V1), in the occipital lobe. From there, visual information is relayed
along the dorsal and ventral visual pathways to the parietal and temporal cortex respectively.
These two visual pathways have been proposed to be responsible for different functions
(Ungerleider and Mishkin 1982; Goodale and Milner 1992; Schmidt and Lee 2011). In
particular, processing in the dorsal stream is associated with the ability to localize objects
specifically for the visual control of movement (i.e. action), while processing in the ventral
stream is associated with object recognition (i.e. perception). In the current work, we are
primarily interested in the role of vision for action and hence processes occurring in the
dorsal visual stream. Early work by Woodworth (1899) demonstrated the importance of
vision in movement execution, as movements made to targets in the absence of vision were
found to be much less accurate than movements made with vision. More recent studies have
assessed the role of vision in movement planning and execution by having subjects reach
with distorted visual feedback of their limb (Krakauer et al. 1999 2000; Simani et al. 2007).
These studies typically show that subjects make large, initial errors, but quickly learn to

adjust their movements so that the visual estimate of the limb moves to the target.

2.2 Proprioception
Humans also rely on their sense of proprioception when planning a reaching
movement. In particular, proprioceptive information is relayed from receptors located in the
muscles, joints, tendons and skin to the parietal cortex and provides information on the

orientation/position of one’s arm and body. Muscle spindles are the primary proprioceptor
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that gives rise to one’s sense of arm position. They are located within the body of a muscle
and run parallel with the muscle fibers. These sensors detect changes in the length of a
muscle, as their length changes relative to the length of the muscle (Gordon and Ghez 1991;
Pearson and Gordon 2000). Golgi tendon organs are a second type of proprioceptor located
within tendons and detect changes in muscle tension, corresponding to force-production
(Gordon and Ghez 1991; Pearson and Gordon 2000). Additionally, sensors located in the
skin, called mechanoreceptors, are activated by mechanical stimulation such as touch,
pressure, vibration and movement (Cohen 1999). These different proprioceptors work
together to provide important information with regards to the orientation and movement of
one’s body in space.

Proprioception has been shown to have a very important role in movement planning
and execution. For example, individuals with no proprioceptive input (i.e. deafferented
patients) are much less accurate than healthy control subjects in producing movements to a
visual target in the absence of visual feedback of their hand (Ghez et al. 1995). Additionally,
similar results were found when healthy (control) subjects had their proprioceptive sense
disrupted using tendon-vibration, such that their reaches were significantly more deviated

than without the vibration (Larish et al. 1984).

2.3 Internal Model
In order to perform a goal-directed movement, a series of sensorimotor processes
occur. Sensory information from the seen (i.e. visual) and felt (i.e. proprioceptive) position
of the limb is optimally combined in order to form a coherent estimate of the limb’s position
in space (Ernst and Banks 2002). This sensory information regarding the position of the limb

is then combined with sensory information regarding the target position and transformed into
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an appropriate set of motor commands to move the limb to the desired location (Jeannerod
1988; Flanders et al. 1992; Desmurget et al. 1998; Wolpert and Kawato 1998).

The internal model is a theoretical framework which provides insight into how these
sensorimotor transformations occur, and ultimately, how movements are performed. An
internal model is comprised of two components: (1) an inverse model, which determines the
motor commands that will produce the desired limb movement, and (2) a forward model,
which utilizes the current motor commands to predict the next state of the limb (i.e. its
position and velocity) (Wolpert and Kawato 1998). In other words, the inverse model
determines the necessary motor commands required to perform a specific movement, while
the forward model predicts the sensory consequences of the movement, including changes in
the effector that will result from these motor commands, given the limb’s current position.

Forward models have an important role in motor control and motor learning. Forward
models can be used to anticipate the sensory outcome of an action using the efference copy
(i.e. an internal “copy” of the motor command, Jeannerod 2003), which can then be
compared to the actual sensory consequences of the action (Wolpert et al. 1995a). This
comparison between predicted and actual sensory feedback regarding limb position can
occur both during and following a movement. If the forward model detects a difference
between the limb’s predicted and actual position (i.e. error), this information can be used by
the inverse model to update the motor command. For example, if the seen position of the
reaching hand does not achieve the target or differs from the predicted visual outcome, the
motor system will use this error signal to update its internal model and change one’s motor
performance on subsequent movements. This learning process has been mathematically

modeled as an iterative updating of the internal model in order to provide an appropriate



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

mapping between motor commands and predicted motor and sensory consequences (Huang

etal. 2011).

3. Motor Plasticity

Motor learning can be defined as the acquisition of skilled movements that arises
from interacting with the environment (Wolpert et al. 2001). One common form of motor
learning is motor adaptation. If an environmental perturbation is presented during a well-
learned movement, the motor plan that was used to perform the movement is no longer
appropriate. The internal model that represents the movement must therefore change in order
to accommodate for this perturbation. This process is known as motor adaptation, which can
be defined as a reduction in systematic errors of a movement in order to return to a desired
level of performance (Krakauer 2009). Motor adaptation provides insight into the plasticity
of the motor system, specifically its ability to modify its structure and function in response to
sudden or gradual changes in environmental conditions (Ungerleider et al. 2002).

In the context of goal-directed movements, the plasticity of the motor system can be
examined by introducing distorted visual feedback of the hand using (1) (laterally-
displacing) prism goggles or (2) a virtual-reality setting (i.e. aiming while seeing a cursor on
the screen that represents the hand). As well, researchers have manipulated the dynamics of a
movement by having subjects reach within a velocity-dependent force-field (i.e. where
velocity-dependent loads are applied to the reaching limb during the movement, pushing the
hand off its initial course). These specific perturbations will be described in more detail
below. However, in general, experiments examining reach adaptation using these
perturbations typically have subjects reach to visual targets while seeing their hand or a

visual representation of their hand (Cressman and Henriques 2009, 2010; Redding and
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Wallace 1993 1996; Simani et al. 2007; Ostry et al. 2010). The reaching movements are first
performed in the absence of an external perturbation, in order to acquire “baseline”
characteristics of the movement. The perturbation is then applied and subjects tend to make
large initial reaching errors in these reaching trials. However, subjects quickly adapt their
movements to compensate for the perturbation such that they begin to perform movements
that are similar to their baseline reaches. In addition to observing changes in reaches while
the perturbation is applied, subjects are often required to reach to (visual) targets in the
absence of visual feedback following reach training trials. Subjects tend to make reaching
errors on these trials, such that they continue to reach as if they were still influenced by the
perturbation. These reach-errors are referred to as reach aftereffects, and they indicate that a
persistent change in the motor system (i.e. reach adaptation) has occurred (Martin et al.

1996; Krakauer et al. 1999, 2000; Baraduc and Wolpert 2002; Buch et al. 2003).

3.1 Prism Adaptation

Motor plasticity or adaptation was originally studied using a prism-reaching
paradigm, such that subjects reached to visual targets while wearing laterally displacing
prism goggles that shifted visual cues in the direction of the apex of the prism (Von
Helmholtz 1909/1962; Held 1965; Harris 1963, 1965; Redding and Wallace 1993, 2002,
2003). Von Helmholtz (1909/1962) was one of the first to use this paradigm and found that
reach errors caused by a prism-induced shift in the visual field progressively decreased
during repeated reaches. Furthermore, after removal of the prism, subjects experienced reach
errors in the opposite direction. Following the work by Von Helmholtz, Harris (1963) had
subjects point for three minutes at visual targets while wearing prism goggles that displaced

the targets about 12 cm to the right or left. The prism goggles were then removed, and
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subjects were told to point either to visual targets, or to a “straight ahead” (i.e.
proprioceptive) target. Harris (1963) found that there were significant initial reach errors (i.e.
aftereffects), such that subjects reached about 6 cm from the target (or about 50% of the
magnitude of the distortion) for both visual and proprioceptive targets, in the opposite
direction of the visual shift, even after only 3 minutes of reach training with the prism
goggles. Based on these shifts in reaches to visual and proprioceptive targets, it has been
suggested that one’s sense of proprioception is recalibrated following reaches with prism

goggles (Redding and Wallace 1993, 2002, 2003)

3.2 Virtual-reality Adaptation

A more recent method of displaying altered visual feedback of the hand is to have
subjects reach to targets within a virtual-reality environment. In this environment, the
subject’s hand is hidden from view, and an on-screen cursor represents the location of the
hand as being shifted from its actual position. This cursor can be translated (left or right) or
rotated (clockwise or counter clockwise) relative to the actual location of the reaching hand.
Similar to the prism studies discussed above, this method has also been shown to result in
significant aftereffects in the opposite direction of the shift of the visual representation of the
reaching hand (Wolpert et al. 1995b; Vetter et al. 1999; Sainburg and Wang 2002; Cressman
and Henriques 2009; Krakauer 2009). For example, Cressman and Henriques (2009) found
that subjects produced reach aftereffects that were about 3.4 cm to the left of the target after
training with a 4 cm rightward translation, and about 18° counter clockwise after training
with a 30° clockwise rotation (or about 60-70% of the distortion introduced). Simani et al.

(2007) also found that reaching-training with a distorted visual cursor led to comparable

10
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shifts in subsequent aftereffect trials to both visual and proprioceptive targets (i.e. the

untrained hand).

3.3 Force-field Adaptation
Whereas the previous two paradigms looked at reach adaptation in response to

altered visual feedback of the hand, velocity-dependent force-field paradigms require
subjects to reach to targets while externally imposed forces are applied to the reaching limb
(Shadmehr and Mussa-Ivaldi 1994; Scheidt et al. 2001; Mattar et al. 2011, 2013). Therefore
instead of adapting the kinematics of their movements in response to distorted visual
feedback of the hand, subjects are required to change the dynamics (i.e. force-production) of
their movements in order to counteract the external forces and achieve the target. Shadmehr
and Mussa-lvaldi (1994) were among the first investigators to use this paradigm to study
reach adaptation. Subjects were told to make sequential reaching movements to randomized
targets while a velocity-dependent force was applied to their reaching hands. At first,
subjects made movements that were severely distorted such that their trajectories curved
away from the direction of the target. Subjects would then stop, before making a second
movement to the target. However, with practice, subjects began to produce hand trajectories
that were very similar to those that they made when the distortion was not present, such that
they moved directly to the target without using a second, corrective movement (Shadmehr
and Mussa-lvaldi 1994). After the reach training phase, subjects experienced a sudden
removal of the force-field, and produced trajectories that were mirror images (i.e. curved in
the opposite direction to the velocity-dependent force-field) of the initial reaching-training
trials when the distortion was introduced (Shadmehr and Mussa-Ivaldi 1994). These

aftereffects demonstrated that motor learning had occurred. The experimenters suggested

11
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that the subjects had incorporated the force field into their internal models, so that their
movements would compensate for the expected forces (Shadmehr and Mussa-lvaldi 1994).
Taken together results from these paradigms demonstrate that the motor system
adapts in response to a perturbation. The internal model framework suggests that this
adaptation arises due to differences in predicted and actual sensory feedback (i.e. error). The
discrepancy between desired and actual sensory feedback is reduced through adaptation of
the inverse (i.e. motor command) and forward (i.e. expected sensory feedback) models, such
that the models are updated to accommodate for the environmental perturbations (Krakauer

2009).

3.4 Motor Adaptation via Use-dependent and Operant Learning

Motor adaptation as outlined above, has been proposed to arise due to the updating of
an internal model, or in other words is primarily due to “error-based” learning (Tseng et al.
2007; Berniker and Kording 2008; Wei and Kording 2009; Shadmehr et al. 2010; Miall and
Wolpert 1996). In addition to error-based learning, it has been suggested that learning can
arise due to other mechanisms that are independent of an internal model (i.e. model-free
learning). For example, Diedrichsen et al. (2010) suggested that “use-dependent plasticity” is
important in motor learning, such that subsequent movements adapt to become more similar
to previous movements. In their task, subjects reached to a visually elongated target that
could be hit anywhere along its horizontal extent. In order to test for use-dependent learning,
the reaching limb was first passively guided by a robot on a trajectory angled 8° rightward or
leftward from the midline, which alternated between blocks of trials (Diedrichsen et al.
2010). After the passive trials, subjects were required to actively move to the elongated

target, and the researchers found that there was a change in the angle of the active movement
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that was in the same direction as the preceding block of passive trials (Diedrichsen et al.
2010). From these results, they concluded that use-dependent and error-based learning can
both contribute simultaneously to reach adaptation in response to an external perturbation.

Furthermore, Huang et al. (2011) have suggested that an operant process is also
involved in motor learning, such that adaptation is reinforced when it is associated with
repeated successful attainment of the target in the presence of an external perturbation. They
claim that this operant process accounts for a phenomenon in motor adaptation known as
“savings,” which reflects faster relearning of a given perturbation that has been learned in
the past (Huang et al. 2011).

Motor learning may involve a combination of error-based, use-dependent and operant
processes. For example, motor learning in response to external perturbations may first occur
due to processes associated with fast error-based adaptation, followed by a slower
improvement through model-free learning. In other words, the motor system initially updates
an internal model fairly quickly based on its judgement of performance errors. Adaptation of
the motor command is subsequently reinforced through repetition and practice according to
use-dependent and operant mechanisms. Although the contribution of these different
processes to motor adaptation is outside of the scope of the present investigation, they are
important to keep in mind for future research, as they may play a role in the time course of

motor changes.

3.5 Time Course of Motor Adaptation
Large changes in the motor system have been shown to arise quickly. For example,
in prism adaptation paradigms, reaching performance returns to near-baseline levels within

as few as 15 reach training trials, such that subjects begin to point to the actual, rather than

13



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

the visually-shifted target (Rossetti et al. 1993; Redding and Wallace 1993, 2000). In virtual-
reality paradigms, reach performance returns to near baseline levels within as little as 20
training trials to a single target with a 30° cursor rotation (Krakauer et al. 2000; Neva and
Henriques 2013) and within 30 training trials with a 40° cursor rotation (Yamamoto et al.
2006). Adaptation to velocity-dependent force fields has also been shown to occur within
approximately 20 reach training trials (Malfait and Ostry 2004; Ostry et al. 2010; Mattar et
al. 2011, 2013). However, for the most part, these studies have assessed motor adaptation by
measuring changes in performance during training trials in which the perturbation (e.g.
visual distortion, velocity-dependent force-field) was still present. Training trials may not be
the best measure of motor adaptation, as they may involve strategic processes which lead to
quick reductions in error, rather than adaptive processes (Weiner et al. 1983; Pisella et al.
2004). Thus, it is unclear if motor adaptation follows a similar time course when assessed
through reach aftereffects, which provide a measure of “true”” motor adaptation (Weiner et
al. 1983; Pisella et al. 2004; Redding et al. 2005).

According to a number of individuals, motor learning involves two processes.
Specifically, Redding and Wallace (1996, 2002, 2003, 2006) have suggested that motor
adaptation results from: (1) strategic control and (2) spatial realignment based on results
using a prism adaptation paradigm. Strategic control involves a strategic reduction of
movement errors in order to quickly improve performance, while spatial realignment
involves a more implicit visuomotor remapping which persists into aftereffect trials when
the prisms are removed. Along the same line, visuomotor adaptation in a virtual-reality
cursor adaptation paradigm has been suggested to involve an explicit component, such that

subjects consciously correct their movements to quickly bring the cursor to the target, and an
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implicit component which involves an error-based updating of an internal forward model
(Taylor and Ivry 2011; Taylor et al. 2014). Finally, Smith et al. (2006), using a force-field
adaptation paradigm, have also suggested that motor adaptation involves two separate
adaptive processes (Shadmehr et al. 2010; Smith et al. 2006). Specifically, one process leads
to a rapid reduction in errors in order to quickly improve performance. This process has a
very poor rate of retention. On the other hand, a second process responds slowly to errors but
retains information well from one trial to the next. The latter slow learning process is
associated with long-term motor changes in the effector. This dual process model is able to
explain such phenomena in motor learning as savings (i.e. faster relearning of previously
learned movements which have been extinguished), anterograde interference (i.e. learning
one adaptation adversely affects the learning of an opposite adaptation), and rapid
unlearning/de-adaptation (Smith et al. 2006).

While these models differ with respect to their terminology, there appears to be a
general consensus within a number of motor learning paradigms that there are two processes
involved in motor learning: one fast process which may involve explicit or strategic
mechanisms and one slower process which gives rise to implicit adaptation in the motor
system. It is unclear what the subtle differences are between these process, and what specific

roles they play during adaptation to a visuomotor distortion.

4. Sensory Plasticity
Reach adaptation has been shown to be accompanied by changes in the sensory
system. Moreover, it has been suggested that, changes in reaching performance may also be
partially due to a recalibration in the proprioceptive sense of hand position, in order to align

it with the seen hand position (Craske and Gregg 1966; Cressman and Henriques 2010;

15



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Efstathiou and Held 1964; Harris 1963, 1965; Hay and Pick 1966; Redding and Wallace

1988, 2002, 2003, 2006).

4.1 Sensory Plasticity in Alignment Tasks

Changes in the sensory system were first proposed based on findings using a prism
adaptation paradigm. Harris (1963) blindfolded subjects after they adapted their reaches to a
distortion introduced through prism goggles. He then had subjects move their unexposed (i.e.
un-adapted) hand different distances from their exposed hand. He found that subjects felt
that their hands were farther apart than they actually were compared to when they had not
undergone prism-induced reach adaptation (Harris 1963). Based on these results, Harris
(1963, 1965) argued that the discrepancy between the felt location of the hand and the visual
perception of the hand position during prism reaching was resolved through a recalibration
of the sense of hand position. Efstathiou and Held, (1964) also tested for a change in position
sense following reaches made while wearing prisms by having subjects point to their adapted
limb with their unexposed limb (i.e. proprioceptively-guided reaching), and found
significantly larger reach errors than control subjects who had not worn prisms. More
recently, Simani et al. (2007) used “alignment tasks” to measure sensory recalibration after
subjects reached with distorted visual feedback of the hand within a virtual-reality
environment. Subjects first reached to visual targets with visual feedback of the hand that
was translated relative to actual hand location. Subjects were then asked to actively align the
fingertip of their unseen hand either with a visual target or with the other unseen hand before
and after reach training trials (Simani et al. 2007). Results indicated that sensory
recalibration followed a form of “additivity,” in which the shift in alignment between vision

and the exposed hand (reaching with their exposed hand to a visual target) was equal to the
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vector sum of the shifts between vision and the unexposed hand (reaching with the
unexposed hand to a visual target) and the right and left hands (reaching to the unexposed
hand with the exposed hand). Taken together, these findings have been suggested to indicate
that reach adaptation is partly mediated by a change in the felt position of the hand (i.e.
proprioceptive recalibration) (Harris 1963, 1965; Hay and Pick 1966; Redding and Wallace
1988, 1993, 1996, 2002; Simani et al. 2007).

However, Cressman and Henriques (2009) have put forth that the reaching tasks used
to assess proprioceptive recalibration in both prism and visuomotor distortion paradigms
discussed above have not truly isolated and hence, measured changes in “proprioceptive
sense” following reach adaptation. Firstly, prisms cause a visual shift of the entire
workspace, and therefore adaptation of the motor and sensory systems could be due to a
spatial realignment of the workspace rather than recalibration of the sensory system
(Henriques and Cressman 2012). Moreover, Hatada et al. (2006) have found that the
straight-ahead reaching tasks typically used to assess proprioceptive recalibration involve
more than just a shift in the proprioceptive sense. Specifically, they claim that these active
tasks use adapted motor commands (i.e. an adapted inverse model), and therefore these tasks
do not truly provide a measure of proprioceptive recalibration (Hatada et al. 2006). The
alignment tasks used by Simani et al. (2007) are also problematic because they involve
active reaching tasks to measure proprioceptive recalibration, potentially allowing subjects
to use adapted motor commands. Thus, these studies cannot be used to determine the role of

proprioceptive recalibration in in reach adaptation.

4.2 Current Method for Measuring Proprioceptive Recalibration

Cressman and Henriques (2009) recently developed a new, innovative method of
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measuring hand proprioception (i.e. sense of felt hand position) in order to assess
proprioceptive recalibration following visuomotor adaptation within a virtual-reality setting.
Their technique avoids the issue of a shift in the visual workspace associated with prism-
exposure, and eliminates subjects having to make active reaching movements to
proprioceptive targets (Cressman and Henriques 2009, 2010; Cressman et al. 2010; Jones et
al. 2010; Salomonczyk et al. 2011).

To measure proprioceptive sense of hand position, Cressman and Henriques (2009)
used a two-joint robot manipulandum to place or guide the subject’s hand to different places
in the workspace (i.e. movements were not “actively” guided by the subject). Once the hand
was positioned, subjects were asked whether their unseen hand was left or right of either a
visual or proprioceptive reference marker (i.e. body midline). Subjects were not shown the
visual reference marker until after the movement was completed, which prevented the
subject from using it as a “reaching” target. The position that the hand was placed relative to
the reference marker was adjusted over trials using an adaptive staircase algorithm,
according to a subject’s responses (see FIG. 1A; Kesten 1958; Treutwein 1995). Subjects
completed fifty trials in total for each reference marker, with one staircase starting at
positions to the left of the reference marker and one staircase starting at positions to the right
of the reference marker. A logistic function was then fitted to each subject’s responses for a
particular reference marker to determine the subject’s bias (i.e. proprioceptive estimate of
hand position at which the subject thought their hand was aligned with the reference
marker), and uncertainty range (the difference between the values at which the probability of
the subject responding “left” was 25% and 75%, which provides insight into subjects’

precision, see FIG. 1B).
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FIG. 1. Proprioceptive estimation task.

An example of the positions to which a subject’s hand was moved during the proprioceptive

estimate task. The reference marker was located at 45° (shown as an open white circle in (A)

and (B)). (A) Hand position was adjusted according to the subject’s responses to the question

“Is your hand to the right or left of the reference marker?” using an adaptive staircase

algorithm. One staircase started 20° to the left of the target (triangles) and one staircase

started 20° to the right of the target (squares). (B). A logistic curve was fitted to the subject’s

responses in order to determine the subject’s bias (thick dotted line) and uncertainty range

(difference between the thin dotted lines). The inset illustrates the position of the reference

marker, the subject’s bias (square) located to the left of the reference marker and the

uncertainty range (thin lines).
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Using the aforementioned technique, Cressman and Henriques (2009) looked at the
effect of reaching with a visuomotor distortion on the sense of felt hand-position. Subjects
trained to reach to visual targets while seeing a visual cursor that was either rotated or
translated to the right of the actual hand position. After reaching with distorted visual
feedback of the hand, subjects’ estimates of hand position were biased towards the left,
which was in the same direction and one third of the magnitude of their adapted movements.
Specifically, Cressman and Henriques (2009) found that there was a 6° change in
proprioceptive estimates following reach training with a 30° visuomotor rotation, and a 0.8
cm shift following reach training with a 4 cm visuomotor translation. The relative magnitude
of changes in proprioceptive estimates was the same across both distortions (about 20% of
the reach aftereffects) (Cressman and Henriques, 2009).

In additional work by Henriques and colleagues, proprioceptive recalibration has
typically been assessed following reach training with a gradually-introduced visuomotor
distortion (Cressman and Henriques 2009; Cressman et al. 2010; Salomonczyk et al. 2011).
However, Salomonczyk et al. (2012) tested if abruptly introducing a 30° visuomotor
distortion would alter sense of felt hand position. Similar to previous studies, they found that
there was about an 8° shift in proprioceptive estimates of hand position following reach
training trials. Based on these results, they suggested that proprioceptive recalibration can
arise following visuomotor adaptation regardless of the initial magnitude of the error signal
(i.e. it is not necessary to gradually introduce a distortion in order for proprioceptive
recalibration to occur) (Salomonczyk et al. 2012).

Salomonczyk et al. (2011) have also looked into the effect of prolonged reach

training on reach adaptation and proprioceptive recalibration. Specifically, subjects
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completed three reach training blocks while seeing a cursor that was rotated 30° clockwise
from their actual hand position. Each block consisted of 99 reach training trials followed by
reach aftereffect and proprioceptive estimate trials in order to assess reach adaptation and
proprioceptive recalibration, respectively. While there was evidence of reach adaptation and
proprioceptive recalibration following the first block of 99 reach training trials, there was no
significant difference in reach aftereffects or proprioceptive recalibration following any of
the three training blocks. These results suggest that both proprioceptive recalibration and
reach adaptation saturated within 99 trials of reach training (Salomonczyk et al. 2011).

A similar estimation paradigm has also been used by Ostry and colleagues (2010) to
assess sense of hand motion following training in a velocity-dependent force-field. In their
estimation task, subjects pushed their hand out along a (constrained) force channel. Subjects
did not receive any visual feedback with regards to the target or their hand position. After the
subject’s hand had moved 15 mm, , the lateral position of the force channel was shifted to
the right or to the left and continued on the right or left path until the hand was 20 cm from
the start position. After moving 20 cm outward, the subject encountered a robot-generated
barrier, and they were asked to provide a “yes” or “no” response to the question “Was your
hand moved to the right?” The magnitude of the shift in lateral position of the force channel
was adjusted across trials according to the subject’s response, using an adaptive staircase
algorithm. Based on their estimation task, Ostry and colleagues (Ostry et al. 2010; Mattar et
al. 2011, 2013; Vahdat et al. 2011, 2014) have reported shifts in sense of limb motion of up
to 33% of the magnitude of reach adaptation (i.e. about 2-3 mm). They have also found that
sensory changes are similar when a force-field is introduced gradually or abruptly, and that

these changes persisted for 24 hours following training (Ostry et al. 2010).
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5. Relationship between Motor and Sensory Plasticity

Although a vast number of studies have shown very robust changes in both the motor
and sensory systems following training with distorted visual feedback of the hand and in a
velocity-dependent force-field, the mechanisms underlying changes within these two
systems is not fully understood. Recent research has found no correlation between
proprioceptive recalibration and reach adaptation, as well as differences in how these two
processes generalize to novel targets, leading to the suggestion that sensory and motor
plasticity arise due to different processes (Cressman and Henriques 2009, 2010; Henriques
and Cressman 2012; Salomonczyk et al. 2011).

The idea that reach adaptation and proprioceptive recalibration are independent
processes is supported by studies that have found that visuomotor adaptation is still possible
in deafferented patients (i.e. patients with no proprioceptive feedback), and when
proprioceptive feedback is degraded with agonist-antagonist muscle vibration (Bernier et al.
2006; Bock and Thomas 2011; Ingram et al. 2000). Ingram et al. (2000) compared reach
adaptation between a deafferented subject and a healthy control group of subjects after they
reached while wearing prism goggles. Their findings demonstrated that the deafferented
subject’s reaches were adapted to a similar extent as healthy controls. Similarly, Bernier et
al. (2006) found that there was no difference in rate or extent of reach adaptation between a
deafferented subject and healthy controls following training with a rotated cursor (i.e. as
measured during aftereffect trials). Thus, they suggested that proprioception is not necessary
for reach adaptation to occur. In other words, an internal model can still be updated in
response to an environmental perturbation, even in the absence of proprioceptive input

(Bernier et al. 2006). Finally, Bock and Thomas (2011) performed an experiment in which
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healthy subjects adapted to a visual distortion while receiving agonist-antagonist muscle
vibration at the wrist, elbow, and shoulder. Results were compared to a control group that
performed the same reaching movements in the absence of any muscle vibration, and the
researchers found that vibration did not modify adaptation or lead to a reduction in
aftereffects following the distortion (Bock and Thomas 2011).

Changes in the sensory system have also been shown to arise in the absence of motor
changes in cerebellar patients. For example, Block and Bastian (2012) found that individuals
with cerebellar damage were capable of sensory realignment of their hand (i.e. realignment
of proprioceptive estimates of hand position to more closely match the visual estimates) in
the absence of any motor adaptation. Additionally, Synofzik and colleagues (2006, 2008)
found that patients with cerebellar damage and healthy controls were able to predict the
sensory consequences of their movements, despite the patients’ impaired ability to adapt to a
visuomotor distortion. Overall, these findings suggest that reach adaptation and
proprioceptive recalibration may be independent, such that they may be driven by different
error signals. When proprioceptive information is available, it may be that the role of
proprioceptive recalibration is to reduce the conflict between visual and proprioceptive
information (i.e. cross-sensory error signal; Cressman and Henriques 2012), which may not
be necessary for the adaptive processes that bring about reach aftereffects.

The proposed independence between reach adaptation and proprioceptive
recalibration fits within the source-estimation model of Berniker and Kording (2008). This
model claims that reach adaptation is dependent on how/where the central nervous system
has attributed the source of the error. In other words, adaptation of the internal model

representing a movement would differ depending on whether errors are attributed to changes
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in the limb (e.g. fatigue) or changes in the environment (e.g. external perturbations).
Changes in proprioceptive estimates of hand position may arise due to errors being attributed
to the limb itself, while further changes in movement may be due to an adapted internal
model that represents changes in the environment (Cressman and Henriques 2012).
Furthermore, these different error signals, and hence independent reach adaptation and
proprioceptive recalibration, may arise in different areas of the brain. A recent review article
by Shadmehr and Krakauer (2008) proposed that the cerebellum and parietal cortex have
different roles in their involvement in motor learning. The cerebellum is thought to be
involved in forming an internal model that predicts the sensory consequences of a motor
command and correcting these motor commands through sensory feedback. The parietal
cortex, on the other hand, is involved in integrating the predicted visual and proprioceptive
feedback with sensory feedback in order to estimate the current state of the body and the
environment. Proprioceptive changes involve an adaptation in the body’s state estimate, and
therefore may occur within the parietal cortex, while adapted motor commands directly
affect the internal model of a movement, which would most likely occur within the
cerebellum (Cressman and Henriques 2012).

In contrast to the proposed independence of reach adaptation and proprioceptive
recalibration, Ostry and colleagues have suggested that proprioceptive recalibration is
dependent on reach adaptation (Ostry et al. 2010; Mattar et al. 2013). Furthermore, they
indicate that the results of Matter et al. (2013) support their proposal. Mattar et al. (2013)
looked at the time course of motor and sensory changes during adaptation within a velocity-
dependent force-field and found that motor changes arise much earlier than sensory changes.

Based on these results it was suggested that motor adaptation likely drives changes in the
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sensory system. However, more recent work from the same lab has shown that completing
perceptual training (i.e. receiving feedback as to the correctness of responses regarding hand
motion estimates) improved subsequent motor adaptation (Darainy et al. 2013), and led to
changes in frontal motor areas in the brain (\VVahdat et al. 2014), which may indicate that

sensory changes play a role in motor adaptation.

6. Specific Objectives

In the current research we will look at the time-course of proprioceptive recalibration
while subjects train with a visuomotor distortion. As well, we will investigate the
relationship between proprioceptive recalibration and reach adaptation by comparing their
changes over time. Mattar et al. (2013) recently explored the relationship between motor and
sensory plasticity by looking at the time-course of both motor adaptation and sensory
recalibration within a velocity-dependent force-field paradigm. Specifically, they had
subjects perform perceptual tests across six blocks of reach training trials, in order to
determine how the perceptual boundary between left and right (i.e. the “felt” motion of the
reaching hand) changed with changes in movement curvature. They found that reach
adaptation began earlier and occurred at a much greater rate during the initial trials, as
compared to sensory recalibration. They argued that this was because motor learning drives
plasticity in the sensory system, and therefore motor adaptation must occur earlier, and with
a greater rate of increase than sensory recalibration (Mattar et al. 2013).

While the work by Mattar et al. (2013) provides initial insight into the time-course of
sensory recalibration, it is difficult to interpret their results in light of proprioceptive
recalibration. Mattar et al. (2013) did not include a visuomotor distortion, and therefore did

not introduce a discrepancy between proprioceptive and visual estimates of hand location
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(i.e. cross-sensory error signal; Sarlegna and Bernier 2010). Thus, one would not expect
proprioception to be recalibrated. Furthermore, their “perceptual tests” looked to determine
changes in perceived motion of the hand (i.e. subjects indicated if they felt that their hands
were deviated to the left or right during a straight-ahead movement), which employs
different sensory signals than those used to judge felt hand position. In addition, it is difficult
to compare their changes in the sensory system to the changes they saw in the motor system
over time as Mattar et al. (2013) only had subjects complete one block of aftereffect trials at
the very end of their experiment. In other words, they did not perform separate aftereffect
trials at different time points in the experiment. Instead, they used changes in movement
curvature during their reach training trials as a measure of motor adaptation. As outlined
above (Section 3.5), these changes in reaches do not provide true insight into motor
adaptation and hence do not allow one to draw conclusions regarding the relationship
between the time-course of proprioceptive recalibration and reach adaptation.

The proposed research will look at proprioceptive recalibration and reach adaptation
following exposure to an abruptly introduced 30° counter clockwise visual rotation (i.e.
visuomotor distortion). The experiment will include sequential blocks of a varying number
of reach training trials and each block of trials will be followed by an aftereffect task and
proprioceptive estimate task (as described above in Section 4.2) to determine reach
adaptation and proprioceptive recalibration respectively, relative to baseline measures.
Changes in the sensory and motor systems will therefore be analyzed and compared over
trials, which will provide insight into the relationship between the processes that underline
proprioceptive recalibration and reach adaptation. We hypothesize that reach aftereffects will

increase rapidly within the first 20 trials, before reaching a plateau at 18°, or approximately
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60% of the visuomotor distortion introduced. Furthermore, we hypothesize that changes in
proprioceptive estimates of hand position will increase more slowly within the first 100 trials
to about 6°, or approximately 20% of the visuomotor distortion introduced. Moreover, it is
expected that these slow changes in the proprioceptive estimates of hand position will still
occur even after changes in reach aftereffects have plateaued, suggesting that reach
adaptation does not necessarily drive proprioceptive recalibration, and that changes in the
motor and sensory systems while reaching with a visuomotor distortion are due to separate,

independent processes.
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Abstract

When subjects reach in a novel visuomotor environment (e.g., while viewing a cursor
representing their hand that is rotated from their hand’s actual position), they typically adjust
their movements (i.e., bring the cursor to the target), thus reducing reaching errors.
Additionally, research has shown that reaching with altered visual feedback of the hand
results in sensory changes, such that proprioceptive estimates of hand position are shifted in
the direction of the visual feedback experienced (Cressman and Henriques 2009). This study
looked to establish the time course of sensory changes. Additionally, the time courses of
sensory and motor changes were compared to determine the relationship between their
underlying processes. Subjects reached to a single visual target while seeing a cursor that
was either aligned with their hand position (50 trials), or rotated 30° clockwise relative to
their hand (150 trials). Reach errors and proprioceptive estimates of felt hand position were
assessed following the aligned reach training trials and at 7 different times during the rotated
reach training trials by having subjects reach to the target without visual feedback, and
provide estimates of their hand relative to a visual reference marker respectively. Results
revealed a shift in proprioceptive estimates throughout the rotated reach training trials;
however, significant sensory changes were not observed until after 70 trials. In contrast,
results showed a greater change in reaches after a limited number of reach training trials with
the rotated cursor. These findings suggest that reach adaptation and proprioceptive

recalibration arise due to separate processes.
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1. Introduction

When performing goal-directed reaches to objects in the environment, the central
nervous system transforms visual and proprioceptive information about hand and target
location into appropriate motor commands to move the hand to the desired location
(Jeannerod 1988; Flanders et al. 1992; Desmurget et al. 1998). Although the visual and
proprioceptive signals that indicate limb position are usually aligned, situations may arise in
which the position at which one sees their hand differs from the position at which they feel
their hand. When these signals conflict and one is reaching to a visual target, one tends to
rely more on the visual estimate of the limb, rather than the actual or ‘felt’ position. Thus,
movements are corrected based on the visual estimate, such that a new mapping between
visual input and motor output is learned (i.e., visuomotor adaptation). For example, if
subjects train to reach to a visual target while viewing a cursor that is distorted (e.g., rotated
or translated) relative to their hand’s actual position, they initially produce deviated
movements such that the cursor does not achieve the target. However, subjects rapidly learn
to reach such that the cursor moves to the target (Krakauer et al. 1999; Sainburg and Wang
2002; Simani et al. 2007; Cressman and Henriques 2009). Moreover, when subjects reach in
the absence of visual feedback, they continue to produce movements in the direction
opposite to the visual distortion experienced. These persistent deviations in their movements
reflect plastic changes (i.e., adaptation) in the motor system, and are referred to as reach
aftereffects (Martin et al. 1996; Krakauer et al. 1999, 2000; Baraduc and Wolpert 2002;
Buch et al. 2003). Similar findings have been reported in experiments which introduce
distorted visual feedback of the hand using laterally-displacing prism goggles (i.e., subjects

reach to targets while wearing goggles that produce a lateral shift in the entire visual field;
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Von Helmholtz 1909/1962; Harris 1963, 1965; Redding and Wallace 1993, 2002, 2003) or
perturb the dynamics of the hand’s movement during its trajectory (e.g., subjects reach in a
force-field with velocity-dependent loads applied to the reaching limb during movement),
pushing the hand off its initial course (Shadmehr and Mussa-Ivaldi 1994; Scheidt et al. 2001,
Ostry et al. 2010; Mattar et al. 2011, 2013; Vahdat et al. 2011, 2014).

In addition to adaptation in the motor system, reaching with distorted visual feedback
of the hand also results in changes to the sensory system. In particular, proprioceptive sense
of felt hand position is recalibrated and shifted to match the visual representation of the hand
experienced during the reach training trials (Efstathiou and Held 1964; Harris 1963, 1965;
Craske and Gregg 1966; Hay and Pick 1966; Redding and Wallace 1988, 2002, 2003, 2006;
Cressman and Henriques 2009). To assess sense of felt hand position after reaching in a
virtual reality environment, Cressman and Henriques (2009) have devised a unique method
that does not involve any goal-directed movements, such that subjects either move their hand
out along a constrained path or have their hand moved out by a robot manipulandum to the
goal location. Subjects then indicate the position of their hand relative to a visual or
proprioceptive reference marker. Using this task, it has been demonstrated that, in general,
subjects shift the position at which they feel their hand is aligned with a reference marker by
about 20% of the visuomotor distortion introduced or 33% of the magnitude of motor
adaptation (e.g., about 6° when a 30° hand-cursor distortion is introduced). This shift is in
the same direction as the visual feedback experienced in the reach training trials, suggesting
that it results from a recalibration of the proprioceptive sense of hand position in order to
align it with the visual representation of the hand. Similar changes in felt hand position have

been found across a wide range of experimental conditions, including: training hand (left or
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right), distortion type (rotated or translated cursor), distortion presentation (gradual or
abrupt), reference marker (visual or proprioceptive), and age (young and older adults)
(Cressman and Henriques 2009, 2010; Cressman et al. 2010; Salomonczyk et al. 2011,
2012). Using a similar sensory estimation task (i.e., subjects indicated if they felt their hand
motion was deviated to the right or left during a straight ahead movement), Ostry and
colleagues (Ostry et al. 2010; Mattar et al. 2011, 2013) have reported changes in felt limb
motion following adaptation to a velocity-dependent force-field. In particular, they found
shifts in sense of limb motion of approximately 33% of the magnitude of motor adaptation
(i.e., about 2-3 mm).

While it is well established that proprioceptive recalibration arises after reaching with
distorted visual feedback of the hand, it is unclear how quickly these changes arise in the
sensory system and how quickly they arise relative to reach adaptation. Previous work has
shown that motor changes arise quickly across motor adaptation paradigms. For example, in
prism adaptation paradigms, reaching performance returns to near-baseline levels within as
few as 15 reach training trials, such that subjects begin to point to the actual, rather than the
visually-shifted target (Rossetti et al. 1993; Redding and Wallace 1993, 2000, 2006).
Similarly, adaptation to visuomotor distortions and velocity-dependent force-fields in virtual
reality environments has been shown to occur within approximately 20 reach training trials
when reaching to a single target (Krakauer et al. 2000; Ostry et al. 2010; Mattar et al. 2011,
2013). However, while these previous studies have shown quick changes in motor
adaptation, they typically determined the time course of motor adaptation by examining
changes in performance during trials in which the perturbation was still present. It is unclear

if motor adaptation follows a similar time course when assessed through reach aftereffect
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trials (i.e., trials in which subjects perform reaching movements in the absence of any
perturbation), which have been suggested to assess implicit adaptive motor processes as
opposed to strategic processes and hence provide a more accurate measure of reach
adaptation (Weiner et al. 1983; Pisella et al. 2004; Redding et al. 2005).

The current study looked to first establish the time course of proprioceptive
recalibration and reach adaptation (as assessed through reach aftereffect trials) while training
to reach with distorted visual feedback of the hand in a virtual reality environment. Mattar et
al. (2013) recently looked at the time courses of sensory and motor changes while subjects
trained to reach in a velocity-dependent force-field. Specifically, they had subjects perform
their sensory estimation task 6 times during reach training trials in a velocity-dependent
force-field. They found that reach adaptation began earlier and occurred at a much greater
rate during the initial trials, as compared to sensory changes. While these results provide
initial insight into the time course of sensory changes in a motor learning paradigm, they
may not be indicative of sensory changes following training with distorted visual feedback
of the hand. Sensory changes following training within force-field paradigms are much
smaller in magnitude than those typically seen in visuomotor adaptation studies, perhaps
because reaching with a visuomotor distortion involves a discrepancy between
proprioceptive and visual feedback, whereas force-field adaptation does not (Sarlegna and
Bernier 2010). Therefore changes in felt hand position may occur earlier while training with
a visuomotor distortion compared to a velocity-dependent force-field. Moreover, the study
by Mattar et al. (2013) does not allow one to draw conclusions about the time course of
reach adaptation in the absence of the perturbation, as Ostry and colleagues’ (Ostry et al.

2010; Mattar et al. 2011, 2013) measure of motor learning was based on changes in
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movement curvature during their reach training trials, and not on aftereffect measures. As
stated earlier, changes in performance during training may involve strategic rather than
implicit adaptive processes, and therefore may not reflect a measure of true motor adaptation
(Weiner et al. 1983; Pisella et al. 2004; Redding et al. 2005). The current study used
aftereffect trials to determine the time course of reach adaptation.

After establishing the time course of proprioceptive recalibration and reach
adaptation, we then looked to determine the relationship between these two processes. From
previous work, it is clear that proprioceptive recalibration and reach adaptation of the trained
hand arise together under experimental conditions (Cressman and Henriques 2009, 2010;
Cressman et al. 2010; Salomonczyk et al. 2012, 2013; Mostafa et al. 2014a, 2014b; Ostry et
al. 2010; Mattar et al. 2011, 2013). However, it has been suggested that they may be
separate, independent processes. Specifically, it has been shown that proprioceptive
recalibration is not correlated with reach adaptation (Cressman and Henriques 2009, 2010).
Furthermore, Mostafa et al. (2014a) have demonstrated that these two processes show
different patterns of generalization across target distances, such that proprioceptive
recalibration generalizes to a lesser extent at farther distances as compared to reach
adaptation. Reach adaptation has also been shown to transfer from the trained to the
untrained limb while changes in felt hand position are only present in the trained hand
(Mostafa et al. 2014b). Moreover, recent work has found that changes in the predicted
sensory consequences of one’s movements occur both in the absence and presence of reach
adaptation in patients with cerebellar damage (Synofzik et al. 2006, 2008; Block and Bastian
2012; 1zawa et al. 2012). Thus, taken together, these experiments suggest that sensory and

motor changes may arise due to distinct neural processes.
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To establish the time course of proprioceptive recalibration and its relation to
changes in reach adaptation over time, we performed a similar experiment to that of Mattar
et al. (2013). Specifically, subjects trained to reach to a visual target with rotated visual
feedback of the hand (i.e., a 30° clockwise (CW) cursor rotation). We measured both
proprioceptive recalibration and reach adaptation at seven time-points throughout the
training trials. We then assessed and compared the time courses and rates of change of these
two processes. We hypothesized that changes in felt hand position would arise slowly over
the course of the reach training trials, because the sensory system has been shown to be
robust and resistant to change (Mattar et al. 2013). Additionally, we hypothesized that reach
adaptation would occur much earlier than proprioceptive recalibration and hence would have

a greater rate of change.

2. Methods

2.1 Subjects

20 healthy, right-handed university students (5 female, 15 male; mean age = 21.2
years, SD 2.2 years) volunteered to participate in the following experiment. All subjects
were verbally screened for history of sensory, neurological and motor dysfunction. Subjects
had normal or corrected-to-normal vision and were right-handed according to their responses
on the modified version of the Edinburgh handedness inventory (mean score = 84%, SD
15%; see Appendix A, Oldfield 1971).

All subjects were naive to the hypotheses, and had never performed prior
experiments that involved reaching with distorted visual feedback of the hand. This study

was approved by the University of Ottawa’s research ethics board (see Appendix B for
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ethics certificate), and all subjects provided informed consent before taking part in the

experiment (see Appendix C).

2.2 General Experimental Setup

A side-view of the experiment is illustrated in FIG. 2A. Subjects were seated in a
height-adjustable chair in front of the experimental apparatus. The chair’s height and
distance from the apparatus were adjusted to ensure that subjects could comfortably see and
reach to the visual target. Once adjusted, the chair remained in the same position for the
entirety of the experiment. Subjects grasped the vertical handle of a two-joint robot
manipulandum (BKIN technologies) with their right hand, and made reaching movements to
a visual target within a 70 cm by 36 cm workspace. Subjects started with their hand at a
home position (white circle; 1 cm in diameter), which was aligned with their midline and
was approximately 20 cm in front of their chests. Visual stimuli were projected from a
downward facing computer monitor (EzSign model 47LD452B; refresh rate: 60 Hz; LG,
Seoul, South Korea) onto a reflective surface that was in the same horizontal plane as the
robot handle. The visual target (blue circle; 2 cm in diameter) appeared 15 cm and 45° CW
from the home position relative to straight ahead. The room was dimmed and subjects were
prevented from seeing their hands by a black cloth that was draped between the apparatus

and their shoulders.

2.3 Procedure
The experiment was divided into 8 testing blocks. A breakdown of each testing block
can be found in FIG. 3. Subjects completed the testing blocks in two consecutive testing
sessions; they completed the first block in the first testing session and the next seven blocks

in the second testing session. Subjects took an extended break between the two sessions,
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ranging from 15 minutes to several days. Within each block subjects performed three
experimental tasks, which are outlined in more detail below. The blocks included 50 (Block
1), 5 (Block 2), 5 (Block 3), 10 (Block 4), 20 (Block 5), 30 (Block 6), 30 (Block 7) and 50
(Block 8) reach training trials. Following the reach training trials, subjects completed 6 reach
aftereffect trials (Time 1) followed by 50 proprioceptive estimate trials, and then an
additional 6 reach aftereffect trials (Time 2). Thus, each subject completed a total of 200
reach training trials, 96 reach aftereffects trials, and 400 proprioceptive estimate trials over

the course of the experiment.

2.3.1 REACH TRAINING TASK

The reach training trials involved subjects reaching to a single visual target. Subjects
grasped the robot handle with a comfortable but firm grip. After maintaining the hand at the
home position for 500 ms, the visual target appeared 15 cm and 45° CW from the home
position relative to straight ahead, so that it could be easily achieved. It is important to note
that the home position was not displayed during these trials. Subjects were instructed to
move as quickly and accurately as possible to the target while holding onto the robot handle.
Visual feedback of the unseen hand was represented by a cursor (green circle; 1 cm in
diameter). This cursor appeared as soon as the robot handle moved 7 cm outward from the
home position, corresponding to a position where subjects tended to achieve peak velocity.
In Block 1, the cursor was aligned with the actual position of the hand, and in all remaining
blocks (Blocks 2 — 8), the cursor was rotated 30° CW relative to the hand (see FIG. 2B). The
reach was considered complete once the center of the green cursor had moved to within 0.5
cm of the target’s center. At this time, both the target and cursor were removed and the robot

locked to a grooved path. This grooved path allowed subjects to guide their hand back to the
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home position via a direct linear route in the absence of visual feedback. If subjects
attempted to move outside of the grooved path, a very small resistance force [proportional to
the depth of penetration with a stiffness of 2 N/mm and a viscous damping of 5 N/(mm/s)]
was generated perpendicular to the grooved wall (Henriques and Soechting, 2003). The
position of the robot manipulandum was recorded throughout all reaching tasks at a

sampling rate of 1000 Hz and a spatial accuracy of 0.1 mm.

2.3.2 REACH AFTEREFFECTS TASK

The reach aftereffects trials were used to determine how subjects reached (i.e. the
extent of reach adaptation) as a result of the preceding reach training trials. Similar to the
reach training task, subjects grasped the robot handle with a comfortable but firm grip. After
maintaining their hand at the unseen home position for 500 ms, the visual target appeared 15
cm and 45° CW from the home position relative to straight ahead. Subjects were instructed
to move as quickly and accurately as possible to the target while holding onto the robot
handle. However, in this task, no visual feedback (i.e. no cursor) representing the hand was
provided to subjects. Once the subjects had finished their reach (i.e. had maintained a final
hand position for 1000 ms), the visual target disappeared and the trial was considered
complete. The subject’s hand was then guided back to the home position by a linear grooved

path.

2.3.3 PROPRIOCEPTIVE ESTIMATION TASK
The proprioceptive estimate trials were used to determine the position at which
subjects perceived their unseen hand was aligned with a visual reference marker. This task
began with subjects grasping the robot handle at the home position. The position of the hand

at the home position was indicated by displaying a white circle (1 cm diameter) directly
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above the robot for 500 ms. After 500 ms, the home position disappeared and the subject’s
hand was guided by the robot to a position somewhere along the white dotted line seen in
FIG. 2C (i.e. passive movement, note that the dotted white line in FIG. 2C was not visible to
subjects). The hand was moved by the robot according to a bell-shaped velocity profile, and
the movement was 1 second in duration. The duration of the passive movement was based
on average active movement times to the same target achieved by 3 subjects in a pilot study.
Once the subject’s hand reached its final position, a visual reference marker (yellow circle; 1
cm in diameter) appeared 15 cm and 45° CW from the home position relative to straight
ahead (the same position as the visual target subjects reached to in the reach training task and
reach aftereffects task). Subjects then made a two-alternative forced-choice judgement about
the position of their hand, indicating whether they felt that their hand was to the left or to the
right of the visual reference marker. There were no time constraints during this task, and
subjects were encouraged to take as much time as they needed before giving their answer
verbally to the experimenter. Once their response had been entered, the reference marker
disappeared and the robot moved the hand back to the home position along the same route,

with a 1 second movement duration.

2.4 Data Analyses

2.4.1 PROPRIOCEPTIVE ESTIMATES OF HAND POSITION
To examine the time course of proprioceptive recalibration, we first determined the
locations at which subjects felt their hands were aligned with a visual reference marker in
each of the training blocks shown in FIG. 3. This location was determined by fitting a
logistic function to each subject’s responses during the corresponding proprioceptive

estimation trials completed within the block. The point at which subjects responded “left”
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50% of the time (i.e., responded “left” and “right” equally often) represents their
proprioceptive bias and provides a measure of subjects’ accuracy of alignment of the hand
and reference marker (i.e., the point at which subjects felt their hand was aligned with the
reference marker). Additionally, we determined subjects’ uncertainty by finding the
difference between the values at which the probability of responding “left” was 25% and
75%, which provides insight into subjects’ precision.

Biases and uncertainty ranges were analyzed in an 8 Block repeated-measures
analysis of variance (RM ANOVA). Differences with a probability of less than 0.05 were
considered significant and indicated that biases or uncertainty changed across block.
Bonferroni post-hoc tests were administered to find the locus of these differences for pre-

planned comparisons (alpha = 0.05).

2.4.2 REACH ADAPTATION

We determined angular reach errors at peak velocity (PV) in the reach training trials
in order to determine if subjects showed rapid changes in reaches when the distortion was
still present as has been shown previously. As well, we analyzed angular reach errors at both
PV and movement endpoint (EP) in the no-cursor reach aftereffect trials to measure the time
course of motor changes after training with a rotated cursor. PV angular reach errors were
defined as the angular difference between a movement vector (from the home position to
peak velocity) and a reference vector (joining the home position and the target). EP angular
reach errors were defined as the angular difference between a movement vector (from the
home position to movement endpoint) and a reference vector (joining the home position and

the target).
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To illustrate performance in the reach training trials, average angular error at PV for
each reach training trial with the rotated cursor is plotted in FIG. 4A relative to average
performance across the aligned training trials. As shown previously, we see that subjects
quickly adapted to the cursor distortion within a few trials when reaching with the distortion
(Krakauer et al. 2000). Given that reach aftereffects have been suggested to represent
implicit motor adaptation, the following analyses are based on the no-cursor reach aftereffect
trials. Performance in the training trials is shown for comparison purposes only.

Average errors at EP and PV for each set of 6 reach aftereffect trials (i.e. trials
completed at Time 1 or Time 2 within each block) were determined for each subject. To
determine if these average errors in the aftereffect trials at EP and PV followed a similar
pattern across blocks, we first performed a 2 Error Score (EP vs. PV) x 8 Block x 2 Time
(Time 1 vs. Time 2 relative to the proprioceptive estimate trials) RM ANOVA. A similar
pattern of changes in reaching errors was seen for reach errors at PV and EP following
training with a rotated cursor, such that ANOVA revealed no interaction between Error
Score and Block [F(7, 133 = 1.233, P > 0.05] or Error Score and Time [F(, 19y = 0.063, P >
0.05], as seen in FIG. 4B. Given that errors at peak velocity and movement endpoint reflect
similar changes in reaches, additional analyses were based on movement endpoint angular
reach error as movement endpoint errors (i) were smaller than errors at peak velocity [F, 19)
=4.604, P < 0.05], and therefore provide a more conservative error to compare with the
smaller changes in proprioceptive biases, (ii) avoid any angular deviations that arise during
curved movements, and (iii) are determined at a similar location as the proprioceptive biases.

We analyzed changes in EP angular reach errors in an 8 Block x 2 Time RM

ANOVA. Differences with a probability of less than 0.05 were considered significant.
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Bonferroni post-hoc tests were administered to find the locus of these differences for pre-

planned comparisons (alpha = 0.05).

2.4.3 RELATIONSHIP BETWEEN PROPRICOEPTIVE RECALIBRATION AND
REACH ADAPTATION

To examine the relationship between proprioceptive recalibration and reach
adaptation, we compared average EP angular reach errors in the reach aftereffect trials at
Time 1 and Time 2 to proprioceptive estimates using a 2 Measure (Reach Error at Time 1 or
Time 2 vs. Proprioceptive Bias) x 8 Block RM ANOVA.

To find differences in the rates of change for reach aftereffects (at Time 1 and Time
2) and proprioceptive biases, we fit exponential curves to the data using the curve fitting
toolbox in MATLAB. The curves took the form of the following exponential function as
used by Mattar et al. (2013):

y=a-[1-1Q-b)*+c] (1)
such that y represents angular error, x represents the number of reach training trials
completed just prior to the no-cursor reach aftereffect trials or proprioceptive estimates, a
represents the scale of the change, b represents the rate of change, and c represents the
vertical offset of the function. Rates of change were considered significantly different if their
95% confidence intervals did not overlap. We also fit exponential curves to the reach
training trials when (i) all reach training trials were included and (ii) when the first reach
training trial of each set was removed, given the decay in reach errors seen at the start of
each set of reach training trials or what 1zawa and colleagues (2012) referred to as forgetting.

In these analyses x represents the reach training trial number.
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2.5 Control Experiment

In the main experiment described above, subjects performed a set of reach aftereffect
trials before and after the proprioceptive estimation trials within each block. The two sets of
aftereffect trials were completed to see if there was any change in reach errors after
completing the proprioceptive estimation trials. As seen below, reach aftereffects decreased
following the proprioceptive estimation trials. It is unclear if this decrease in reach
aftereffects was due to the proprioceptive estimation task itself, or the interval of time
between sets of reach aftereffect trials. Thus, we performed a separate control study
involving seven subjects (4 female, 3 male; mean age = 20.14 years, SD = 0.38 years). This
study was identical to the main experiment except subjects did not perform proprioceptive
estimation trials, but instead sat quietly holding on to the robot handle for 5 minutes between
sets of reach aftereffect trials (the average time that it took subjects to complete a set of 50
proprioceptive estimation trials in the main experiment). To assess differences between the
experiments, we performed a 2 Time (Time 1 vs. Time 2) x 8 Block RM ANOVA, with

Experiment as a between-subjects factor.

3. Results

3.1 Time Course of Proprioceptive Recalibration
Proprioceptive estimates immediately following aligned reach training revealed an
initial bias, such that subjects felt their hands were at the reference marker when they were
shifted approximately 9.6° left of the reference marker. As seen in FIG. 5, proprioceptive
estimates then shifted further to the left of this baseline estimate after training with rotated
visual feedback of the hand. In fact, estimates shifted 8.8° more left of the baseline estimates

after 150 reach training trials, as seen in FIG. 6A. In accordance with these observations,
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ANOVA revealed a significant effect of Block [F(7, 133 = 7.513, P < 0.001], indicating that
the position at which subjects felt that their hand was aligned with the visual reference
marker changed over the course of the reach training. In addition to demonstrating a change
in proprioceptive bias over reach training trials, FIG. 5 also illustrates that this shift arose
gradually over the course of the experiment, as the magnitude of the shift did not differ
significantly between consecutive blocks. Moreover, as shown in FIG. 6B, there were very
little changes in proprioceptive bias after only 5 rotated training trials (shift in proprioceptive
estimate = 0.65°, n.s.). However, post hoc analyses revealed that proprioceptive bias was
significantly different from performance following the aligned training trials by Block 6, or
following 70 rotated training trials. These results suggest that proprioceptive recalibration
arises gradually over the course of reach training trials.

Subjects’ levels of precision in estimating the location of their unseen hand were
comparable after the aligned reach training trials and after all sets of rotated reach training

trials [F7, 133y = 1.460, P > 0.05]. The average uncertainty range across all blocks was 9°.

3.2 Time Course of Reach Adaptation
Mean angular reach errors at PV for the reach training trials are shown in FIG. 4A

and mean angular reach errors in the no-cursor reach aftereffect trials are displayed in FIG.
4B following the aligned cursor reach training trials, and at the end of each of the 7 sets of
rotated reach training trials. Specifically, in FIG. 4B, angular reach errors at movement
endpoint (EP) are displayed before and after the proprioceptive estimation trials (at Time 1
and Time 2, respectively). From the reach training trials in FIG. 4A we see that subjects
quickly altered their movements when the distortion was present, but that performance

decayed at the start of each set of reach training trials, following the proprioceptive estimates
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and aftereffect trials. From FIG. 4B, we see that subjects reached such that their hand was to
the left of the target after training with the aligned cursor (mean EP reach error = 3.1°, SD =
0.9°). Following training with rotated hand-cursor feedback, reach errors increased rapidly,
such that subjects aimed significantly more to the left of the target after training with a
rotated cursor compared to an aligned cursor [F7, 133y = 63.718, P < 0.001]. Specifically, the
total change in EP reach errors following 150 rotated reach training trials relative to baseline
at Time 1 was 22.3° and at Time 2 was 14.7°, as seen in FIG 6A. Analysis also revealed a
significant interaction between Block and Time [F(7, 133y = 17.383, p < 0.001]. Thus, we will
consider changes in reaching performance at both Time 1 and Time 2 separately when
discussing the remainder of our results.

As discussed above and shown in FIG. 4 and 6, reaching errors at Time 1 and Time 2
increased significantly over Block. ANOVA revealed a main effect of Block for errors at
Time 1 [F(7,133y= 67.752, p < 0.001] and Time 2 [F(7, 133 = 36.952, p < 0.01]. Post-hoc
analyses revealed that even though errors were smaller at Time 2 compared to Time 1,
angular reach errors at Time 1 and Time 2 were both significantly greater relative to their
respective baselines following Block 2 (i.e., after 5 reach training trials with the rotated
hand-cursor feedback), indicating that changes in the motor system occurred very rapidly
(see FIG. 6B). The time course of Time 1 angular reach errors showed a great initial increase
which then plateaued at Block 5 (i.e., after 40 rotated cursor trials), such that there were no
further significant changes across consecutive blocks. The time course of changes in angular
reach errors at Time 2 showed a smaller initial increase, with gradual increases until errors
saturated following Block 6 (i.e., after 70 rotated cursor trials) and there were no more

significant changes between consecutive blocks.
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3.3 Comparison of Proprioceptive Recalibration and Reach Adaptation

Reaching errors at Time 1 and Time 2 compared to proprioceptive estimates across
blocks of trials revealed significant interactions (Time 1: [F7, 133 = 13.594, p < 0.001] and
Time 2: [F(7, 133 = 3.161, p < 0.01]), suggesting that changes in reaches followed a different
time course compared to changes in proprioceptive estimates. The changes over time are
shown by the exponential curves fitted to the data (see Equation 1) in FIG. 7. Changes in
reach error at Time 1 and Time 2 over blocks of training trials, as well as proprioceptive bias
were captured well by exponential curves, with r? values indicating that the curves accounted
for 95.80% (Reach errors at Time 1), 97.07% (Reach errors at Time 2), and 98.70%
(Proprioceptive biases) of the variance of the curves. From FIG. 7, it is evident that reach
adaptation assessed at both Time 1 and Time 2 arose much earlier than proprioceptive
recalibration. This early increase in reach adaptation is reflected in the associated large rates
of change (or slope) shown in FIG. 8 (Time 1 rate of change = 0.25 and Time 2 rate of
change = 0.09). In contrast, proprioceptive estimates did not change as quickly (rate of
change = 0.02) and the 95% confidence intervals for the rates of change of reach adaptation
do not overlap with the confidence interval for the rate of change of the proprioceptive bias.
The rate of change of reach errors in the reach training trials is also displayed in FIG. 8 for
comparison purposes when an exponential curve was fitted to (i) all reach training trials (rate
of change = 0.28; r® = 37.8%) and (i) trials in which the first trial of each set was excluded

(rate of change = 0.60; r* =77.7% ).

3.4 Control Experiment
In the control experiment subjects sat quietly, holding onto the robot handle for 5

minutes in between sets of reach aftereffect trials. FIG. 9 shows the difference in endpoint
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reaching errors between Time 1 and Time 2 in all 8 training blocks for both the Control and
Main experiment discussed above. Results revealed that there was no significant main effect
of Experiment [F, 25y = 0.199, p > 0.05], nor was there an interaction between Time and
Experiment [F1, 25y = 0.548, p > 0.05]. In other words, the difference between reaching errors
at Time 1 and Time 2 was not affected by whether subjects completed the proprioceptive
estimation task, or merely held the robot handle for 5 minutes. Additionally, while we found
a Time by Block interaction [F, 175 = 10.417, p < 0.001], post hoc tests did not reveal a
difference between the rotated reach training blocks, indicating that the difference between
Time 1 and Time 2 did not change when subjects were training to reach with the rotated

cursor.

4. Discussion

The goal of the present experiment was to determine the time course for changes in
the sensory system during visuomotor adaptation to a 30° CW cursor rotation. Additionally,
we were interested in comparing the time course of the proprioceptive changes with changes
in the reach adaptation assessed through aftereffect trials. Subjects completed 150 reaches
with a rotated cursor that were divided into 7 blocks. The number of reach training trials
completed prior to the proprioceptive estimate trials and reach aftereffect trials increased
over blocks, allowing us to assess early changes in the sensory and motor systems with a
high resolution and look for rapid changes (as has been suggested to arise in the motor
system; Krakauer et al. 2000; Ostry et al. 2010; Mattar et al. 2011, 2013). We found an
overall change in proprioceptive bias of 8.8° following the 150 reach training trials, which
corresponds to about 30% of the magnitude of the visuomotor distortion. These changes

were slow to arise and did not differ from baseline performance until after 70 training trials
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with the rotated cursor, after which we found no significant differences between consecutive
blocks (i.e., the changes levelled off). In contrast, changes in reach aftereffects arose after
only 5 training trials with the rotated cursor, and continued to increase until errors of 22.3°
and 14.7° were achieved, before (Time 1) and after (Time 2) the proprioceptive estimate
trials respectively. These slow changes in the sensory system versus rapid changes in the
motor system provide evidence that they arise from distinct processes during visuomotor

adaptation.

4.1 Proprioceptive Recalibration

Our data show a relatively large initial proprioceptive bias of about 9.6° to the left of
the visual reference marker following reach training with an aligned cursor. This bias is
consistent with previous literature, which has shown that proprioceptive estimates of limb
position are biased to the left for the right hand and to the right for the left hand (Cressman
and Henriques 2010; Jones et al. 2010; Wilson et al. 2010). Thus, in general, subjects feel
their right hand is more rightward than it actually is and their left hand is more leftward than
it actually is. This is also true in studies that require subjects to reach to their opposite limb,
such that subjects reach too far rightward when reaching to their right hand with their left
hand (Crowe et al. 1987; van Beers et al. 1998; Haggard et al. 2000; Jones et al. 2010, 2012).

We found that this initial bias was then shifted more leftwards following training
with the rotated cursor, such that subjects recalibrated proprioception by approximately 9°
following 70 reach training trials. The current data are consistent with previous studies from
our lab which have found that proprioceptive estimates of hand position shift by about 25%
of the magnitude of the distortion when interleaved reach training trials are included between

sets of proprioceptive estimates (Cressman and Henriques 2009; Salomonczyk et al. 2011,
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2012). Specifically, Salomonczyk et al. (2011) found that subjects recalibrated their
proprioceptive sense by 7° leftwards following training with a cursor that was rotated 30°
CW relative to the hand after 99 trials. The current data extends Salomonczyk et al.’s (2011)
findings by demonstrating that proprioceptive recalibration can saturate even earlier than 100
trials (at least when there is only one reach training target and reference marker). These
results further suggest that, while the proprioceptive system is slow to change, no further
changes are seen with additional training (e.g., another 80 trials). In accordance with this
suggestion, Salomonczyk et al. (2011) found that prolonged training with the visuomotor
distortion did not result in further changes in proprioceptive estimates, such that changes that
had saturated within 99 reach training trials with the rotated cursor and did not increase even
following 198 more reach training trials.

Despite designing the experiment to try and introduce fast changes in the sensory
system (e.g. by introducing the distortion abruptly and having only 1 reach training target
and reference marker), the time course of proprioceptive changes found in the current study
reflects a slow, gradual leftward shift in proprioceptive bias over the course of 70 training
trials with the rotated cursor (rate of change = 0.0225). These changes were captured well by
the exponential curve shown in Equation 1, such that the curve accounted for 98.70% of the
variance of the data. These results are consistent with work by Mattar et al. (2013), which
found that changes in the sensory system increased exponentially during reaches in a
velocity-dependent force-field (rate of change = 0.017). Specifically, an exponential fit
accounted for 93.3% of the variance for their sensory changes, which provided a reliably
better fit than a linear function. Thus, proprioceptive changes appear to follow a relatively

slow exponential increase after training with either a visual distortion or in a velocity-
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dependent force-field. Interestingly, these slow rising proprioceptive changes have shown to
be robust, such that they persist up to 24 hours following training with a velocity-dependent

force-field (Ostry et al. 2010) and a visuomotor distortion (Nourouzpour et al. 2015).

4.2 Reach Adaptation

We found that large changes in the motor system arose quickly in the reach training
trials and aftereffect trials (16.9° after 5 training trials with a 30° cursor rotation), which
confirms previous findings which have found that reach performance returns to near baseline
levels within 20 training trials with a 30° cursor rotation (Krakauer et al. 2000; Neva and
Henriques 2013) and within 30 training trials with a 40° cursor rotation (Yamamoto et al.
2006). However, the rapid changes observed in the current study exhibited some decay, such
that after approximately 5 minutes, reach aftereffects at Time 2 were only 5.1° (or 11.8° less
than what was seen at Time 1) and performance at the start of each set of reach training trials
differed from what was seen at the end of the previous set of reach training trials (as shown
by Izawa et al. (2012) and Mattar et al. (2013)).

Changes in angular reach errors before (Time 1) and after (Time 2) proprioceptive
estimate trials were well captured by exponential fits. Specifically, an exponential fit
accounted for 95.80% and 97.07% of the variance of EP reach errors at Time 1 and Time 2,
respectively. Previous studies have also characterized motor adaptation to a visuomotor
rotation (Krakauer et al. 1999, 2004) or a velocity-dependent force-field (Smith et al. 2004;
Mattar et al. 2013) as following exponential functions. However, these studies have typically
looked at the rate of adaptation during training trials (i.e., trials when the perturbation is still
present), such that explicit strategies could influence performance (Weiner et al. 1983,

Pisella et al. 2004; Redding et al. 2005; Taylor and Ivry 2014; Taylor et al. 2014). On fitting
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an exponential function to our reach training trials, we found that it accounted for only
37.8% of the variance of reach errors when all reach training trials were included in the
analysis. However, when the first trial of each set of reach training trials was excluded from
analysis, thus accounting for forgetting as suggested by Izawa et al (2012), the fit was much
better, accounting for 77.7% of the variance of reach errors. Our study is one of the first to
show that motor changes follow an exponential curve when motor learning is assessed
through a reach aftereffect task, which removes the distortion completely and that this fit is
better than when evaluating performance across all trials in which the distortion is still
present.

Interestingly, the 95% confidence interval for the reach training trials did not overlap
with the aftereffect trials at Time 1 or Time 2 (as seen in FIG. 8), when the first trial was
removed from each training block. The differences in performance between reach training
and aftereffect trials may be explained by the two separate adaptive processes proposed by
Redding and Wallace (1996, 2002, 2003, 2006) based on results achieved using a prism
adaptation paradigm. Specifically, they suggest that (1) strategic control and (2) spatial
realignment contribute to motor adaptation. Strategic control has been suggested to capture
the rapid development of adaptive motor behaviour, which results in a rapid reduction of
errors during prism exposure. Spatial realignment, however, represents a more implicit
visuomotor remapping which persists into aftereffect trials when the prisms are removed.
More recently, reach adaptation to a visuomotor rotation has been suggested to also involve
an explicit component, such that subjects consciously correct their movements to quickly
bring the cursor to the target, and an implicit component which involves an error-based

updating of an internal forward model (Benson et al. 2011; Taylor et al. 2014). The

51



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

difference in results between our reach training trials and aftereffect trials may reflect the
different contributions of explicit and implicit processes between the different types of trials.

In the current study motor adaptation was primarily assessed through aftereffect
trials, which have been suggested to provide insight into more permanent motor changes,
and hence potentially reflect changes observed in our proprioceptive estimate trials. Reach
aftereffects assessed immediately following each set of reach training trials (Time 1) were
greater than after a 5 minute delay (Time 2) over the course of the experiment which was
introduced by having subjects complete the proprioceptive estimation task. Specifically,
reach aftereffect trials at Time 1 resulted in a greater overall magnitude of reach adaptation
following all sets of training trials. This decay of reach adaptation was also observed in a
control experiment in which we replaced the proprioceptive estimation task with a 5 minute
rest interval in which subjects sat stationary, gripping the robot handle. Thus, it appears that
reach adaptation decays over a 5 minute time interval, regardless of whether subjects are
completing a perceptual task or resting quietly. Moreover, while the rates of adaptation were
not different between Time 1 and Time 2, their 95% confidence intervals only slightly
overlapped with one another; suggesting that there may be a difference in the neural
processes involved in reach adaptation at these different time points. Given that motor
adaptation at Time 1 and Time 2 was assessed through aftereffect trials, differences in reach
adaptation between the two time points does not represent differences in strategic versus
implicit learning, but perhaps reflect differences in the contribution of a faster, labile
component and a slower, temporally stable component of learning as put forth recently by
Smith and colleagues (Hadjiosif and Smith 2013a, 2013b; Miyamoto et al. 2014).

Specifically, decreases in motor adaptation within a few aftereffect trials in Time 1 (as
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shown by Nourouzpour et al. 2015 and seen in the current data (not shown)), would reflect a
decay of the faster, labile component, which has been shown to decay after about 16.5 s
(Hadjiosif and Smith 2013a). Motor adaptation during Time 2, on the other hand, would be
more represented by the temporally stable component of learning and hence may be a more
accurate representation of long-term motor changes which result from an internal visuomotor
remapping.

Interestingly, continuous training with the visuomotor distortion, either during the
short time scale of the present study or even longer time scales, does not appear to lead to
larger reach aftereffects, as motor adaptation has been shown to saturate within 100 training
trials (Wong and Henriques 2009; Salomonczyk et al. 2011; Barkley et al. 2014).
Additionally, studies have demonstrated that reach adaptation is relatively long-lasting, as
subjects have shown substantial retention of adapted movements for days and months
following visuomotor training (Klassen et al. 2005; Bock et al. 2001; Tong et al. 2002;
Caithness et al. 2004; Krakauer et al. 1999, 2005). Specifically, subjects showed retention of
reach aftereffects after 24 hours (Nourouzpour et al. 2015) and partial retention following 48
hours (Caithness et al. 2004) following training with a 30° visuomotor rotation. Additionally,
Yamamoto et al. (2006) found substantial retention of reach aftereffects for one year

following visuomotor training with a joystick tracking task.

4.3 Comparison of Proprioceptive Recalibration and Reach Adaptation
Here we have shown that changes in the sensory and motor systems arise with
different time courses during visuomotor adaptation. The motor system undergoes large,
rapid changes after only 5 training trials with the rotated cursor. The sensory system, on the

other hand, undergoes slower and more gradual changes, such that changes are not observed
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until after a number of training trials (e.g., 70 trials with the rotated cursor). In accordance
with these findings, exponential fits to the data reveal a significantly greater rate of change
for reach adaptation as compared to proprioceptive recalibration.

These findings are similar to Mattar et al. (2013), who showed that motor changes
occurred much earlier as assessed during trials in which the perturbation was still present,
and with a greater rate of increase compared to sensory changes. Based on their results,
Mattar et al. concluded that motor changes occur earlier and therefore drive sensory changes
during adaptation. However, work from the same lab has also found that completing
perceptual training (i.e., receiving feedback as to the correctness of responses regarding
position estimates) improved both the rate and extent of motor adaptation (Darainy et al.
2013), and lead to changes in frontal motor areas in the brain (Vahdat et al. 2014), pointing
to a role for sensory changes in motor adaptation. Similar findings have been shown by
Cressman and Henriques (2010), who suggest that while sensory changes can result in
changes in the motor system, they are not usually solely responsible for motor adaptation.
Given the different time courses observed in the current study, even when a more stable
measure of motor adaptation was used (i.e., aftereffects measured after a 5 minute delay), we
conclude that while sensory changes may partially contribute to motor adaptation, for the
most part, proprioceptive recalibration and reach adaptation are driven by different error
signals present during visuomotor adaptation. Reach adaptation may arise due to error-based
learning, which involves the reduction of the difference between the predicted and sensory
consequences of a subject’s movements (i.e., reducing the difference between desired and
actual performance; Tseng et al. 2007; Berniker and Kording 2008; Wei and Kording 2009).

In contrast, proprioceptive recalibration may arise due to a cross-sensory error signal which
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depends on differences between visual and proprioceptive estimates of limb position
(Cressman and Henriques 2010; Henriques and Cressman 2012; Salomonczyk et al. 2013;
Henriques et al. 2014). From the results of the current study, it appears that it takes longer
for the brain to resolve this sensory conflict and does not resolve it to the same extent as a
visuomotor error signal.

In support of the proposal that sensory and motor changes arise independently,
visuomotor adaptation has been shown to be possible in deafferented patients (i.e., patients
with no proprioceptive feedback), and when proprioceptive feedback is degraded with
agonist-antagonist muscle vibration (Ingram et al. 2000; Bernier et al. 2006; Bock and
Thomas 2011). For example, Bernier et al. (2006) found that there was no difference in the
rate or extent of reach adaptation between a deafferented subject and healthy controls
following training with a rotated cursor (i.e., as measured during aftereffect trials). Thus,
visuomotor adaptation can arise in the absence of a cross-sensory error signal and
proprioceptive recalibration. Changes in the sensory system have also been shown to arise in
the absence of motor changes in cerebellar patients. For example, Block and Bastian (2012)
found that individuals with cerebellar damage were capable of sensory realignment of their
hand (i.e., realignment of proprioceptive estimates of hand position to more closely match
the visual estimates) in the absence of any motor adaptation. Additionally, Synofzik and
colleagues (2006, 2008) found that patients with cerebellar damage and healthy controls
were able to predict the sensory consequences of their movements, despite the patients’
impaired ability to adapt to a visuomotor distortion.

The different errors signals giving rise to proprioceptive recalibration and reach

adaptation may arise in different areas of the brain. A recent review article by Shadmehr and
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Krakauer (2008) proposed that the cerebellum and parietal cortex have different roles in their
involvement in motor learning. The cerebellum is thought to be involved in building an
internal model that predicts the sensory consequences of a motor command, as well as in
correcting these motor commands through sensory feedback. The parietal cortex, on the
other hand, is involved in integrating the predicted visual and proprioceptive feedback with
sensory feedback in order to estimate the current state of the body and the environment.
Proprioceptive changes involve an adaptation in the body’s state estimate, and therefore may
occur within the parietal cortex, while adapted motor commands directly affect the internal
model of a movement, which would most likely occur within the cerebellum (Cressman and
Henriques 2012). In support of different brain areas being responsible for resolving different
error signals, Vahdat et al. (2011) found distinct motor and sensory networks of brain
activation during adaptation to a velocity-dependent force-field using fMRI. Specifically,
they found that changes in the cerebellar cortex, primary motor cortex, and dorsal premotor
cortex were associated with the motor component of adaptation, while changes in the second
somatosensory cortex, ventral premotor cortex, and supplementary motor cortex were

associated with the sensory component of adaptation.

5. Conclusion
In the current study, we found slow, gradual changes in the sensory system, which
occurred later in time compared to changes in the motor system. Based on these results and
other findings in our lab, we suggest that proprioceptive recalibration and reach adaptation
are distinct neural processes that arise simultaneously during visuomotor learning. The
visuomotor system appears to be quicker to change than the sensory system, perhaps because

we are required to adjust our movements on a daily basis while interacting with a dynamic
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environment. The sensory system on the other hand is very rarely required to adapt,

potentially leading to its resistance to change.
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Figures

A

Computer Monitor

Reflective Surface

Robot Handle

FIG. 2. Experimental set-up.

Side-view of experimental apparatus (A). Top view and dimensions of experimental surface
visible to subjects during the reach training (B) and proprioceptive estimation (C) tasks. B:
Visuomotor distortion introduced in the rotated reach training task. The home position was
not shown to subjects (dotted white circle). In the rotated reach training trials, the cursor
representing the hand’s position (white circle, 1 cm in diameter; represented at the end of the
black arrow) was rotated 30° CW relative to the actual position of the hand (represented by
the grey arrow). The reach target (white circle, 2 cm in diameter) was located 15 cm and 45°
CW from the home position relative to straight ahead. C: For the proprioceptive estimation
trials, the home position was only visible at the start of the movement (light grey circle, 1 cm
in diameter). The reference marker (white circle, 1 cm in diameter) was located 15 cm and
45° CW from the home position relative to straight ahead. The hand was passively moved to
a position along the white dotted line (shown for reference) using an adaptive staircase

algorithm as described in the text.
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Reach Training D Reach Training . Reach Aftereffects Proprioceptive
(Aligned Cursor) (Rotated Cursor) (No Cursor) Estimation
Block 1 Block 2 Block3 Block4 Block5  Block 6 Block 7 Block 8
# of Training Trials: | 50 [ 5] [ 5] [10][2]]3 ][3 ][ s
Extended
Break
Aligned Cursor Rotated (30° CW) Cursor

FIG. 3. Experimental design.

A breakdown of the testing blocks completed within the experiment. Gray bars represent sets
of reach training trials; the grey bar with the crossed pattern indicates trials in which the
cursor was aligned with the hand and the solid grey bars indicate trials in which the cursor
was rotated 30° CW relative to the hand. The gray numbers indicate the number of reach
training trials within each block. Black bars represent sets of 6 aftereffects trials and white
bars represent sets of 50 proprioceptive estimate trials. In each block, subjects completed a
set of reach aftereffect trials (Time 1) followed by proprioceptive estimate trials, and then an

additional set of reach aftereffect trials (Time 2).
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FIG. 4. Time course of changes in angular reach error.

Mean angular reach errors during reach training trials and reach aftereffect trials. A: Mean
PV angular reach errors for each reach training trial completed with the rotated cursor
relative to angular reach errors during reach training with an aligned cursor (black triangles).
Mean PV angular reach errors for reach aftereffect trials at Time 1 (filled grey squares) and
Time 2 (hollow squares) are also displayed relative to errors achieved following training
with an aligned cursor. B: Mean PV (grey) and EP (black) angular reach errors for the 6
aftereffect trials at Time 1 (filled squares) and Time 2 (hollow squares) as a function of reach
training trials with the 30° CW rotated cursor. Data points at O rotated training trials reflect

baseline performance.
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FIG. 5. Time course of changes in proprioceptive bias

Mean proprioceptive biases (represented as angular errors) relative to the reference marker
as a function of reach training trials with the 30° CW rotated cursor. The data point at 0
rotated training trials represents the proprioceptive bias following reach training with the

aligned cursor (i.e., baseline).
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FIG. 6. Final and initial change in angular error.

Mean changes in proprioceptive biases (black bars) and angular reach errors at movement
endpoint (Time 1: white bars, Time 2: grey bars) following 150 reach training trials (A) and
following 5 reach training trials (B) with the 30° CW rotated cursor relative to angular errors
achieved following aligned reach training. Stars denote a significant difference, such that

confidence intervals do not overlap.
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FIG. 7. Exponential fits.

Mean movement endpoint angular reach error at Time 1 (squares) and Time 2 (circles), as
well as angular error for proprioceptive bias (triangles) as a function of training trials with
the 30° CW rotated cursor. Data points at 0 rotated training trials reflect performance
following training with an aligned cursor (i.e., baseline). Smooth curves indicate exponential

fits to the data, according to Equation 1.
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FIG. 8. Rates of change.

Rates of change of the exponential functions shown in FIG. 6 for proprioceptive biases
(white bar) and reach errors at movement endpoint (Time 1: grey bar, Time 2: grey
checkered bar). Rates of change of exponential functions fit to the reach training trials shown
in FIG. 3A are also provided with (black bar) and without (black checkered bar) the very
first trial of each set included. Bars represent 95% confidence intervals. Stars denote a

significant difference, such that confidence intervals do not overlap.
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FIG. 9. Differences in reach aftereffects at Time 1 and Time 2 for main and control
experiments.

Mean change in movement endpoint angular reach errors between Time 1 and Time 2 as a
function of training trials with the 30° CW rotated cursor. Data points at O rotated training
trials reflect performance following training with an aligned cursor (i.e., baseline). In the
main experiment (black squares), subjects completed the proprioceptive estimation trials
between Time 1 and Time 2. In the control experiment (grey squares), subjects sat stationary

while holding the robot handle for 5 minutes between Time 1 and Time 2.

65



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

References

Baraduc, P. and Wolpert, D.M. (2002). Adaptation to a visuomotor shift depends on the
starting posture. Journal of Neurophysiology, 88, 973-981.

Barkley, V., Salomonczyk, D., Cressman, E.K., and Henriques, D.Y (2014). Reach
adaptation and proprioceptive recalibration following terminal visual feedback of the
hand. Frontiers in Human Neuroscience, 8:705.

Benson, B.L., Anguera, J.A., and Seidler, R.D. (2011). A spatial explicit strategy reduces
error but interferes with sensorimotor adaptation. Journal of Neurophysiology, 105,
2843-2851.

Bernier, P.M., Chua, R., Bard, C., and Franks, I.M. (2006). Updating of an internal model
without proprioception: A deafferentation study. Neuroreport, 17, 1421-1425.

Berniker, M., and Kording, K. (2008). Estimating the sources of motor errors for adaptation
and generalization. Nature Neuroscience, 11, 1454-1461.

Bock, O., Schenider, S., and Bloomberg, J. (2001). Conditions for interference versus
facilitation during sequential sensorimotor adaptation. Experimental Brain Research,
138, 359-365.

Bock, O., and Thomas, M. (2011). Proprioception plays a different role for sensorimotor
adaptation to different distortions. Human Movement Science, 30, 415-423.

Block, H.J. and Bastian, A.J. (2012). Cerebellar involvement in motor but not sensory
adaptation. Neuropsychologia, 50, 1766-1775.

Buch, E.R., Young, S., and Contreras-Vidal, J.L. (2003). Visuomotor adaptation in normal

aging. Learning and Memory, 10, 55-63.

66



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Caithness, G., Osu, R., Bays, P., Chase, H., Klassen, J., Kawato, M., Wolpert, D.M., and
Flanagan, J.R. (2004). Failure to consolidate the consolidation theory of learning for
sensorimotor adaptation tasks. Journal of Neuroscience, 24, 8662-8671.

Craske, B. and Gregg, S.J. (1966). Prism after-effects: identical results for visual targets and
unexposed limb. Nature, 212(5057), 104-105.

Cressman, E.K. and Henriques, D.Y. (2009) Sensory recalibration of hand position
following visuomotor adaptation. Journal of Neurophysiology, 102(6), 3505-3518.

Cressman, E.K. and Henriques, D.Y. (2010). Reach adaptation and proprioceptive
recalibration following exposure to misaligned sensory input. Journal of
Neurophysiology, 103, 1888-1895.

Cressman, E. K., Salomonczyk, D., and Henriques, D.Y. (2010). Visuomotor adaptation and
proprioceptive recalibration in older adults. Experimental Brain Research, 205, 533-
544,

Crowe, A., Keesen, W., Kuus, W., van Vilet, R., and Zegeling, A. (1987). Proprioceptive
accuracy in two dimensions. Perceptual Motor Skills, 64(3 Pt 1), 831-846.

Darainy, M., Vahdat, S., and Ostry, D.J. (2013). Perceptual learning in sensorimotor
adaptation. Journal of Neurophysiology, 110(9), 2152-2162.

Desmurget, M., Pelisson, D., Rossetti, Y., and Prablanc, C. (1998). From eye to hand:
planning goal-directed movements. Neuroscience and Biobehavioral Reviews, 22(6),
761-788.

Efstathiou, A. and Held, R. (1964). Crossmodal transfer of adaptation to eye-hand

rearrangement. Paper read at Eastern Psychological Association, Philadelphia.

67



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Flanders, M., Tillery, S.I., and Soechting, J.F. (1992). Early stages in a sensorimotor
transformation. Behavioural and Brain Sciences, 15(2), 209-320.

Haggard, P., Newman, C., Blundell, J., and Andrew, H. (2000). The perceived position of
the hand in space. Perception and Psychophysics, 68(2), 363-377.

Harris, C.S. (1963). Adaptation to displaced vision: Visual, motor, or proprioceptive change?
Science, 140, 812-813.

Harris, C.S. (1965). Perceptual adaptation to inverted, reversed, and displaced Vision.
Psychological Review, 72(6), 419-444.

Hay, J. C., and Pick, H. L. Jr. (1966). Visual and proprioceptive adaptation to optical
displacement of the visual stimulus. Journal of Experimental Psychology, 71(1),
150-158.

Henriques, D.Y. and Soechting, J.F. (2003). Bias and sensitivity in haptic perception of
geometry. Experimental Brain Research, 150(1), 95-108.

Henriques, D.Y. and Cressman, E.K. (2012). Visuomotor adaptation and proprioceptive
recalibration. Journal of Motor Behavior, 44(6), 435-444.

Ingram, H.A., van Donkelaar, P., Cole, J., Vercher, J.L., Gauthier, G.M., and Miall, R.C.
(2000). The role of proprioception and attention in a visuomotor adaptation task.
Experimental Brain Research, 132(1), 114-126.

Izawa, J., Criscimagna-Hemminger, S.E., and Shadmehr, R. (2012). Cerebellar contributions
to reach adaptation and learning sensory consequences of action. Journal of
Neuroscience, 32(12), 4230-4239.

Jeannerod, M. (1988). The Neural and Behavioural Organization of Goal-Directed

Movements. Oxford, UK: Clarendon Press.

68



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Jones, S.A., Cressman, E.K., and Henriques, D.Y. (2010). Proprioceptive localization of the
left and right hands. Experimental Brain Research, 204(3), 373-383.

Krakauer, J.W., Ghilardi, M.F., and Ghez, C. (1999). Independent learning of internal
models for kinematic and dynamic control of reaching. Nature Neuroscience, 2(11),
1026-1031.

Krakauer, J.W., Pine, Z.M., Ghilardi, M.F., and Ghez, C. (2000). Learning of visuomotor
transformations for vectorial planning of reaching trajectories. Journal of
Neuroscience, 20(23),8916-8924.

Krakauer, J.W., Ghez, C., and Ghilardi, M.F. (2005). Adaptation to visuomotor
transformations: Consolidation, interference, and forgetting. Journal of
Neuroscience, 25(2), 473-478.

Klassen, J., Tong, C., and Flanagan, J.R. (2005). Learning and recall of incremental
kinematic and dynamic sensorimotor transformations. Experimental Brain Research,
164(2), 250-259.

Malfait, N. and Ostry, D.J. (2004). Is interlimb transfer of force-field adaptation a cognitive
response to the sudden introduction of load? Journal of Neuroscience, 24(37), 8084-
8089.

Martin, T.A., Keating, J.G., Goodkin, H.P., Bastian, A.J., and Thach, W.T. (1996).
Throwing while looking through prisms. Il. Specificity and storage of multiple gaze
throw calibrations. Brain, 119(4), 1199-1211.

Mattar, A.A., Nasir, S.M., Darainy, M., and Ostry, D.J. (2011). Sensory change following

motor learning. Progress in Brain Research, 191, 31-44.

69



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Mattar, A.A., Darainy, M., and Ostry, D.J. (2013). Motor learning and its sensory effects:
time course of perceptual change and its presence with gradual introduction of load.
Journal of Neurophysiology, 109(3), 782-791.

Mostafa, A.A., Kamran-Disfani, R., Bahari-Kashani, G., Cressman, E.K., and Henriques,
D.Y. (2014a). Generalization of reach adaptation and proprioceptive recalibration at
different distances in the workspace. Experimental Brain Research, 233(3), 817-827.

Mostafa, A.A., Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2014b).
Intermanual transfer and proprioceptive recalibration following training with
translated visual feedback of the hand. Experimental Brain Research, 232(6), 1639.

Neva, J.L. and Henriques, D.Y. (2013). Visuomotor adaptation and generalization with
repeated and varied training. Experimental Brain Research, 226(3), 363-372.

Nourouzpour, N., Salomonczyk, D., Cressman, E.K., Henriques, D.Y. (2015). Retention of
proprioceptive recalibration following visuomotor adaptation. Experimental Brain
Research, 233(3), 1019-1029.

Oldfield, R.C. (1971). The assessment and analysis of handedness: The Edinburghinventory.

Neuropsychologia, 9, 97-113.

Ostry, D.J., Darainy, M., Mattar, A.A., Wong, J., and Gribble, P.L. (2010). Somatosensory
plasticity and motor learning. Journal of Neuroscience, 30(15), 5384-5393.

Pisella, L., Michel, C., Grea, H., Tilikete, C., Vighetto, A., and Rossetti, Y. (2004).
Preserved prism adaptation in bilateral optic ataxia: strategic versus adaptive reaction
to prisms. Experimental Brain Research, 156(4), 399-408.

Rabe, K., Livine, O., Gizewski, E.R., Aurich, V., Beck, A., Timmann, D., and Donchin, O.

(2009). Adaptation to visuomotor rotation and force-field perturbation is correlated to

70



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

different brain areas in patients with cerebellar degeneration. Journal of
Neurophysiology, 101(4), 1961-1971.

Redding, G. M. and Wallace, B. (1988). Adaptive mechanisms in perceptual-motor
coordination: Components of prism adaptation. Journal of Motor Behavior, 20(3),
242-254.

Redding G.M. and Wallace, B. (1993). Adaptive coordination and alignment of eye and
hand. Journal of Motor Behavior, 25(2), 75-88.

Redding G.M. and Wallace, B. (1996). Adaptive spatial alignment and strategic perceptual
motor control. Journal of Experimental Psychology: Human Perception and
Performance, 22(2), 379-394.

Redding G.M. and Wallace, B. (2002). Strategic calibration and spatial alignment: A model
from prism adaptation. Journal of Motor Behavior, 33(2), 401-412.

Redding G.M. and Wallace, B. (2003). Dual prism adaptation: Calibration or alignment?
Journal of Motor Behavior, 35(4), 399-408.

Redding, G. M. and Wallace, B. (2006). Generalization of prism adaptation. Journal
Experimental Psychology: Human Perception and Performance, 32(4), 1006-1022.

Redding, G.M., Rossetti, Y. and Wallace, B. (2005). Applications of prism adaptation: a
tutorial in theory and method. Neuroscience and Biobehavioral Reviews, 29(3), 431-
444,

Rossetti, Y., Koga, S., and Mano, T. (1993). Prismatic displacement of vision induces
transient changes in the timing of eye-hand coordination. Perception and

Psychophysics, 5(3), 355-364.

71



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Sainburg, R.L. and Wang, J. (2002). Interlimb transfer of visuomotor rotations:
Independence of direction and final position information. Experimental Brain
Research, 145(4), 437-447.

Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2011). Proprioceptive recalibration
following prolonged training and increasing distortions in visuomotor adaptation.
Neuropsychologia, 49(11), 3053-3062.

Salomonczyk, D., Henriques, D.Y., and Cressman, E.K. (2012). Proprioceptive recalibration
in the right and left hands following abrupt visuomotor adaptation. Experimental
Brain Research, 217(2), 187-196.

Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2013). The role of the cross
sensory error signal in visuomotor adaptation. Experimental Brain Research, 228(3),
313-325.

Sarlegna, F.R. and Bernier, P.M. (2010). On the link between sensorimotor adaptation and
sensory recalibration. Journal of Neuroscience, 30(35), 11555-11557.

Scheidt, R.A., Dingwell, J.B., and Mussa-Ivaldi, F.A. (2001). Learning to move amid
uncertainty. Journal of Neurophysiology, 86(2), 971-985.

Simani, M.C., McGuire, L.M., and Sabes, P.N. (2007). Visual-shift adaptation is composed
of separable sensory and task-dependent effects. Journal of Neurophysiology, 98(5),
2827-2841.

Shadmehr, R. and Mussa-Ivaldi, F. (1994). Adaptive representation of dynamics during
learning of a motor task. Journal of Neuroscience, 14(5), 3208-3224.

Shadmehr, R. and Krakauer, J.W. (2008). A computational neuroanatomy for motor control.

Experimental Brain Research, 185(3), 359-381.

72



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Smith, M.A., Ghazizadeh, A., and Shadmehr, R. (2006). Interacting adaptive processes with
different timescales underlie short-term motor learning. PLoS Biology, 4(6), e179.

Synofzik, M., Thier, P., and Lindner, A. (2006). Internalizing agency of self-action:
perception of one’s own hand movements depends on an adaptable prediction about
the sensory action outcome. Journal of Neurophysiology, 96(3), 1592-1601.

Synofzik, M., Lindner, A., and Thier, P. (2008). The cerebellum updates predictions about
the visual consequences of one’s behavior. Current Biology, 18(11), 814-818.

Taylor, J.A. and Ivry, R.B. (2011). Flexible cognitive strategies during motor learning. PL0S
Computational Biology, 7(3), €10001096.

Taylor, J.A., Krakauer, J.W., and Ivry, R.B. (2014). Explicit and implicit contributions to
learning in a sensorimotor adaptation task. Journal of Neuroscience, 34(8), 3023-
3032.

Tong, C., Wolpert, D.M., and Flanagan, J.R. (2002). Kinematics and dynamics are not
represented independently in motor working memory: Evidence from an interference
study. Journal of Neuroscience, 22(3), 1108-1113.

Vahdat, S,. Darainy, M., Milner, T.E., and Ostry, D.J. (2011). Functionally specific changes
in resting-state sensorimotor networks after motor learning. Journal of Neuroscience,
31(47), 16907-16915.

Vahdat, S., Darainy, M., and Ostry, D.J. (2014). Structure of plasticity in human sensory and
motor networks due to perceptual learning. Journal of Neuroscience, 34(7), 2451-
2463.

van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1998). The precision of

proprioceptive position sense. Experimental Brain Research, 122(4), 367-377.

73



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

VVon Helmholtz, H.E.F. (1962). Treatise on physiological optics. J. P. C. Southall, Ed. And
Trans. New York: Dover. (Original work published in 1909).

Weiner, M.J., Hallet, M., and Funkenstein, H.H. (1983). Adaptation to lateral displacement
of vision in patients with lesions of the central nervous system. Neurology, 33(6),
766-772.

Wilson, E.T., Wong, J., and Gribble, P.L. (2010). Mapping proprioception across a 2D
horizontal workspace. PLoS One, 5(7), e11851.

Wolpert, D.M., Ghahramani, Z. and Jordan, M.I. (1995a). An internal model for
sensorimotor integration. Science, 269(5232), 1880-1882.

Wolpert, D.M., Ghahramani, Z., and Flanagan, J.R. (2001). Perspectives and problems in
motor learning. Trends in Cognitive Science, 5(11), 487-494.

Wong, T. and Henriques, D.Y. (2009). Visuomotor adaptation does not recalibrate
kinesthetic sense of hand path. Journal of Neurophysiology, 101(2), 614-623.

Yamamoto, K., Hoffman, D.S., and Strick, P.L. (2006). Rapid and long-lasting plasticity of

input output mapping. Journal of Neurophysiology, 96(5), 2797-2801.

74



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Chapter I11: General Discussion

When subjects perform reaches to a visual target with distorted visual feedback of
their hand (e.g. a cursor representing their hand that is rotated relative to their hand’s actual
position), they adapt their reaches to reduce the error between the cursor and target, and
recalibrate their felt hand position to more closely match the visual feedback (Cressman and
Henriques, 2009, 2010; Cressman et al., 2010; Salomonczyk et al., 2011, 2012). The first
objective of the current research was to establish the time course of these sensory changes.
We then looked to determine the relationship regarding the processes underlying
proprioceptive recalibration and reach adaptation by comparing changes in felt hand position
and reach errors over time. Overall, we found an 8.8° shift in proprioceptive estimates of
hand position following 150 reach training trials with a rotated cursor, corresponding to
approximately 30% of the magnitude of the visuomotor distortion. Moreover, estimates did
not differ significantly from baseline until after 70 reach training trials with the rotated
cursor. Motor changes, on the other hand, arose much more quickly, such that there was a
significant leftward shift in reaches after only 5 reach training trials with the rotated cursor
compared to baseline measures. The overall magnitude of reach errors achieved after each
block of rotated reach training trials differed depending on if aftereffect trials were
completed before or after the proprioceptive estimate trials. For example, the overall
magnitude of reach adaptation achieved was 22.3° for aftereffect trials completed before
proprioceptive estimate trials and 14.7° for aftereffect trials completed after proprioceptive
estimate trials (or 74% and 49% of the magnitude of the visuomotor distortion, respectively)
following the 150 reach training trials with the rotated cursor. Additionally, we found that

the rates of change of reach adaptation and proprioceptive recalibration differed
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significantly. Thus, this data suggests that distinct neural processes underlie motor and
sensory changes during reach training with a rotated visual cursor.

In the current study we found a slow, gradual change in proprioceptive estimates of
hand position during training with distorted visual feedback of the hand. Previous studies
have found a similar overall magnitude of proprioceptive recalibration following 100 to 150
reach training trials (Cressman and Henriques, 2009; Cressman et al., 2010; Salomonczyk et
al., 2011, 2012), and suggested that these plastic, sensory changes are driven by resolving a
cross-sensory error signal between proprioceptive and visual estimates of hand position,
such that the proprioceptive estimate is recalibrated in order to match the distorted visual
feedback experienced during the reach training trials. In support of this proposal of a cross-
sensory error signal driving proprioceptive recalibration, Cressman and Henriques (2010)
have shown that proprioceptive recalibration arises in the absence of any goal-directed
movements (or visuomotor error signal), when subjects are merely exposed to a cross-
sensory error signal. In their paradigm, Cressman and Henriques (2010) had a robot
passively move subjects’ hands along a fixed path to a visual target while they viewed a
cursor representing the position of their hand. The fixed path was gradually rotated relative
to the path of the cursor, but subjects always saw the cursor move directly to the target
during their passive movements. Subjects shifted the position at which they felt their hand
was aligned with a visual reference marker by about 6° relative to baseline, which is similar
in magnitude to the changes in felt hand position estimates found following active, goal-
directed movements with rotated visual feedback of the hand (Cressman and Henriques,

2009, 2010). Interestingly, the cross-sensory error signal was also shown to produce partial
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reach adaptation, such that subjects reached about 6° more leftward relative to baseline
following exposure to the cross-sensory error signal.

In the present research we discuss the observed changes in hand position as reflecting
proprioceptive recalibration as opposed to visual recalibration. We think that it is unlikely
that vision is being recalibrated based on our experimental manipulation and results across
several previous studies. First, the current study only manipulated visual feedback of the
hand position, rather than the entire workspace (as would occur in prism adaptation
paradigms), which avoids recalibration of the visual system. Moreover, changes in felt hand
positions have been shown to be similar when subjects estimated the position of their hand
relative to a proprioceptive reference marker (e.g. body midline) and a visual reference
marker, suggesting that recalibration was not dependent on vision (Cressman and Henriques
2009; Clayton et al. 2014; Mostafa et al. 2014a). Along the same lines, shifts in
propricoeptive estimates have also been shown when subejcts reached to their unseen trained
hand with the seen untrained hand (Clayton et al., 2014). Finally, if vision was recalibrated,
we would expect changes in proprioceptive estimates to transfer between hands, which does
not occur (Mostafa et al. 2014Db).

Mattar et al. (2013) have also recently shown slow, gradual changes in the sensory
system during reaches in a velocity-dependent force-field. In their task, subjects had to learn
to reach to a straight-ahead target while velocity-dependent loads were applied on their
reaching limb during movement. Although their task does not produce the cross-sensory
error signal discussed above, subjects showed significant changes in reaching performance
and sensory estimates of limb motion following training, suggesting that perturbing limb

dynamics also leads to gradual changes in the sensory system. It is interesting to note that the
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sensory changes found by Mattar et al. (2013) following 150 trials were much smaller than
those seen in the current study (e.g. only about 16% of the magnitude of the motor changes
compared to the 40-60% seen in the current study). These different results between
paradigms may arise due to differences in sensory coding for position versus movement
sense (Allen and Proske, 2006), as Mattar et al. (2013) assessed proprioceptive estimates of
hand motion, rather than assessing final hand position as we did in the current study. As
well, differences may arise due to the cross-sensory error signal driving sensory changes to a
greater extent than force perturbations alone, which creates a conflict between the expected
sensory feedback and motor output (i.e. sensorimotor error signal) (Sarlegna and Bernier,
2010). In the future, it may be of interest to assess whether there is an additive contribution
from both a cross-sensory error signal and sensorimotor error signal experienced in force
perturbations to sensory changes, or whether these signals merely drive sensory recalibration
to different extents.

The changes in sensory estimates over time in the paradigm by Mattar et al. (2013)
were compared to changes in reaches on trials in which the force perturbation was present.
Mattar et al. found very rapid changes in reaches across the reach training trials. However,
trials in which the perturbation is present may capture explicit rather than implicit adaptive
processes (Weiner et al., 1983; Pisella et al., 2004; Redding et al., 2005). In the present
experiment we focused on assessing reach adaptation through aftereffect trials. Although we
used aftereffect trials to assess reach adaptation as opposed to reach training trials used by
Mattar, our results are similar. Again, our results showed very rapid changes in the motor
system following as few as 5 reach training trials with the rotated visual feedback. However,

we found that these changes decayed fairly quickly, as reach adaptation assessed after the
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proprioceptive estimation trials (which took approximately 5 minutes to complete) was
significantly less than adaptation assessed immediately following reach training trials. A
similar decay in motor changes was also found in a control experiment in which the
proprioceptive estimation task was replaced with a 5 minute stationary rest interval,
suggesting that a 5 minute interval results in reach adaptation decay, regardless of whether
subjects complete a proprioceptive estimation task or rest quietly during this time. We
suggest that this difference in reaching performance between the two intervals reflects
differing contributions of two separate processes to reaching performance, as put forth by
Smith et al. (2006) and Redding and Wallace (1996, 2000, 2002, 2003, 2006). Reach
performance immediately following reach training may involve a greater contribution from
the faster (strategic) learning mechanism which quickly decays, compared to reach
performance following a 5 minute rest interval, which may be reflective of a slower
(implicit) error-based learning mechanism.

We found that proprioceptive changes were much slower to arise in comparison to
reach adaptation as assessed by aftereffect trials. Based on these results we conclude that
proprioceptive recalibration and reach adaptation arise due to distinct neural processes.
Mattar et al. (2013) also found similar findings, such that reach adaptation occurred earlier
during training in a velocity dependent force-field, with a significantly greater rate of
change, as compared to sensory changes. However, they concluded that motor changes occur
earlier and therefore drive changes in the sensory system during adaptation. The different
interpretations of similar data are hard to reconcile. Recent research from their lab has found
that improving subjects’ ability to estimate the movement direction of their limb in space

(i.e. perceptual testing) improved both the rate and extent of reach adaptation in subsequent
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training trials within a velocity-dependent force-field (Darainy et al., 2013). Additionally,
perceptual testing was found to produce changes to frontal motor areas of the brain which
were not involved in motor adaptation (Vahdat et al., 2014). Based on these results, Ostry
and colleagues have changed the manner in which they interpret their findings. In particular,
they now suggest that while motor adaptation may arise before sensory changes, as shown
by Mattar et al. (2013), sensory changes may directly contribute to a portion of motor
adaptation during force-field adaptation and do not speak of motor adaptation driving
sensory changes.

Work using a visuomotor distortion supports the notion that sensory changes may
contribute to motor changes under specific circumstances (Cressman and Henriques, 2010;
Salomonczyk et al., 2013). However, the contribution of sensory changes to motor changes
has been shown to be minimal, suggesting that while proprioceptive recalibration may
contribute to reach adaptation, it is not primarily responsible for reach adaptation. Moreover,
recent research from our lab has provided additional evidence for reach adaptation and
proprioceptive recalibration being distinct processes. For example, bimanual transfer from
the trained to the untrained hand for reach adaptation and proprioceptive recalibration has
been shown to results in different generalization patterns. Specifically, Mostafa et al.
(2014b) found that reach adaptation transfers from the trained to the untrained hand, while
proprioceptive recalibration does not. Mostafa et al. (2014a) also showed that there was
complete generalization of reach errors to novel targets at various distances, but only partial
generalization of proprioceptive estimates to the same targets following training with a
rotated cursor. Specifically, subjects’ estimates of hand position did not shift to the same

extent when they indicated the felt position of their hand relative to a far novel target, as
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compared to relative to the trained and close novel targets, while reach adaptation was
similar in magnitude to targets at all distances. Pilot data from our lab has also found
different generalization patterns for reach adaptation and proprioceptive recalibration.
Specifically, we have found that subjects demonstrate substantial generalization of
proprioceptive estimates across the workspace to novel targets in new directions, while reach
adaptation appears to be specific to the trained movement direction. In conjunction with the
current study’s finding, these experiments provide evidence that different neural processes
give rise to reach adaptation and proprioceptive recalibration during reaches with distorted
visual feedback of the hand.

Overall, we find that the sensory system is more robust and resistant to change in
comparison to the motor system. Motor adaptation in response to a novel visual environment
IS a very common occurrence in everyday activities (e.g. adjusting to novel mouse-computer
interfaces), perhaps contributing to its quick occurrence. On the other hand, humans rarely
experience situations in which they are required to update the perceived position of their
limbs, and thus this process requires a greater degree of interaction with the novel visual
environment. Based on the different time courses for sensory and motor changes observed in
the present study we also suggest that motor and sensory changes arise due to distinct neural
processes during training with distorted visual feedback of the hand. Thus, regimens used to
treat individuals with sensorimotor dysfunction should consider spending more time on
sensory or perceptual training compared to motor training, and should cater their tasks to
specifically target the system (e.g. motor or sensory) which requires most attention, rather

than using a one-size-fits-all program for rehabilitation.

81



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

References

Allen, T.J. and Proske, U. (2006). Effect of muscle fatigue on the sense of limb position and
movement. Experimental Brain Research, 170(1), 30-38.

Baraduc, P. and Wolpert, D.M. (2002). Adaptation to a visuomotor shift depends on the
startingposture. Journal of Neurophysiology, 88, 973-981.

Barkley, V., Salomonczyk, D., Cressman, E.K., and Henriques, D. (2014). Reach adaptation
and proprioceptive recalibration following terminal visual feedback of the hand.
Frontiers in Human Neuroscience, 8:705.

Benson, B.L., Anguera, J.A., and Seidler, R.D. (2011). A spatial explicit strategy reduces
error but interferes with sensorimotor adaptation. Journal of Neurophysiology, 105,
2843-2851.

Bernier, P. M., Chua, R., Bard, C., and Franks, I. M. (2006). Updating of an internal model
without proprioception: A deafferentation study. Neuroreport, 17, 1421-1425.

Berniker, M., and Kording, K. (2008). Estimating the sources of motor errors for adaptation
and generalization. Nature Neuroscience, 11, 1454-1461.

Bhatnagar, S. (2002). Neuroscience for the study of communicative disorders. (2" edition).
Philadelphia: Lippincott Williams and Wilkins.

Bock, O., Schenider, S., and Bloomberg, J. (2001). Conditions for interference versus
facilitation during sequential sensorimotor adaptation. Experimental Brain Research,
138(3), 359-365.

Bock, O. and Thomas, M. (2011). Proprioception plays a different role for sensorimotor

adaptation to different distortions. Human Movement Science, 30(3), 415-423.

82



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Block, H.J. and Bastian, A.J. (2012). Cerebellar involvement in motor but not sensory
adaptation. Neuropsychologia, 50, 1766-1775.

Buch, E.R., Young, S., and Contreras-Vidal, J.L. (2003). Visuomotor adaptation in normal
aging. Learning and Memory, 10, 55-63.

Caithness, G., Osu, R., Bays, P., Chase, H., Klassen, J., Kawato, M., Wolpert, D.M., and
Flanagan, J.R. (2004). Failure to consolidate the consolidation theory of learning for
sensorimotor adaptation tasks. Journal of Neuroscience, 24, 8662-8671.

Cohen, H. (1999). Neuroscience for rehabilitation. (2" edition). Philadelphia: Lippincott
Williams and Wilkins.

Craske, B. and Gregg, S.J. (1966). Prism after-effects: identical results for visual targets and
unexposed limb. Nature, 212(5057), 104-105.

Cressman, E.K. and Henriques, D.Y. (2009) Sensory recalibration of hand position
following visuomotor adaptation. Journal of Neurophysiology, 102(6), 3505-3518.

Cressman, E.K. and Henriques, D.Y. (2010). Reach adaptation and proprioceptive
recalibration following exposure to misaligned sensory input. Journal of
Neurophysiology, 103, 1888- 1895.

Cressman, E. K., Salomonczyk, D., and Henriques, D.Y. (2010). Visuomotor adaptation and
proprioceptive recalibration in older adults. Experimental Brain Research, 205, 533-
544,

Crowe, A., Keesen, W., Kuus, W., van Vilet, R., and Zegeling, A. (1987). Proprioceptive
accuracy in two dimensions. Perceptual Motor Skills, 64(3 Pt 1), 831-846.

Curcio, C.A., Sloan, K.R., Klaina, R.E., and Hendrickson, A.E. (1990). Human

photoreceptor topography. Journal of Comparative Neurology, 292(4), 497-523.

83



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Darainy, M., Vahdat, S., and Ostry, D.J. (2013). Perceptual learning in sensorimotor
adaptation. Journal of Neurophysiology, 110, 2152-2162.

Desmurget, M., Pelisson, D., Rossetti, Y., and Prablanc, C. (1998). From eye to hand:
planning goal-directed movements. Neuroscience and Biobehavioral Reviews, 22(6),
761-788.

Diedrichsen, J., White, O., Newman, D., and Lally, N. (2010). Use-dependent and error
based learning of motor behaviors. The Journal of Neuroscience, 30(15), 5159-5166.

Efstathiou, A. and Held, R. (1964). Crossmodal transfer of adaptation to eye-hand
rearrangement. Paper read at Eastern Psychological Association, Philadelphia.

Ernst, M. and Banks, M. (2002). Humans integrate visual and haptic information in a
statistically optimal fashion. Nature, 415, 429-433.

Flanders, M., Tillery, S.I., and Soechting, J.F. (1992). Early stages in a sensorimotor
transformation. Behavioural and Brain Sciences, 15(2), 209-320.

Ghez, C., Gordon, J., and Ghilardi, M.F. (1995). Impairments of reaching movements in
patients without proprioception. Il. Effects of visual information on accuracy.
Journal of Neurophysiology, 73(1), 361-372.

Goodale, M.A., and Milner, A.D. (1992). Separate visual pathways for perception and
action. Trends in Neurosciences, 15(1), 20-25.

Gordon, J. and Ghez, C. (1991). Muscle receptors and spinal reflexes. The stretch reflex. In
E.R. Kandel, J.H. Schwartz, and T.M. Jessel (Eds.), Principles of neural science (3"
ed.) (pp. 564-580). Amsterdam: Elsevier.

Haggard, P., Newman, C., Blundell, J., and Andrew, H. (2000). The perceived position of

the hand in space. Perception and Psychophysics, 68(2), 363-377.

84



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Hallett, M., Pascual-Leone, A., and Topka, H. (1996). In J.R. Bloedel, T.J. Ebner and S.P.
Wise (Eds.), The Acquisition of Motor Behavior in Vertebrates (pp. 289-301).
Cambridge: MIT Press.

Harris, C.S. (1963). Adaptation to displaced vision: Visual, motor, or proprioceptive change?
Science, 140, 812-813.

Harris, C.S. (1965). Perceptual adaptation to inverted, reversed, and displaced Vision.
Psychological Review, 72(6), 419-444.

Hatada, Y., Miall, R.C., and Rossetti, Y. (2006). Long lasting after-effect of a single prism
adaptation: Directionally biased shift in proprioception and late onset shift of internal
egocentric reference frame. Experimental Brain Research, 174(1), 189-198.

Hay, J. C., and Pick, H. L. Jr. (1966). Visual and proprioceptive adaptation to optical
displacement of the visual stimulus. Journal of Experimental Psychology, 71(1),
150-158.

Held, R. (1965). Plasticity in sensory-motor systems. Scientific American, 213(5), 84-94.
Henriques, D.Y. and Soechting, J.F. (2003). Bias and sensitivity in haptic perception
of geometry. Experimental Brain Research, 150(1), 95-108.

Henriques, D.Y. and Cressman, E.K. (2012). Visuomotor adaptation and proprioceptive
recalibration. Journal of Motor Behavior, 44(6), 435-444.

Huang, V. S., Haith, A., Mazzoni, P., and Krakauer, J. W. (2011). Rethinking motor learning
and savings in adaptation paradigms: Model-free memory for successful actions

combines with internal models. Neuron, 70(4), 787-801.

85



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Ingram, H.A., van Donkelaar, P., Cole, J., Vercher, J.L., Gauthier, G.M., and Miall, R.C.
(2000). The role of proprioception and attention in a visuomotor adaptation task.
Experimental Brain Research, 132(1), 114-126.

Izawa, J., Criscimagna-Hemminger, S.E., and Shadmehr, R. (2012). Cerebellar contributions
to reach adaptation and learning sensory consequences of action. Journal of
Neuroscience, 32(12), 4230-4239.

Jeannerod, M. (1988). The Neural and Behavioural Organization of Goal-Directed
Movements. Oxford, UK: Clarendon Press.

Jeannerod, M. (2003). Action Monitoring and Forward Control of Movements. In: Michael
Arbib (Ed.), Brain Theory and Neural Networks (2" Edition). Cambridge, Mass.

Jones, S.A., Cressman, E.K., and Henriques, D.Y. (2010). Proprioceptive localization of the
left and right hands. Experimental Brain Research, 204(3), 373-383.

Kesten, H. (1958). Accelerated stochastic approximation. The Annals of Mathematical
Statistics, 29(1), 41-59.

Krakauer, J.W., Ghilardi, M.F., and Ghez, C. (1999). Independent learning of internal
models for kinematic and dynamic control of reaching. Nature Neuroscience, 2(11),
1026-1031.

Krakauer, J.W., Pine, Z.M., Ghilardi, M.F., and Ghez, C. (2000). Learning of visuomotor
transformations for vectorial planning of reaching trajectories. Journal of
Neuroscience, 20(23),8916-8924.

Krakauer, J.W., Ghez, C., and Ghilardi, M.F. (2005). Adaptation to visuomotor
transformations: Consolidation, interference, and forgetting. Journal of

Neuroscience, 25(2), 473-478.

86



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Krakauer, J.W. (2009). Motor learning and consolidation: The case of visuomotor rotation.
Advances in Experimental Medicine and Biology, 629, 4-5-421.

Kroger, B.J., Kopp, S., and Lowit, A. (2010). A model for production, perception, and
acquisition of actions in face-to-face communication. Cognitive Processing, 11(3),
187-205.

Klassen, J., Tong, C., and Flanagan, J.R. (2005). Learning and recall of incremental
kinematic and dynamic sensorimotor transformations. Experimental Brain Research,
164(2), 250-259.

Larish, D.D., Volp, C.M. and Wallace, S.A. (1984). An empirical note on attaining a spatial
target after distorting the initial conditions of movement via muscle vibration.
Journal of Motor Behavior, 16(1), 76-83.

Malfait, N. and Ostry, D.J. (2004). Is interlimb transfer of force-field adaptation a cognitive
response to the sudden introduction of load? Journal of Neuroscience, 24(37), 8084-
8089.

Martin, T.A., Keating, J.G., Goodkin, H.P., Bastian, A.J., and Thach, W.T. (1996).
Throwing while looking through prisms. Il. Specificity and storage of multiple gaze
throw calibrations. Brain, 119(4), 1199-1211.

Miall, R.C. and Wolpert, D.M. (1996). Forward Models for Physiological Motor Control.
Neural Networks, 9(8), 1265-1279.

Mostafa, A.A., Kamran-Disfani, R., Bahari-Kashani, G., Cressman, E.K., and Henriques,
D.Y. (2014a). Generalization of reach adaptation and proprioceptive recalibration at

different distances in the workspace. Experimental Brain Research, 233(3), 817-827.

87



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Mostafa, A.A., Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2014b).
Intermanual transfer and proprioceptive recalibration following training with
translated visual feedback of the hand. Experimental Brain Research, 232(6), 1639.

Neva, J.L. and Henriques, D.Y. (2013). Visuomotor adaptation and generalization with
repeated and varied training. Experimental Brain Research, 226(3), 363-372.

Nourouzpour, N., Salomonczyk, D., Cressman, E.K., Henriques, D.Y. (2015). Retention of
proprioceptive recalibration following visuomotor adaptation. Experimental Brain
Research, 233(3), 1019-1029.

Oldfield, R.C. (1971). The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia, 9, 97-113.

Ostry, D.J., Darainy, M., Mattar, A.A., Wong, J., and Gribble, P.L. (2010). Somatosensory
plasticity and motor learning. Journal of Neuroscience, 30(15), 5384-5393.

Mattar, A.A., Nasir, S.M., Darainy, M., and Ostry, D.J. (2011). Sensory change following
motor learning. Progress in Brain Research, 191, 31-44.

Mattar, A.A., Darainy, M., and Ostry, D.J. (2013). Motor learning and its sensory effects:
time course of perceptual change and its presence with gradual introduction of load.
Journal of Neurophysiology, 109(3), 782-791.

Pearson, K. and Gordon, J. (2000). Locomotion. In E.R. Kandel, J.H. Schwartz, and T.M.
Jessel (Eds.), Principles of neural science (pp. 739-755). New York: McGraw Hill.

Pisella, L., Michel, C., Grea, H., Tilikete, C., Vighetto, A., and Rossetti, Y. (2004).
Preserved prism adaptation in bilateral optic ataxia: strategic versus adaptive reaction

to prisms. Experimental Brain Research, 156(4), 399-408.

88



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Rabe, K., Livine, O., Gizewski, E.R., Aurich, V., Beck, A., Timmann, D., and Donchin, O.
(2009). Adaptation to visuomotor rotation and force-field perturbation is correlated to
different brain areas in patients with cerebellar degeneration. Journal of
Neurophysiology, 101(4), 1961-1971.

Redding, G. M. and Wallace, B. (1988). Adaptive mechanisms in perceptual-motor
coordination: Components of prism adaptation. Journal of Motor Behavior, 20(3),
242-254.

Redding G.M. and Wallace, B. (1993). Adaptive coordination and alignment of eye and
hand. Journal of Motor Behavior, 25(2), 75-88.

Redding G.M. and Wallace, B. (1996). Adaptive spatial alignment and strategic perceptual
motor control. Journal of Experimental Psychology: Human Perception and
Performance, 22(2), 379-394.

Redding G.M. and Wallace, B. (2002). Strategic calibration and spatial alignment: A model
from prism adaptation. Journal of Motor Behavior, 33(2), 401-412.

Redding G.M. and Wallace, B. (2003). Dual prism adaptation: Calibration or alignment?
Journal of Motor Behavior, 35(4), 399-408.

Redding, G. M. and Wallace, B. (2006). Generalization of prism adaptation. Journal of
Experimental Psychology: Human Perception and Performance, 32(4), 1006-1022.

Redding, G.M., Rossetti, Y. and Wallace, B. (2005). Applications of prism adaptation: a
tutorial in theory and method. Neuroscience and Biobehavioral Reviews, 29(3), 431-

444,

89



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Rossetti, Y., Koga, S., and Mano, T. (1993). Prismatic displacement of vision induces
transient changes in the timing of eye-hand coordination. Perception and
Psychophysics, 5(3), 355-364.

Sainburg, R.L. and Wang, J. (2002). Interlimb transfer of visuomotor rotations:
Independence of direction and final position information. Experimental Brain
Research, 145(4), 437-447.

Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2011). Proprioceptive recalibration
following prolonged training and increasing distortions in visuomotor adaptation.
Neuropsychologia, 49(11), 3053-3062.

Salomonczyk, D., Henriques, D.Y., and Cressman, E.K. (2012). Proprioceptive recalibration
in the right and left hands following abrupt visuomotor adaptation. Experimental
Brain Research, 217(2), 187-196.

Salomonczyk, D., Cressman, E.K., and Henriques, D.Y. (2013). The role of the cross
sensory error signal in visuomotor adaptation. Experimental Brain Research, 228(3),
313-325.

Sarlegna, F.R. and Bernier, P.M. (2010). On the link between sensorimotor adaptation and
sensory recalibration. Journal of Neuroscience, 30(35), 11555-11557.

Scheidt, R.A., Dingwell, J.B., and Mussa-Ivaldi, F.A. (2001). Learning to move amid
uncertainty. Journal of Neurophysiology, 86(2), 971-985.

Schmidt, R. and Lee, T. (2011). Motor control and learning: A behavioral emphasis (5th

edition). Champaign. Il: Human Kinetics Publishers.

90



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Simani, M.C., McGuire, L.M., and Sabes, P.N. (2007). Visual-shift adaptation is composed
of separable sensory and task-dependent effects. Journal of Neurophysiology, 98(5),
2827-2841.

Shadmehr, R. and Mussa-Ivaldi, F. (1994). Adaptive representation of dynamics during
learning of a motor task. Journal of Neuroscience, 14(5), 3208-3224.

Shadmehr, R. and Krakauer, J.W. (2008). A computational neuroanatomy for motor control.
Experimental Brain Research, 185(3), 359-381.

Shadhmehr, R., Smith, M.A., and Krakauer, J.W. (2010) Error correction, sensory
prediction, and adaptation in motor control. Annual Review of Neuroscience, 33, 89-
108.

Smith, M.A., Ghazizadeh, A., and Shadmehr, R. (2006). Interacting adaptive processes with
different timescales underlie short-term motor learning. PLoS Biology, 4(6), e179.

Synofzik, M., Thier, P., and Lindner, A. (2006). Internalizing agency of self-action:
perception of one’s own hand movements depends on an adaptable prediction about
the sensory action outcome. Journal of Neurophysiology, 96(3), 1592-1601.

Synofzik, M., Lindner, A., and Thier, P. (2008). The cerebellum updates predictions about
the visual consequences of one’s behavior. Current Biology, 18(11), 814-818.

Taylor, J.A. and Ivry, R.B. (2011). Flexible cognitive strategies during motor learning. PL0S
Computational Biology, 7(3), €10001096.

Taylor, J.A., Krakauer, J.W., and Ivry, R.B. (2014). Explicit and implicit contributions to
learning in a sensorimotor adaptation task. Journal of Neuroscience, 34(8), 3023-

3032.

91



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Tong, C., Wolpert, D.M., and Flanagan, J.R. (2002). Kinematics and dynamics are not
represented independently in motor working memory: Evidence from an interference
study. Journal of Neuroscience, 22(3), 1108-1113.

Treutwein, B. (1995). Adaptive psychophysical procedures. Vision Research, 35(17), 2503-
2522.

Tseng, Y.W., Diedrichsen, J., Krakauer, J.W., Shadmehr, R., Bastian, A.J. (2007). Sensory
prediction errors drive cerebellum-dependent adaptation of reaching. Journal of
Neurophysiology, 98(1), 54-62.

Ungerleider, L. G. and Mishkin, M. (1982). Two Cortical Visual Systems. In D. J. Ingle, M.
A. Goodale and R. J. W. Mansfield (Eds.), Analysis of Visual Behavior (pp. 549-
586). Cambridge: MIT Press.

Vahdat, S,. Darainy, M., Milner, T.E., and Ostry, D.J. (2011). Functionally specific changes
in resting-state sensorimotor networks after motor learning. Journal of
Neuroscience,31(47), 16907-16915.

Vahdat, S., Darainy, M., and Ostry, D.J. (2014). Structure of plasticity in human sensory and
motor networks due to perceptual learning. Journal of Neuroscience, 34(7), 2451-
2463.

van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1998). The precision of
proprioceptive position sense. Experimental Brain Research, 122(4), 367-377.

Vetter, P., Goodbody, S.J., and Wolpert, D.M. (1999). Evidence for an eye-centered
spherical representation of the visuomotor map. Neurophysiology, 81(2), 935-939.

VVon Helmholtz, H.E.F. (1962). Treatise on physiological optics. J. P. C. Southall, Ed. and

Trans. New York: Dover. (Original work published in 1909).

92



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Wei, K., and Kording, K. (2009). Relevance of error: what drives motor adaptation? Journal
of Neurophysiology, 101(2), 655-664.

Weiner, M.J., Hallet, M., and Funkenstein, H.H. (1983). Adaptation to lateral displacement
of vision in patients with lesions of the central nervous system. Neurology, 33(6),
766-772.

Wilson, E.T., Wong, J., and Gribble, P.L. (2010). Mapping proprioception across a 2D
horizontal workspace. PLoS One, 5(7), e11851.

Wolpert, D.M., Ghahramani, Z. and Jordan, M.I. (1995a). An internal model for
sensorimotor integration. Science, 269(5232), 1880-1882.

Wolpert, D.M., Ghahramani, Z. and Jordan, M.I. (1995b). Are arm trajectories planned in
kinematic or dynamic coordinates? An adaptation study. Experimental Brain
Research,103(3), 460-470.

Wolpert, D.M., Ghahramani, Z., and Flanagan, J.R. (2001). Perspectives and problems in
motor learning. Trends in Cognitive Science, 5(11), 487-494.

Wolpert, D.M. and Kawato, M. (1998). Multiple paired forward and inverse models for
motor control. Neural Networks, 11(7-8), 1317-1329.

Wong, T. and Henriques, D.Y. (2009). Visuomotor adaptation does not recalibrate
kinesthetic sense of hand path. Journal of Neurophysiology, 101, 614-623.

Woodworth, R.S. (1899). The accuracy of voluntary movement. Psychological Review, 3(3),
1-119.

Yamamoto, K., Hoffman, D.S., and Strick, P.L. (2006). Rapid and long-lasting plasticity of

input output mapping. Journal of Neurophysiology, 96(5), 2797-2801.

93



PROPRIOCEPTIVE RECALIBRATION AND REACH ADAPTATION TIME COURSES

Appendix A
Edinburgh Handedness Inventory (Oldfield, 1971)

Name: Date:

Please indicate with a check (v") your preference in using your left or right hand in the
following tasks.

Where the preference is so strong you would never use the other hand, unless absolutely
forced to, put two checks (v'v).

If you are indifferent, put one check in each column (v'|v).

Some of the activities require both hands. In these cases, the part of the task or object for
which hand preference is wanted is indicated in parentheses.

Task / Object Left Hand Right Hand

. Writing

. Drawing

. Throwing

. Scissors
. Toothbrush
. Knife (without fork)

. Spoon

. Broom (upper hand)
. Striking a Match (match)
10. Opening a Box (lid)
Total checks: | LH = RH =
Cumulative Total | CT=LH +RH =
Difference | D=RH -LH =

Result | R=(D/CT) x 100 =

Interpretation:

(Left Handed: R < -40)
(Ambidextrous: -40 < R < +40)
(Right Handed: R > +40)

O | O N o | DWW
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Appendix C

Background information and consent form

Motor adaptation and sensory recalibration

Supervisor: Dr. Erin Cressman,
Assistant Professor,
Montpetit Hall, Room 360
School of Human Kinetics, University of Ottawa
Ottawa, Ontario, KIN 6N5

Principal Investigator:
Jesse Lombardo, 4™ Year Honours Project, School of Human Kinetics, University of Ottawa
Basel Zbib, MSc Student, School of Human Kinetics, University of Ottawa

Funding: National Science and Engineering Research Council (NSERC)

Background

Most of us perform goal directed actions — i.e. reaching for a cup of coffee — without thought
or effort. It is only after something goes wrong (i.e. damage to part of the brain), that we
begin to appreciate how complex a job the brain has in transforming sensory signals (e.g.
visual input) into appropriate action plans. The overall goal of the research being undertaken
in my laboratory is to understand how the brain transforms sensory input into motor output
in the “healthy” brain. This research has important implications for people suffering from
neurological disorders, as it is only after we gain a fundamental understanding of the normal
mechanisms underlying goal directed action that we can begin to design effective
rehabilitation programs, targeted at individuals with damage to certain areas of the brain.
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Purpose

The purpose of this research is to determine how the brain combines multiple sources of
sensory information so that it can plan an appropriate movement and form a coherent
estimate of where the limb is in space. In particular we are looking at the integration of
visual and proprioceptive information in the brain, where proprioceptive input arises from
sensory receptors inside the body that enable us to localize various parts of the body in
relation to each other (e.g. proprioception is the sense that allows you to touch your index
finger to your nose when your eyes are closed).

Subject Profile

To be a participant you must be a right-handed, healthy (no history of neurological, and/or
motor dysfunction) adult with normal or corrected to normal visual function, aged between
16 and 40 years.

Study Procedures

In order to examine how visual and proprioceptive inputs are integrated in the brain you will
be asked to point to targets (i.e. a visual dot) with your right/left hand and indicate where
your hand is relative to a target (i.e. left or right). Your task will be to move and report your
position as accurately as possible to the target. In order to record your hand movement, you
will hold onto a robot handle (KINARM, Kingston, ON, Canada). We do not need to do any
preparation of the skin. It is important to note that this robot system only captures the
position of the handle (it does not capture your image (i.e. personal features) in any form).

Experimental Session

The entire experiment will be completed in Room 403 in Monpetit Hall in two testing
sessions on different days, and each session will take between an hour and an hour and a half
to complete. Upon completion of the testing session the experimenter will provide
additional details on the visual information displayed and the hypothesized results.

Risks and discomforts
The risks involved in participating in this experiment are minimal. That is, the risks are no
greater than the risks experienced in everyday life. However, you might experience slight

fatigue, as you will be asked to maintain focused attention throughout the experiment and
perform multiple reaching movements. In attempt to ensure that you do not become
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fatigued, we have scheduled 5 minute breaks approximately every 15 minutes. As well,
please let us know if you require longer or more frequent periods of rest.

Benefits

Thank you for taking the time to participate in this study. While there are no direct benefits
to you from participating in this study, this research has important implications for people
suffering from neurological disorders. It is only after we gain a fundamental understanding
of the normal mechanisms underlying sensory guided action that we can begin to design
effective rehabilitation programs, targeted at individuals with damage to certain areas of the
brain.

Anonymity and Confidentiality

All information and data collected are coded to maintain confidentiality. Specifically, raw
data will be stored using an alphanumeric coding system so that no one will be able to
identify you as your name will not appear on these files. The data will be analyzed on
password protected computers that only the researchers directly involved in this study will
have access to. Once analyzed the data will be kept in Room 403, Montpetit Hall, in locked
filing cabinets and only the researchers directly involved in this study will have access to
your data.

No records bearing your name will leave the institution. You are encouraged to request and
discuss the results of the experimental trials at any time.

The data collected in this study will be published in scientific journals, as well as in a
University of Ottawa MSc thesis. The data will kept for a period of 10 years post-publication
and will subsequently be destroyed by the physical resources service of the University of
Ottawa.

For the entire duration of the study, it is fully understood that you may refuse to
participate or withdraw from the study at any time, without question. As well, you can
ask the researcher any question about any part of the research being conducted at any
time.

Data of participants who withdraw from the study will be destroyed immediately.
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INFORMED CONSENT OF PARTICIPANT

Research involving human subject require written consent of the participants.

I, , hereby volunteer to participate as a subject in the study
entitled “Motor adaptation and sensory recalibration”. | have read the information
presented in the above background information and | had the opportunity to ask questions to
the investigators. | understand that my participation in this study, or indeed any research,
may involve risks that are currently unforeseen.

| recognize that there will be no direct benefit to me from my participation in this study.

| understand that if I have any questions regarding the study, I may contact Dr. Erin
Cressman. If | have any questions or complaints with regards to the ethical conduct of this
study, I may contact the Protocol Officer for Ethics in Research, University of Ottawa,
Tabaret Hall, 550 Cumberland Street, Room 154, Ottawa, ON K1N 6N5, tel.: 613-562-5387,
email: ethics@uottawa.ca .

| have been given a copy of this Background Letter and Consent Form for me to keep.

Signature of participant: Date:

Signature of Researcher: Date:
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Research Summary/Debriefing text

The overall goals of this research are to examine how information from different sensory
systems is integrated in order to perform an accurate movement and form a coherent estimate
of where one’s limb is in space.

The specific goals of this experiment were to look at the impact of motor learning on sensory
recalibration (or sensory plasticity). To examine this, we had you reach to targets when
provided with false visual feedback of the hand (e.g. reaching to a target while seeing a
cursor that was rotated with respect to the hand’s actual location). We then had you (1) reach
to targets without any feedback to assess motor learning/adaptation, and (2) estimate where
you felt your hand was located in space to determine sensory recalibration of felt hand
position. Your results from the motor and sensory perceptual tasks will be compared in order
to determine whether the sense of hand position was recalibrated following motor
adaptation.

The second goal of the project was to examine generalization of motor and sensory changes.
Specifically, we examined how motor and sensory systems change when you moved from
novel start positions, to determine if the path your hand took influenced your perception of
its position.

After having been briefed on the purpose of this research, do you consent to have your data
included in this study?

Signature of participant: Date:

Signature of Researcher: Date:
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