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ABSTRACT 

Motor learning is a neurological process in which movement practice or 

experience leads to a change in motor behavior.  Prism adaptation (PA) is an early 

form of one type of motor learning, in which motor patterns change due to a 

displacement of visual information.  During PA people perform a visuomotor task 

(e.g., reaching or throwing to a target) while wearing prism lenses over the eyes.  

Initial performance errors, occurring in the direction of the prism shift, are corrected 

through trial and error practice.  When the prisms are subsequently removed, errors 

occur in the opposite direction and are known as aftereffects.  Aftereffects indicate 

that the adaptation has been stored by the central nervous system. 

  PA has been shown to generalize (i.e., transfer to untrained contexts) in some 

cases, but not all.  In addition, PA has been shown to improve the symptoms of some 

patients with the neuropathology known as neglect, a disorder of spatial 

representations in which patients fail to detect stimuli in the contralesional hemispace.  

Neglect can occur in allocentric (world-centered) or egocentric (self-centered) spatial 

reference frames or both.  Interestingly however, most intervention studies using PA 

treatment have not evaluated its efficacy differentially with respect to these.  

In order for PA treatment to be beneficial there must be adequate 

generalization to the reference frames (e.g., allocentric, egocentric) affected by the 

disorder.  To determine how PA generalizes with respect to these spatial reference 



 x 

frames, healthy participants adapted to rightward displacing prisms by throwing a ball 

at a target while in either a seated or side-lying position.  Following adaptation 

participants rotated to the alternate position and were tested for aftereffects. The 

rotation decoupled the allocentric and egocentric reference frames, and the direction of 

the aftereffects was used to determine the reference frame of PA generalization. 

During PA internal models of motor control are modified in response to a 

visual sensory prediction error that may be represented in either allocentric or 

egocentric coordinates, or both.  Therefore aftereffects could have appeared along the 

same axis as the initial visual displacement (allocentric generalization), along the axis 

perpendicular to this (egocentric generalization), or in the region between these two 

axes (mixed generalization). 

Results showed that when participants adapted their throwing to prisms while 

in a seated position, significant aftereffects appeared when side-lying, and they were 

expressed egocentrically.  This egocentric generalization suggests PA may only be 

effective for treating egocentric forms of neglect.  Surprisingly however, participants 

who adapted while lying on their side showed no significant aftereffects, in either 

reference frame, when tested in the seated position (i.e., the adaptation did not transfer 

from side-lying to seated).  This lack of transfer suggests that adaptation during side-

lying throwing was context specific, and this may have been due to the novelty of the 

throwing position. 
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Chapter 1 

INTRODUCTION 

1.1 Internal Models for Motor Control and Motor Learning 

1.1.1 Motor Control 

Motor control refers to the processes within the central nervous system (CNS) 

that are responsible for coordinated and purposeful movement.  Fundamental to motor 

control is the successful integration of motor apparatus with sensory information 

received from multiple modalities regarding the current state of the world and of the 

body.  The CNS receives this sensory information from receptors located in the 

peripheral nervous system and uses it to plan movements and correct movement 

errors.  For example, reaching movements can be corrected based on either 

proprioceptive or visual feedback, or both.  However, because of delays caused by 

sensory transmission time, this feedback is only effective in correcting motor errors 

during ongoing movements if the movement is relatively slow (Imamizu et al. 1995; 

Shadmehr et al. 2010).  Thus, because of our demonstrated ability to perform fast 

movements that are highly accurate, the CNS must have some way to control 

movement through predictive mechanisms (Shadmehr et al. 2010; Wolpert and Miall 

1996). 

A prominent theory in the field of motor control that explains predictive 

control states that movement is planned, controlled, and learned through the use of 

internal models, defined as neural representations that mimic sensory to motor 
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transformations and their inverses (Kawato 1999; Scott and Norman 2003; Wolpert 

and Ghahramani 2000; Wolpert et al. 1998).  There are two types of internal models: 

forward and inverse. Inverse models are used to determine the motor commands 

needed to accomplish a desired movement given current sensory input (Kawato 1999; 

Wolpert et al. 1998).  Forward models are used to predict the consequences of the 

motor output (Shadmehr et al. 2010; Wolpert and Miall 1996).  

Motor behavior is controlled by both inverse and forward models.  Inverse 

models control movement in a feed-forward manner through the issuance of motor 

commands.  Forward models control movement by providing feedback to the inverse 

model.  Specifically, forward models combine information regarding the current state 

of the system with efference copies of motor commands to form predictions about the 

sensory consequences of motor output.  This information is fed back into the inverse 

model where it is used to control movement in a feed-forward manner (Shadmehr et 

al. 2010; Wolpert and Ghahramani 2000; Wolpert and Miall 1996).  One benefit of 

forward models is that they provide feedback to the inverse model that arrives more 

quickly than feedback from the peripheral nervous system.  This forward feedback 

cycle is especially important for the control of fast movements (Imamizu et al. 1995; 

Shadmehr et al. 2010).  Another benefit is that forward models can be used to adapt 

inverse models to changes in the body or environment, through the comparison of 

predicted sensory feedback with actual sensory feedback (Shadmehr et al. 2010; Tseng 

et al. 2007). 

1.1.2 Motor Learning 

Motor learning can be defined as a neurological process, brought about 

through experience and practice, that leads to a relatively permanent change in one’s 
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ability to perform a motor task (Salmoni et al. 1984).  As such, it is an important part 

of development, skill acquisition, and rehabilitation.  The motor learning process 

culminates in simultaneous formation of the forward and inverse internal models that 

are subsequently used to control motor behavior (Flanagan et al. 2003; Kawato 1999; 

Wolpert et al. 1998).  

Motor adaptation, considered to be the early stage of an error-based form of 

motor learning, refers to the adjustment of a previously acquired motor behavior in 

response to an actual or perceived change in the body or environment (Krakauer and 

Mazzoni 2011; Martin et al. 1996; Reisman et al. 2005).  In contrast to motor learning, 

adaptation occurs relatively quickly and can be short term.  Motor adaptation is driven 

by a neurophysiological error signal (Kawato 1999; Shadmehr and Krakauer 2008) 

that is generated as a result of a mismatch between the actual sensory feedback and the 

sensory feedback predicted by the forward internal model associated with a particular 

movement (Wolpert and Miall 1996).  This error signal triggers updating of 

subsequent outgoing motor plans that will reduce the error (Wolpert and Ghahramani 

2000) and is part of an iterative process that occurs with trial repetition until the actual 

and predicted sensory feedback match (Shadmehr et al. 2010; Tseng et al. 2007).  

Once corrected, repeated performance of the movement leads to storage of the 

new motor pattern.  This storage is demonstrated through the presence of aftereffects, 

defined as movement errors that are initially directed opposite to the original 

perturbation once the perturbation is removed (Shadmehr and Mussa-Ivaldi 1994; 

Wallace and Redding 1979; Weiner et al. 1983; Welch 1974).  The existence of 

aftereffects is consistent with the notion that the process of motor adaptation results in 

the modification of an inverse internal model that is then used to control subsequent 
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movement in a feed-forward manner (Imamizu et al. 1995; Shadmehr and Krakauer 

2008). 

An important aspect of both motor learning and motor adaptation is 

generalization, a term that refers to the ability of training in one context to transfer to 

other, untrained, contexts (Imamizu et al. 1995; Krakauer et al. 2006; Latash 1999; 

Wolpert and Miall 1996).  Examples of generalization might be the ability to ride a 

mountain bike off road subsequent to learning how to ride a street bike, or the transfer 

of balancing skills developed while surfing to a new context such as snowboarding. 

Generalization occurs continuously throughout life and contributes to our ability to 

perform a large repertoire of motor behaviors in different contexts.  

Interestingly, the contextual cues around which generalization of motor 

learning occurs are not always obvious (Krakauer et al. 2006); however they can be 

probed for through experiments in which subjects learn a new motor behavior, and 

then specific aspects of their learning are tested for transfer to unpracticed movements 

or conditions.  This type of experiment is important for both basic and applied science. 

First, this knowledge can improve our overall understanding of how the CNS is 

functionally organized.  Further, from an applied perspective, it can be helpful for 

developing rehabilitative interventions.  For example, this information could be used 

to design simple, possibly single task, treatment protocols that improve performance 

on multiple tasks, provided the learning generalizes to the appropriate workspaces and 

movements.  One paradigm that has been used to study generalization of motor 

learning for both purposes (i.e. for both basic and applied science) is prism adaptation. 
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1.2 Prism Adaptation 

1.2.1 Paradigm and Generalization 

Prism adaptation (PA) is a visuomotor adaptation in which motor patterns 

change based on a distortion or displacement of visual information induced by 

prismatic lenses (Redding et al. 2005; Newport and Schenk 2012).  Adaptation to 

prisms was first discovered by Hermann von Helmholtz in the late 1880’s (Helmholtz 

1866, 1906/1962) and has been used extensively since then to study both sensorimotor 

organization and generalization of motor learning.  Most notable is Stratton’s (1897) 

series of experiments in which he only allowed himself to view the world through 

glasses designed to invert his visual field.  He wore the glasses for several days and at 

night covered his eyes with patches.  Regardless of the directional change imposed by 

the inverting lenses (either left to right or up to down), the results were the same - 

while initially his interaction with the environment was clumsy and effortful, within a 

few days, his movements became spontaneous.  In other words, his visuomotor system 

adapted.   

While Stratton’s visual inversion took days to adapt to, adaptation to visual 

displacement through simple movements can occur within minutes (Harris 1963) and 

has been used in hundreds of experiments since Stratton’s time.  Typically in these 

studies wedge prisms are used to displace vision laterally.  Initial movement errors in 

the direction of visual displacement are corrected through repeated performance of a 

simple task, such as reaching or pointing. If an adequate number of improved 

movements are performed, the adaptation is stored by the CNS.  That is, following 

removal of the prisms, aftereffects appear in the direction opposite of the prismatic 
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displacement indicating that the inverse internal model associated with the movement 

has been modified.  

Studies designed to investigate generalization of this form of motor learning 

have shown that in some instances PA is highly specific, while in other cases it is 

generalizable.  For example, it was shown that PA of reaching is velocity dependent 

(Kitazawa et al. 1997).  That is, adaptation transfers incompletely between fast and 

slow reaching, with the amount of transfer decreasing as the difference in velocity 

increases.  Additionally, ball-throwing adaptation to prisms was found to be specific to 

both the task and hand (Martin et al. 1996).  That is, little transfer occurs between 

overhand and underhand ball throwing, and training with the right hand does not 

transfer to the left.  In contrast, other studies have shown PA to generalize across both 

effectors and tasks.  Specifically, adaptation of pointing movements was shown to 

transfer from the arms to the legs (Savin and Morton 2008), and participants who 

adapted to prisms while walking demonstrated generalization to reaching (Morton and 

Bastian 2004).  Finally, in a study by Rossetti et al. (1998) it was shown that a brief 

session of PA using a pointing task and rightward deviating prism glasses improved 

the performance of patients with left hemispatial neglect on a standard battery of 

neuropsychological tests, suggesting PA may generalize in a manner that is useful in 

rehabilitation for neglect. 

1.2.2 Prism Adaptation as a Treatment for Neglect 

Neglect (also known as hemispatial neglect or unilateral neglect) is a broad 

term used to describe a wide spectrum of disorders in which patients demonstrate a 

lost or impaired ability to attend to stimuli presented in the contralesional hemispace.  

Neglect can affect different modalities including sensory (visual, auditory, tactile, 
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olfactory), motor (demonstrated as a reduced use or nonuse of a contralateral 

extremity), or representational (affecting internally generated images) (Plummer et al. 

2003), however it occurs independently of any sensory or motor deficits.  This lost or 

impaired ability is the result of a lesion (often in the right parietal and/or temporal 

lobe) caused by stroke, tumor, or other brain damage, and is considered to be a 

disorder specific to spatial representations (Brain, 1941; Gainotti et al. 1972; Kerkhoff 

2001).  Patients with large right-side lesions may have severe, chronic, and multi-

modal neglect that prevents independent living and return to former jobs (Kerkhoff 

2001).  

Since its introduction as an intervention, PA has been considered a promising 

treatment for neglect (Jacquin-Courtois et al. 2013; Mattingley 2002; Newport and 

Schenk 2012; Serino et al. 2007).  The original idea, as proposed by Rossetti et al. 

(1998), was that adaptation to prisms might ameliorate neglect symptoms by 

stimulating the neural structures involved in sensorimotor transformations.  Indeed, 

adaptation aftereffects resulted in improved performance on tasks such as line 

bisection, line cancelation, copying a simple drawing, drawing a daisy, and reading 

simple text.  Further, improvement was still shown two hours following adaptation.  

However, despite extensive research since then (e.g., over forty published PA 

treatment studies) the efficacy of PA remains unclear, as study results have been 

mixed (Barrett et al. 2012; Fasotti and van Kessel 2013; Newport and Schenk 2012).  

While there are many possible reasons for different experimental outcomes, including 

inconsistent methodology, one reason may be the heterogeneity of the disorder itself.  

Not only can neglect manifest in different modalities, but it also can affect different 

types of spatial reference frames broadly categorized as allocentric or egocentric.  
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1.3 Spatial Reference Frames 

1.3.1 Allocentric and Egocentric 

It is generally accepted that the brain represents space according to a 

coordinate type system, i.e., through the use of reference frames (Lacquaniti et al. 

1995; McCloskey 2001).  These spatial reference frames can be either allocentric (i.e., 

world-centered) or egocentric (i.e., self-centered) (Calvanio et al. 1987; Caramazza 

and Hillis 1990; Farah et al. 1990; Ota 2001; Walker 1995).  Allocentric frames of 

reference are centered on either the environment or specific objects within the 

environment and these reference frames are used to define where objects are in 

relationship to other objects in external (environment-based) space or where 

components are within an object (object-based space).  In contrast, egocentric frames 

of reference are projected from the individual and therefore define where objects are 

located relative to oneself, based on a specific body part, e.g. head-centered, trunk-

centered, etc. (Andersen et al. 1997; Burgess 2008; Galati et al. 2000). 

It has been suggested that different brain regions use allocentric and egocentric 

spatial reference frames for different purposes.  For example, in a model by Goodale 

and Milner (1992), it was proposed that two visual pathways known as the ventral and 

dorsal streams (Ungerleider and Mishkin 1979) can be differentiated based on  

functional roles of perception and action. More specifically, it was proposed that 

visual information of the perceptual-ventral stream (also known as the “what” 

pathway) is used to construct a detailed representation of the environment, including 

the specific characteristics of the objects therein, while that of the action-dorsal stream 

(also known as the “where” pathway) is used for planning and controlling goal-

directed motor behavior.  Further, based on these functional roles, it was suggested 
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that the ventral stream (which travels from the occipital lobe to the inferior temporal 

region) uses allocentric representations, while the dorsal stream (which travels from 

the occipital lobe to the posterior parietal cortex), uses egocentric representations 

(Goodale and Milner 1992; Norman 2002).  

While much of Goodale and Milner’s (1992) perception-action model is still 

accepted today, we know that successful accomplishment of visually-guided 

movement is dependent on both egocentric and allocentric spatial perception (Colby 

1998).  For example, when reaching for a drinking glass, egocentric visual 

representations provide information necessary for judging the direction and distance 

the hand must travel in order to reach the glass, while allocentric representations are 

used to adjust grip size and shape to that of the object being grasped. Further, it is 

understood that non-target-directed movements, such as drawing or copying a 

diagram, also depend on both types of spatial representations. That is, egocentric 

representations are necessary for moving the hand-held drawing device from its 

current location to a desired location, while allocentric representations of the objects 

being viewed, and the relationship between them, are necessary for determining the 

direction and distance of this hand movement (Thaler and Goodale 2011).  Therefore, 

the brain must have mechanisms for integrating both allocentric and egocentric spatial 

representations with motor output; presumably these would be within the internal 

models of motor control. 

1.3.2 Spatial Reference Frames of Neglect and Prism Adaptation 

Neglect can affect allocentric and egocentric spatial reference frames 

concomitantly or differentially (Hillis and Caramazza 1995; Marsh and Hillis 2008; 

Medina et al. 2009; Ota 2001).  For example, patients with egocentric forms of left 
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hemispatial neglect fail to attend to stimuli located to the left of the body (or body 

part) midline, while those with allocentric forms of the disorder fail to attend to the 

left side of an environmental stimulus or object regardless of where this is located in 

relation to the body midline. In order for PA to be effective as a treatment for neglect 

it must generalize with respect to the reference frame(s) being affected by the disorder. 

Interestingly however, many studies testing PA as a treatment do not address 

differences in efficacy related to different spatial reference frames. Generally, patients 

are not separated based on the type of neglect demonstrated (perhaps because many 

patients have more than one form of the disorder); nor is there much discussion as to 

which form(s) of neglect the behavioral outcome measures are assessing.  For 

example, in a randomized clinical trial by Turton et al. (2010), the main outcome 

measure was the Catherine Bergego Scale (CBS), a clinical test of self-care in which it 

is difficult to dissociate which representational system (allocentric or egocentric) is 

being diagnosed.  To date, only one intervention study (Gossman et al. 2013) has 

attempted to evaluate the efficacy of PA treatment relative to allocentric and 

egocentric reference frames and the results suggest that PA may only be effective in 

treating egocentric forms of neglect.  Considering the importance of providing 

effective treatment for neglect, it seems prudent to determine if this specificity of PA 

generalization is correct. 

During PA, internal models associated with a particular motor behavior are 

modified in response to a sensory prediction error that is visual.  In other words, the 

adaptation is driven by a mismatch between actual and predicted visual feedback. 

However, since the brain represents visual information according to both allocentric 

and egocentric reference frames, modifications to the inverse internal model could be 
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based on an error signal that is in an allocentric reference frame, an egocentric 

reference frame, or both. Therefore, theoretically, PA could generalize in one of three 

ways.  

First, PA could generalize purely allocentrically.  PA does not occur without 

knowledge of movement results (Kitazawa et al. 1995) and this information is 

allocentric in nature.  For example, when a thrown ball misses the intended target, an 

error signal is generated.  The direction and degree of error is represented by the 

allocentric relationship between ball impact location and target location.  If changes to 

the internal model are based solely on this relationship in environmental (allocentric) 

space then the adaptation might generalize purely allocentrically.   

The second possibility is that PA could generalize purely egocentrically.  PA 

does not occur without self-initiated movement (Held and Freedman 1963) thereby 

reflecting the importance of motor command efference copies in the adaptation 

process.  These efference copies are used by forward models to predict the sensory 

consequences of motor output, and motor commands are updated if these predictions 

do not match the actual sensory feedback.  While visual feedback is represented in 

both allocentric and egocentric coordinates, motor command coordinates are only 

egocentric.  Therefore changes to transformations between the two systems (visual and 

motor) may be based only on an error signal that is represented in the coordinate 

system common to both (i.e., egocentric).  

The third and final possibility is that PA could generalize in a mixed fashion 

across both spatial reference frames. That is, error signals in both allocentric and 

egocentric coordinates may be used during adaptation, and generalization could be 

expressed with respect to each partially.  Relative contributions of each type of spatial 
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information would not have to be equal. While it is not known which of these three 

options (allocentric, egocentric, or mixed generalization) is correct, generalization of 

PA with respect to these reference frames is testable. 

1.4 Purpose, Aims, and Hypotheses 

1.4.1 Purpose 

The purpose of this study was to determine how PA of a ball-throwing task 

generalizes in healthy individuals with respect to allocentric and egocentric spatial 

reference frames. To test this, participants adapted to laterally displacing prisms by 

throwing a ball at a wall-mounted target (Martin et al. 1996) from either a seated 

position or while lying on their side.  Following adaptation (prism exposure) some 

participants were rotated to the alternate position before testing for aftereffects (i.e., 

some participants who adapted while seated were tested while side-lying, and vice 

versa).  This 90-degree rotation of position decoupled the reference frames (Calvanio 

et al. 1987; Farah et al. 1990) and the existence of aftereffects in the new position was 

used to indicate generalization across postures.  The direction of aftereffects, if they 

occurred, was used to indicate the reference frame in which generalization was 

expressed.  We had two aims and hypotheses for this study. 

1.4.2 Aims and Hypotheses 

Aim 1:  Determine if PA of a throwing movement generalizes across body 

positions (seated and side-lying). 

Hypothesis 1:  Following PA of throwing, aftereffects will transfer from seated 

to side-lying and from side-lying to seated positions. 
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Aim 2:  Determine how PA of throwing generalizes with regards to 

allocentric and egocentric reference frames. 

Hypothesis 2: A 90-degree rotation of participant position following PA of 

throwing will result in aftereffects that occur along the axis perpendicular to the axis 

of visual displacement in extrinsic space (i.e., aftereffects will rotate with subject 

rotation), indicating generalization within an egocentric reference frame.   

It was expected that PA of ball-throwing would transfer bi-directionally, as the 

same throwing arm was used in both positions, and because the movement pattern of 

the arm relative to the trunk remained the same across positions.  Further, it was 

expected that generalization would be expressed purely egocentrically, as this is the 

coordinate system common to both motor and visual systems.  
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Chapter 2 

GENERALIZATION OF VISUOMOTOR ADAPTATION ACROSS SPATIAL 
REFERENCE FRAMES 

2.1 Introduction 

Motor learning is a process in which movement practice or experience leads to 

a relatively permanent change in motor behavior (Salmoni et al. 1984).  This process 

culminates in the formation of internal models that mimic sensory to motor 

transformations and their inverses and are then used by the central nervous system 

(CNS) to control motor behavior (Kawato 1999; Scott and Norman 2003; Wolpert and 

Ghahramani 2000; Wolpert et al.1998).  Inverse models control movement in a feed-

forward manner by generating the motor commands necessary for a desired movement 

given current sensory input (Kawato 1999; Wolpert et al. 1998). Forward models use 

efference copies of these motor commands to predict the sensory consequences of 

motor output based on the current state of the system, and these predictions are used as 

feedback control for the inverse model (Shadmehr et al. 2010; Wolpert and 

Ghahramani 2000; Wolpert and Miall 1996).  

Motor adaptation refers to an error-driven motor learning process in which the 

internal models associated with a particular movement are modified in response to an 

actual or perceived change in the body or environment (Krakauer and Mazzoni 2011; 

Martin et al. 1996; Reisman et al. 2005).  In contrast to motor learning, motor 

adaptation occurs quickly, is short term, and is easily reversed. One form of motor 

adaptation is prism adaptation (PA).  
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PA is a type of visuomotor adaptation in which motor patterns change when 

visual information is distorted by prismatic lenses (Newport and Schenk 2012; 

Redding et al. 2005).  For example, when an individual looks through wedge prisms, 

the images of all objects within the visual field shift towards the apex of the prisms 

(i.e. base left prisms shift visual images to the right).  Consequently initial 

performance errors in target-directed movements, such as reaching or ball throwing, 

occur in the direction of the prism shift.  This results in a sensory prediction error (i.e., 

a mismatch between actual visual feedback and the visual feedback predicted by the 

forward model).  This error information is fed back to the inverse model and used to 

modify sensory input to motor output transformations, so that subsequent outgoing 

motor commands lead to a more accurate movement (Kawato 1999; Shadmehr et al. 

2010; Tseng et al. 2007; Wolpert and Ghahramani 2000; Wolpert and Miall 1996).  

This adaptation process continues until there is no longer a sensory prediction error. 

Storage of the adaptation (i.e., the modified internal models) is demonstrated by 

aftereffects, defined as errors occurring in the direction opposite to visual 

displacement once the prisms are removed (Shadmehr and Mussa-Ivaldi 1994; 

Wallace and Redding 1979; Weiner et al. 1983; Welch 1974).  

PA has been shown to generalize (i.e., transfer to untrained contexts) in some 

cases.  For example, when people adapt to prisms while walking, the adaptation 

transfers to reaching (Morton and Bastain 2004).  In addition, it has been suggested 

that PA may have potential as a treatment for the neurological condition known as 

hemispatial neglect, a disorder of spatial representations in which patients demonstrate 

a lost or impaired ability to attend to stimuli presented in the hemispace contralateral 

to a cerebral lesion (Brain 1941; Hillis and Caramazza 1995; Kerkhoff 2001).  It has 
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been shown that some patients with left-sided neglect who undergo PA of reaching 

movements while wearing rightward-shifting prism lenses can subsequently 

demonstrate aftereffects that manifest as improved movements in, or perception of, the 

neglected (left) side of space (Rossetti et al. 1998).  However, the brain represents 

space in multiple reference frames (Colby 1998) and in order for PA to be beneficial 

as a treatment for patients with neglect there must be adequate generalization, or 

transfer of the learning, to the spatial reference frame(s) affected by the disorder. 

Spatial reference frames are broadly categorized as allocentric (world-

centered) or egocentric (self-centered).  Allocentric reference frames are centered on 

the environment or on objects, and they are used to define the spatial relationship 

between objects in external (environment-centered) space, or between components 

within an object (object-centered space).  In contrast, egocentric frames of reference 

are projected from the individual and used to define where objects are located relative 

to oneself (i.e, they are body-centered) (Andersen et al. 1997; Burgess 2008; Colby 

1998; Galati et al. 2000).  While neglect can occur in both types of representation 

concomitantly or differentially (Hillis and Caramazza 1995; Marsh and Hillis 2008; 

Medina et al.  2009; Ota 2001), surprisingly it has never been tested to determine how 

PA generalizes with respect to these categories. Therefore, the purpose of this study 

was to examine how PA generalizes with respect to allocentric and egocentric spatial 

reference frames in neurologically intact individuals. 

To determine the spatial reference frame of PA generalization, a ball-throwing 

task was used to adapt healthy participants to rightward displacing prism lenses while 

they were either seated or lying on their side.  Following adaptation they rotated to the 

alternate position and were tested for aftereffects.  This 90-degree rotation was used to 



 
 

17 

decouple the allocentric and egocentric reference frames (Farah et al. 1990).  If PA 

transferred between the two positions (seated and side-lying), the reference frame of 

generalization was determined based on the direction of the aftereffects.  

Since visual information is represented both allocentrically and egocentrically, 

the sensory prediction error driving adaptation to prisms could occur in either 

representation or both.  Therefore, there were three ways in which generalization of 

PA could have been expressed (Figure 1).  First, the adaptation could have generalized 

purely allocentrically, meaning that aftereffects were along the same axis as the 

original visual displacement in extrinsic space (i.e., along the horizontal axis if 

adapted while seated, and along the vertical axis if adapted while side-lying).  PA does 

not occur without knowledge of movement results (Kitazawa et al. 1995) and this 

information is allocentric in nature.  Here the indicator that motor commands needed 

updating (i.e., the mismatch between the actual and predicted sensory feedback), was 

the observation that the ball did not hit the target.  If changes to the internal model 

were based on the relationship between target location and location of ball impact in 

allocentric space then the direction of aftereffects, in Cartesian coordinates, could have 

been 180 degrees from the direction of initial errors caused by the prismatic 

displacement.   

Second, the adaptation could have generalized purely egocentrically, meaning 

that aftereffects rotated with the individual and appeared along the axis perpendicular 

to the original axis of displacement in extrinsic space (i.e., along the vertical axis if 

adapted while seated, and along the horizontal axis if adapted while side-lying).  PA 

only occurs in response to self-initiated movement (Held and Freedman 1963) thereby 

reflecting the importance of motor command efference copies in the adaptation 



 
 

18 

process.  While visual feedback is represented in both allocentric and egocentric 

coordinates, motor command coordinates are only egocentric.  Therefore PA could 

have generalized in the coordinate system common to both (i.e., egocentric).   

Finally, the adaptation could have generalized in a mixed fashion across both 

spatial reference frames.  In other words, the aftereffects could have appeared 

somewhere in the region between the horizontal and vertical axes based on visual 

feedback from both allocentric and egocentric representations, and the relative 

contributions of each type of spatial representation could have been unequal. 

 

Figure 1 Illustration of Possible Experimental Outcomes.  Illustration depicts a 
seated adaptation to rightward displacing prisms and a side-lying test of 
generalization.  
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It was predicted that PA of ball-throwing would transfer between seated and 

side-lying positions, and vice versa, due to the similarity of the task (i.e., the same 

throwing pattern and arm were used in both positions).  Further, it was predicted that 

generalization would be expressed in the coordinate system common to both motor 

and visual systems.  That is, generalization was expected to occur purely 

egocentrically. 

2.2 Methods 

2.2.1 Participants 

Twenty-nine young healthy adults (22 female, 7 male) between the ages of 19 

and 35 years were recruited for this study from the University of Delaware campus 

and surrounding community.  Participants were right hand dominant, as assessed by 

the Edinburgh Handedness Inventory (Oldfield 1971), and had either normal vision or 

vision that was corrected to normal with contact lenses.  Exclusion criteria were: past 

participation in a prism adaptation study, past or current neurological or 

neuromuscular disorder, including head injury (defined as any period of 

unconsciousness ≥ 5 min and/or requiring medical treatment), current medications 

affecting balance or vision, and any current musculoskeletal condition limiting the use 

of or feeling in the shoulder, arm, or hand.  This study was approved by the University 

of Delaware Institutional Review Board.  Subjects provided informed consent, were 

naïve to the purpose of the study, and were paid for their participation. 

2.2.2 Paradigm 

Participants were assigned to one of four groups (Figure 2).  Two of these 

groups, Seated and Side-lying (n=5 for each), served as Control groups to verify that 
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adaptation and aftereffects could be generated in either the Seated or Side-lying 

position.  The other two groups, Transfer Seated to Side-lying (n=9) and Transfer 

Side-lying to Seated (n=10), were used to test for the existence of generalization 

across positions, and to determine the reference frame(s) in which generalization was 

expressed, should it occur. 

 

Figure 2 Schematic of Experimental Paradigm for Each Group.  Open bars 
indicate the Seated position; filled bars indicate the Side-lying position.  
Key time periods for statistical analysis:  Late Baseline (LB, LB1, LB2), 
Early Adaptation (EA), Late Adaptation (LA), Early Test (ET), Late Test 
(LT). 
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The task consisted of repeatedly throwing small (2.5 cm diameter) foam balls 

at a paper target mounted on the wall in front of the participants, from either a seated 

position or while lying on their side, depending on group assignment.  The wall was 

otherwise void of any reference objects or visual cues.  The prism deviation was 

applied via stick-on laterally-deviating prism lenses, 30 diopter base left (i.e., 

approximately 17 degree rightward deviating), mounted onto form-fitting swim 

goggles that could be easily donned and doffed. 

The paradigm consisted of three phases:  Baseline, Adaptation, and Test. 

Control group participants performed all three phases in the same position (Seated or 

Side-lying).  Transfer group participants performed two Baselines (one in each 

position) and changed positions between Adaptation and Test phases.  During each 

Baseline phase participants performed 30 trials of the throwing task without the 

goggles in order to assess each participant’s individual throwing accuracy and 

variability.  During Adaptation phase they performed 50 throws while wearing prism 

goggles.  It was expected that during this phase participants would adjust their 

throwing (i.e., adapt) to the shifted visual target using trial-and-error practice.   During 

Test phase they again performed 30 trials without the goggles.  The Test phase was 

used to assess for the presence of aftereffects, the indicator of storage of the adaptation 

(Control groups), or the presence of generalization (Transfer groups).  The directional 

shift of any generalized aftereffects obtained in the Transfer groups indicated how 

generalization occurred with respect to egocentric and allocentric reference frames.  

In both positions and all phases, participants were located in the center of a 

height-adjustable cushioned table located 214 cm from the target.  The target consisted 

of a yellow paper circle (15 cm diameter) with a 2.5 cm black square superimposed on 
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its center.  The target was securely fastened to the wall.  The table height and position 

were adjusted such that the participant’s sternal notch was in horizontal and vertical 

alignment with the center of the target whether in the Seated or the Side-lying 

position.  Additionally people were positioned with their shoulders square to the wall 

on which the target was mounted.  When Seated, the participants’ feet were placed on 

the floor or a stool depending on the height of the table.  When on their side (always 

the left side), the head was positioned on a foam pillow such that the midlines of the 

head, neck, and trunk were aligned.  Additionally an assistant stood behind the 

participants and ensured that the head did not rise off the pillow and that the head, 

neck, and shoulders did not rotate.  This was done by keeping a hand lightly placed on 

the head and/or trunk for cueing, as there is a natural tendency to want to raise the 

head and view the target vertically.  In both the Seated and Side-lying positions the 

neck and trunk were kept in “neutral” alignment, meaning that there was no rotation, 

side-bending, or flexion/extension from the anatomical position.  Participants in the 

Transfer groups wore a blind-fold between the Adaptation and Test phases while the 

table and their position on it were being adjusted.  Measurements for each individual’s 

position set-up (proper table height and location that aligns sternal notch with target) 

were made and recorded prior to Baseline in order to ensure that the repositioning 

between Seated and Side-lying positions would occur quickly and accurately.   

During all phases, a small basket containing the foam balls was placed in front 

of each participant’s trunk such that they could reach into it without looking. They 

used their right arm and hand to throw the balls.  The experimenter instructed 

participants on when to throw each ball to ensure that the throws occurred 

approximately 2 seconds apart.  Participants were instructed to keep their eyes fixed 
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on the center of the target throughout the trials and to throw the ball to where they saw 

the target. Prior to each Baseline session participants were given 5 practice throws in 

order to familiarize them with the task.  There were no practice throws in the 

Adaptation and Test phases. 

2.2.3 Data Collection 

An 8-camera Vicon MX (Edgewood, NY) motion capture system recorded 

three-dimensional position data of reflective markers using a sampling rate of 120 Hz.  

The throwing balls themselves were covered with reflective tape, thus the ball 

trajectory from the time of release to contact with the wall was recorded.  The position 

of the target was calculated by temporarily placing a reflective marker on the center of 

the target and recording its location; after which the marker was removed from the 

target.  Additionally, one reflective marker was securely attached to the participants 

face directly anterior to the tragus of the ear in order to track head movement grossly.  

This was to verify that participants did not raise their head from the pillow, or twist the 

neck during the Side-lying trials. 

2.2.4 Data Analysis 

Motion capture data was initially processed using Vicon Nexus 1.8.4 software 

to obtain the location coordinates of the target and head marker, as well as the location 

of ball impact.  This information was exported for further analysis. Custom-written 

MATLAB (Mathworks, Natick, MA) code was used to identify key time and position 

values.  The time of ball impact was identified as the data frame with the lowest value 

along the axis between the target and the participant (i.e., when the ball contacts the 

wall).  
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The primary outcome measure was throwing endpoint error (i.e., constant 

error) defined as the distance between the center of the target and the center of the ball 

at the time of impact, and calculated separately using the horizontal and vertical 

coordinates.  Positive values represented errors to the right or above the target, and 

negative values represented errors to the left or below the target.  Horizontal and 

vertical errors values were recorded for all trials.  Measures were computed for each 

participant over these key time periods:  Late Baseline (LB), the average of the last 15 

trials of the Baseline phase; Early Adaptation (EA), the average of the first 3 trials of 

the Adaptation phase; Late Adaptation (LA), the average of the last 15 trials of the 

Adaptation phase; Early Test (ET), the average of the first 3 trials of the Test phase; 

and Late Test (LT), the average of the last 10 trials of the Test phase.  While it is the 

first trial of Adaptation that is the most important for assessing the size of the 

perturbation, in order to minimize the possibility of an aberrant throw biasing the 

results, Early Adaptation was computed by averaging the first three Adaptation trials.   

Likewise, the first three trials of Early Test were averaged to assess the size of 

aftereffects.  All values were normalized by subtracting the average of the entire (30 

trials) Baseline from each. 

Two additional variables were measured for secondary analyses.  First, to 

determine if the speed of throwing changed over time, ball velocity, defined as the 

instantaneous velocity of the ball in the forward dimension as it left the hand, was 

calculated for each trial using the motion capture data.  No kinematic data were 

collected for the arm, however, an assumption can be made that a difference in arm 

velocity would be reflected in a difference in ball speed.  Ball velocity was averaged 
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over the same key time periods as endpoint error:  Late Baseline, Early Adaptation, 

Late Adaptation, Early Test, and Late Test.   

Next, to determine if performance variability changed due to phase, dimension, 

or position, the standard deviation of endpoint error was used as a measure of 

movement variability (i.e., variable error).  Because variability was expected to be 

abnormally high during the early portions of the Adaptation and Test phases, 

variability was computed using the last 10 trials of each phase, for each individual, 

and then averaged within groups.  Variability was computed separately for each 

dimension (horizontal and vertical), as well as for the resultant endpoint error vector.  

2.2.5 Statistical Analysis 

Statistical analyses were done using Statistica software (StatSoft, Tulsa, OK).  

Because of the relatively small sample sizes (n=5 in some cases), non-parametric 

statistics were employed throughout.  The level of statistical significance was set at 

p<0.05 with Bonferroni corrections for multiple comparisons applied when 

appropriate. 

For the main analysis, performance (endpoint error values) was compared 

across the key time periods separately for each dimension (horizontal and vertical) 

using the Friedman Test for repeated measures.  If the test yielded positive results, a 

priori post hoc analyses were done using the Wilcoxon signed rank test. For this 

analysis, between-groups comparisons were not conducted because each group was 

being used to test a different question.  The Seated and Side-lying Control groups were 

used to establish that adaptation to throwing could occur normally in each 

position.  This was done so that if a Transfer group showed no aftereffects we would 

be able to attribute this to a lack of generalization rather than a lack of adaptation.  The 
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Transfer groups were used to test for generalization and type of reference frame(s), if 

generalization occurred.  To do this, the direction and magnitude of aftereffects in the 

Early Test period were compared with each Late Baseline performance within each 

group.  Aftereffects could have occurred along the same axis (in extrinsic space) as 

Early Adaptation errors (allocentric generalization), along the axis perpendicular to 

Early Adaptation errors (egocentric generalization), or in the region between the 

horizontal and vertical axes (mixed generalization). 

As part of the secondary analyses, within-group comparisons using the 

Friedman Test for repeated measures and Wilcoxon signed rank test for post hoc 

analyses were done for ball velocity, across the key time periods, for all groups.  

Additionally, endpoint error variability (computed separately for horizontal and 

vertical dimensions) was compared within groups, across phases using the Friedman 

Test for repeated measures, and across dimensions (horizontal and vertical) or axes 

(parallel or perpendicular to the long axis of the body) using the Wilcoxon signed rank 

test.  Resultant endpoint error was used to assess variability across positions (Seated 

and Side-lying).  Specifically, at each phase, the resultant error was compared between 

the two Control groups and between the two Transfer groups using the Mann-Whitney 

U test.   

2.3 Results 

2.3.1 Main Analysis 

Results of the main outcome measure, endpoint error (distance from target 

center to point of ball impact), decomposed into horizontal and vertical components, 

are presented below. 
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2.3.1.1 Control Groups 

 

Figure 3 Endpoint Errors for a Single Participant in the Seated Control Group:  
Horizontal Dimension (A), Vertical Dimension (B).  Each point indicates 
a single trial.  Target center is at zero. 

Overall, the data indicate that participants adapted throwing to the prisms in 

both the Seated and Side-lying postures.  Individual data from a Seated Control group 

participant are shown in Figure 3, and those of a Side-lying Control group participant 

are shown in Figure 4.  For both Control participants, initial errors during Early 
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Adaptation were largely corrected by Late Adaptation, and aftereffects were seen in 

Early Test.  The direction of the errors in Early Adaptation was consistent with the 

direction of the visual displacement (to the right when Seated; upward when Side-

lying) and the aftereffects occurred in the opposite direction along the same dimension 

as the displacement (to the left when Seated; downward when Side-lying).   

 

Figure 4 Endpoint Errors for a Single Participant in the Side-lying Control Group:  
Horizontal Dimension (A), Vertical Dimension (B).  Each point indicates 
a single trial.  Target center is at zero. 
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Figure 5 Group Average Endpoint Errors for the Control Groups over all Key 
Time Periods:  Seated Control (A), Side-lying Control (B).  Comparison 
of group means across key time periods:  Late Baseline (LB), Early 
Adaptation (EA), Late Adaptation (LA), Early Test (ET), Late Test (LT).  
Error values indicate deviation from the target center.  Error bars 
represent SEM.  *Significantly different from LB, p<0.05 from post hoc 
analysis. 
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Group results for both the Control groups are shown in Figure 5 for all key 

time periods.  For both groups there was a statistically significant effect of time period 

on error along the axis of visual displacement only (i.e., the horizontal axis for Seated 

and the vertical axis for Side-lying, both p<0.01), but not the other dimension (vertical 

axis for Seated p=0.364, and horizontal axis for Side-lying p=0.193).  Post hoc 

analyses for the a priori comparison of Late Baseline versus Early Test revealed there 

were significant aftereffects in both Control groups:  differences in error between Late 

Baseline and Early Test along the horizontal axis for the Seated Control group and the 

vertical axis for the Side-lying group were each significant at p<0.05 (both p=0.043).  

Recall that the sole purpose of the Control groups was to verify that adaptations 

acquired while Seated or Side-lying could be stored.  The presence of aftereffects 

indicated that PA was stored by both groups. 

2.3.1.2 Transfer Groups 

Participants in the Transfer groups completed two Baseline phases (one in each 

position), an Adaptation phase, and a Test phase in the position opposite to their 

Adaptation phase position.  Individual data from a Transfer Seated to Side-lying 

participant are shown in Figure 6.  This participant adapted while Seated, and similar 

to those in the Seated Control group, had Early Adaptation errors along the horizontal 

axis that were reduced by Late Adaptation.  Following Adaptation, the participant was 

rotated to the Side-lying position and then tested for aftereffects.  No aftereffects 

appeared along the horizontal axis; however they did occur along the vertical axis 

suggesting that the adaptation generalized to the new position egocentrically.  Figure 7 

shows individual data from a participant in the Transfer Side-lying to Seated group. 

This participant adapted while lying on their side, and similar to those in the Side-
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lying Control group, had Early Adaptation errors along the vertical axis that were 

reduced by Late Adaptation.  Following Adaptation, the participant was rotated to the 

Seated position and then tested for aftereffects.  In contrast to those of previous 

groups, this participant showed no aftereffects along either axis suggesting that the 

adaptation did not generalize to the new position.  

 

Figure 6 Endpoint Errors for a Single Participant in the Transfer Seated to Side-
lying Group:  Horizontal Dimension (A), Vertical Dimension (B).  Each 
point indicates a single trial.  Target center is at zero. 
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Figure 7 Endpoint Errors for a Single Participant in the Transfer Side-lying to 
Seated Group:  Horizontal Dimension (A), Vertical Dimension (B).  Each 
point indicates a single trial.  Target center is at zero. 

Averaged data for both Transfer groups are shown in Figure 8 for all key time 

periods.  Like the Control groups, both Transfer groups showed statistically significant 

effects of time period.  Post hoc analyses were done for four a priori comparisons 

(Bonferroni statistical correction p<0.0125).  Early and Late Adaptation performance 
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were compared with Late Baseline performance in the same throwing position (LB2 v 

EA, LB2 v LA) and, to test for generalization, Early and Late Test were compared to 

the Late Baseline that matched the Test throwing position (LB1 v ET, LB1 v LT).  For 

the Transfer Seated to Side-lying group, both the horizontal error and vertical error 

showed differences across time periods (both p<0.001).  The post hocs within the 

horizontal dimension showed significant differences between Late Baseline 2 and both 

Early and Late Adaptation (both p<0.008), and the direction of error was consistent 

with the lateral displacement caused by the prisms.  In addition, Late Test was no 

different than Late Baseline 1 (p=0.173) indicating performance returned to Baseline. 

However, unlike the Seated Control group, here the Early Test period was no different 

than Late Baseline 1 (LB1 v ET, p=0.515).  On the other hand, for the vertical 

dimension, the post hocs showed a significant difference between Late Baseline 1 and 

Early Test (p=0.008) indicating that aftereffects did occur in this dimension.  There 

was also a significant difference between Late Baseline 2 and Late Adaptation 

(p=0.011) but no difference between Late Baseline 2 and Early Adaptation (p=0.678), 

or between Late Baseline 1 and Late Test (p=0.110). For the Transfer Side-lying to 

Seated group the effect of time period occurred only in the vertical dimension 

(p<0.001); there was no effect of time period on error in the horizontal dimension 

(p=0.141).  Post hoc analyses (vertical) revealed a significant difference between Late 

Baseline 2 and Early Adaptation only (p<0.005).  No other comparisons were 

significantly different (all p>0.0125). 
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Figure 8 Group Average Endpoint Errors for the Transfer Groups over all Key 
Time Periods:  Transfer Seated to Side-lying Group (A), Transfer Side-
lying to Seated Group (B).  Comparison of group means across key time 
periods:   Late Baseline 1 (LB1), Late Baseline 2 (LB2), Early 
Adaptation (EA), Late Adaptation (LA), Early Test (ET), Late Test (LT).  
Error values indicate deviation from the target center.  Error Bars 
represent SEM.  Post hoc analysis results:  *Significantly different from 
LB1, p<0.0125,  **Significantly different from LB2, p<0.0125. 
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Thus, the Transfer Seated to Side-lying group (Figure 8A) had initial errors 

during Early Adaptation and, similar to Control groups, aftereffects were seen in Early 

Test.  The presence of aftereffects in Side-lying indicates that generalization from 

Seated to Side-lying occurred.  Because aftereffects were along the vertical axis and 

not at all on the horizontal axis, it appears that generalization was expressed in an 

egocentric reference frame and not in an allocentric reference frame.  Interestingly, the 

results were different in the Transfer Side-lying to Seated group (Figure 8B).  

Although there was adaptation (i.e., Early Adaptation was significantly different from 

Late Baseline but Late Adaptation was not), no aftereffects appeared in either 

dimension, suggesting that the Side-lying prism throwing adaptation did not generalize 

to the Seated position. 

In summary, the results indicate our hypotheses were partially correct. While 

the Transfer Seated to Side-lying group appeared to demonstrate a robust 

generalization in an egocentric reference frame, the Transfer Side-lying to Seated 

group did not seem to show any significant generalization at all. 

2.3.2 Secondary Analyses 

Several follow-up analyses were completed to examine factors that may have 

contributed in some way to the main results.  Results of all additional analyses are 

presented below. 

2.3.2.1 Velocity 

Average ball velocities at the time of release from the hand were compared 

across the key time periods (Late Baseline 1, Late Baseline 2, Early Adaptation, Late 

Adaptation, Early Test, and Late Test) for each group (Figure 9).  For the Control 
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groups, there were no significant effects of time period on velocity (Seated Control, 

p=0.205; Side-lying Control, p=0.308).  Likewise, velocity was consistent across time 

periods in the Transfer Side-lying to Seated group (p=0.541), indicating that this 

group’s lack of generalization was not likely due to changes in movement speed.   

 

Figure 9 Group Average Ball Velocity over all Key Time Periods:  Control 
Groups (A), Transfer Groups (B).  Comparison of group means across 
key time periods:  Late Baseline (LB, LB1, LB2), Early Adaptation (EA), 
Late Adaptation (LA), Early Test (ET), Late Test (LT).  Error bars 
represent SEM.  *Significantly different from LB2, p<0.0167 from post 
hoc analysis. 
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Surprisingly however, there was an effect of time period on velocity for the 

Transfer Seated to Side-lying group, (p=0.012).  Three a priori post hoc comparisons 

with Bonferroni corrections (p<0.0167) were done:  Early Test v Late Baseline 1, 

Early Test v Late Adaptation, Late Baseline 2 v Late Adaptation.   No differences 

were found between Early Test and the two other time periods (ET v LB1, p=0.314; 

ET v LA, p=0.028).  However, there was a significant difference between Late 

Baseline 2 and Late Adaptation (p=0.011) indicating that ball speed rose over the 

course of the Seated Adaptation in this group. 

2.3.2.2 Endpoint Error Variability 

A series of comparisons was done using the standard deviation of endpoint 

error, computed for the last 10 trials of each phase, as the endpoint error variability 

measure. Average endpoint error variability across phases and dimensions (horizontal 

and vertical) for the Control groups is shown in Figure 10.  Neither the Seated Control 

group (Figure 10A) nor the Side-lying Control group (Figure 10B) showed any effect 

of phase for either dimension (for Seated Control, horizontal p=0.247 and vertical 

p=0.549; for Side-lying Control, horizontal p=0.819 and vertical p=0.549).  That is, 

variability did not change over these three phases.  However, for both groups, the 

variability appeared to be greater along the dimension aligned with the long axis of the 

body (i.e., the vertical axis for the Seated Control group and the horizontal axis for the 

Side-lying Control group).  To determine if this effect was significant, the data were 

combined across phases, and within group comparisons were made between the 

horizontal and vertical axes for each Control group (Figure 10C).  A significant 

difference between dimensions was found for the Seated Control group (p=0.003) and 
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there was a similar (but non-significant) trend in the Side-lying control group 

(p=0.069). 

 

Figure 10 Group Average Endpoint Error Variability over Phases and Dimensions 
for Control Groups:  Seated Control (A), Side-lying Control (B), 
Dimensions (C).  For Figures A and B, group averages represent standard 
deviation of the last 10 trials of each phase:  Baseline (B), Adaptation 
(A), Test (T).  For Figure C, phase data are combined and compared 
between dimensions.  Error bars represent SEM.  *Significantly different 
p<0.05. 
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Figure 11 Group Average Endpoint Error Variability over Phases and Axes for 
Transfer Groups:  Transfer Seated to Side-lying Group (A), Transfer 
Side-lying to Seated Group (B), Axes (C).  For Figures A and B, group 
averages represent standard deviation of the last 10 trials of each phase:  
Baseline (B1, B2), Adaptation (A), Test (T).  For Figure C, phase data 
are combined and compared between axes. Error bars represent SEM.  
*Indicates axes along which there is a significant effect of phase on 
standard deviation, p<0.05.  **Significantly different p<0.05  

In contrast, comparisons within the Transfer groups revealed a significant 

effect of phase on variability in the horizontal dimension for each group (both 

p<0.001).  In addition there was a significant effect in the vertical dimension for the 

Transfer Side-lying to Seated group (Transfer Side-lying to Seated, p=0.038; Transfer 

Seated to Side-lying, p=0.137).  These effects appeared to be because Transfer group 
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participants rotate their position.  Therefore, in order to determine if results of the 

Transfer groups were consistent with those of the Control groups, the data were 

reanalyzed based on orientation with the body (i.e., parallel or perpendicular to the 

body’s long axis), rather than based on horizontal and vertical axes in Cartesian 

coordinates (Figure 11).  Here, similar to the Control Groups, results for the Transfer 

Seated to Side-lying group (Figure 11A) showed no effect of phase on variability 

along either axis.  That is, variability was not significantly different across phases for 

the axis aligned with the long axis of the body (parallel, p=0.053) or for the axis 

perpendicular to the long axis of the body (perpendicular, p=0.0503).  However, 

variability did differ across phases for both axes (parallel and perpendicular, both 

p<0.001) in the Transfer Side-lying to Seated group (Figure 11B).  When the data 

were combined across phases (Figure 11C), similar to those in the Control groups, 

Transfer group participants were more variable along the axis aligned (i.e., parallel) 

with the long axis of the body, and this comparison was significant for both groups 

(Transfer seated to Side-lying, p<0.001; Transfer Side-lying to Seated, p=0.003). 

While differences across phases were only significant for the Transfer Side-

lying to Seated group, in both Transfer groups variable error appeared to be greater 

along both axes (parallel and perpendicular) when participants were in the Side-lying 

position.  To determine if there were significant differences in variability across 

positions overall, data for all groups were collapsed across the horizontal and vertical 

dimensions by computing the standard deviation of the resultant error vector.  Again, 

this was averaged across the last 10 trials of each phase for each group.  Comparisons 

were made between each of the two Control groups and the two Transfer groups, for 

each phase (Figure 12).  For the Control groups (Figure 12A), the Side-lying 
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participants appeared to be more variable, however this difference was not significant 

(BL, p=0.347; A, p=0.754; T, p=0.347).  In contrast, there were significant differences 

between the two Transfer groups (Figure 12B) at each phase (BL1, p=0.009; BL2, 

p=0.022; A, p=0.014; T, p=0.004) and in each case, the group that was in the Side-

lying position was more variable.  Thus, it appears that for all groups, endpoint error 

was more variable when participants were in the Side-lying position and this 

difference was significant for the Transfer groups. 

 

Figure 12 Group Average Resultant Endpoint Error Variability:  Control Groups 
(A), Transfer Groups (B).  Comparison of group means for standard 
deviation of resultant error averaged across last 10 trials of each phase. 
Error bars represent SEM.  *Significantly different, p<0.05.  
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Overall, results of the variability analysis indicate participant throwing was 

more variable along the axis aligned with the long axis of their body, i.e., the vertical 

axis if Seated and the horizontal axis if Side-lying.  In addition participants appeared 

to be more variable during Side-lying throwing. 

2.3.2.3 Adaptation to Throwing Position Independent of Visual Perturbation 

Finally, comparisons were done to determine if throwing in one position led to 

an adaptation that affected throwing in the other position, separate from any effects of 

the prism-induced perturbation.  If Transfer group participants learned something 

during Baseline 1 that affected Baseline 2, this should be apparent as a difference 

between Baseline 2 performance of the Transfer groups and Baseline performance of 

the Control group throwing from the same position.  To investigate this, group 

averages were computed for a new time period, Early Baseline (EB), defined as the 

first 3 Baseline trials, and for Late Baseline (LB) defined as the last 10 Baseline trials. 

Average endpoint error during Early and Late Baseline of the Control groups, 

and Early and Late Baseline 2 of the Transfer groups, are depicted in Figure 13.  It can 

be seen that Early Baseline 2 (EB2) performance in the Transfer groups was no 

different than that of Late Baseline (LB) in the Control group matched for throwing 

position, indicating that Baseline 1 had no negative impact on Baseline 2.  To test this, 

a comparison of Early Baseline 2 (Transfer) to Late Baseline (Control) was done for 

each dimension within each of the two positions (Seated and Side-lying).  No 

significant differences were found:  for the Seated Baselines, EB2 (Transfer) v LB 

(Control), horizontal p=0.205, vertical p=0.739; for the Side-lying Baselines, EB2 

(Transfer) v LB (Control), horizontal, p=0.999, vertical, p=0.713.  Further, in the 

Transfer groups, it appears as if Baseline 1 may have provided a practice effect that 
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led to reduced error during Early Baseline 2 as compared with Early Baseline of their 

Control group counterpart. 

 

Figure 13 Group Average Early and Late Baseline Endpoint Errors for Control 
Groups and Transfer Groups:  Seated Baselines (A), Side-lying Baselines 
(B):  Early Baseline (EB, EB2), Late Baseline (LB, LB2), Baseline (B, 
B1, B2), Adaptation (A), Test (T).  Error bars represent SEM. 
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2.4 Discussion and Limitations 

2.4.1 Discussion 

The primary purpose of this study was to determine how PA of ball-throwing 

generalizes with respect to spatial reference frames.  It was predicted that, if 

generalization occurred, it would be expressed purely egocentrically. Our 

experimental results suggest that this hypothesis was correct.  Significant aftereffects 

seen in the Transfer Seated to Side-lying group were to the left of the participant, not 

to the left of the target (i.e., transfer rotated with participant rotation).   

While our results gave no indication of allocentric generalization, it is possible 

that a small allocentric generalization occurred, but was not detected.  Results of the 

variability analysis suggest throwing movements were more variable along the axis 

aligned with the long axis of the body, and this is the axis along which allocentric 

generalization would be expressed.  However, the size of vertical aftereffects in the 

Transfer Seated to Side-lying group was almost identical to that of the horizontal 

aftereffects in the Seated Control. Specifically, for the Transfer group, Early Test 

minus Late Baseline 1 in the vertical dimension was equal to (-)234.4 mm, and Early 

Test minus Late Baseline in the horizontal dimension for the Control group was equal 

to (-)242.7 mm.  While caution should be taken when comparing these values, as they 

are from different groups of people, their consistency does lend support for a purely 

egocentric generalization. 

An unexpected finding of this study was that only the Transfer Seated to Side-

lying group demonstrated generalization of the adaptation.  Thus, it appears that 

transfer of PA of ball-throwing was asymmetric; while participants who adapted in the 

Seated position showed robust aftereffects when Side-lying, there were no significant 
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aftereffects in sitting for those who adapted while lying on their side. It is not known 

why the adaptation only transferred in one direction, however some factors that may 

have contributed were investigated through secondary analyses. 

First, based on the findings of a study by Kitazawa et al. (1997), indicating that 

transfer of PA can be affected by movement speed, a velocity analysis was done.  The 

instantaneous velocity of the ball as it left the hand was compared across the key time 

periods in each group.  No significant effect of velocity on time period was found 

within the Transfer Side-lying to Seated group, therefore the lack of transfer seen in 

this group cannot be explained by differences in movement speed between Adaptation 

and Test periods.  Interestingly however, there was an effect of velocity within the 

Transfer Seated to Side-lying group.  Here, ball speed increased significantly between 

Late Baseline and Late Adaptation.  This could be interpreted as a sign that these 

participants may have learned the throwing task better than those in the other groups.  

It also could indicate that Seated throwing was an easier task.  

Interestingly, results of the variability analysis also indicate that there may 

have been differences in task difficulty related to throwing position. Here, it was found 

that variability was greater when participants threw while Side-lying. This was seen in 

the between-groups comparisons of the two Control groups, as well as that of the two 

Transfer groups.  Remember however, that in the main analysis there was no 

significant difference between Late Adaptation endpoint error and that of Late 

Baseline 2 for the Transfer Side-lying to Seated group, so it appears that these 

participants were able to adapt in the Side-lying position. Further, there was no 

indication that any increased task difficulty affected storage of the adaptation, as the 

Side-lying Control group demonstrated significant aftereffects.  Therefore, while it is 
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possible that differences in task difficulty were responsible for the asymmetric 

transfer, there is no direct evidence to support this. 

Another possible explanation is that differences in transfer were due to 

differences in the novelty of the task.  In this study participants were required to throw 

a ball at a target while lying on their side and not raising their head from the horizontal 

plane.  While throwing a ball was not a novel task, throwing it from this position was.  

Further, on the rare occasions when people do throw from this position it is usually 

done with the head rotated so it is vertical.  While both the Side-lying Control group 

and the Transfer Side-lying to Seated group were able to adapt their movement when 

in the horizontal position, it is possible that the brain may not have utilized this 

learning when participants were repositioned into the Seated (vertical) posture that 

was more consistent with past experience.  In other words, learning that occurred 

while throwing a ball in the Side-lying position, might have been outweighed by 

earlier learning (i.e., learning before this experiment) that was deemed more pertinent, 

once participants were rotated to a familiar and well-rehearsed position (Seated).  This 

idea is supported by a visuomotor rotation study in which an arm adaptation, that had 

been shown to transfer to the wrist, was blocked if the wrist was previously adapted in 

a different direction.  That is prior wrist experience blocked transfer of the arm 

adaptation to the wrist (Krakauer et al. 2006).  On the other hand, when individuals in 

the current study were Seated during Adaptation, a position more consistent with 

normal throwing, the learning may have been considered relevant to throwing in 

general (i.e., not context specific) and therefore the adaptation was reflected in the 

Side-lying position.  
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While speculative, this explanation is consistent with results of a different PA 

study in which pointing movements were found to transfer asymmetrically between 

the arms and legs (Savin and Morton 2008).  Specifically, when participants adapted 

to prisms during arm pointing movements, the adaptation transferred to leg pointing, 

but not vice versa.  Again, pointing is not a novel task, however pointing with the leg 

is, when compared to pointing with the arm.  Therefore leg learning may have been 

context specific.  In contrast, pointing with the arm is a well-learned task, which has 

been practiced in many contexts, and therefore arm learning may have been 

considered relevant to all pointing movements. 

In conclusion, there are two main findings from this study.  First, it appears 

that when PA of ball-throwing generalizes, it does so with respect to egocentric spatial 

reference frames.  This result implies that the error signal driving PA is egocentric.  

That is, modifications to internal model transformations are based on a comparison of 

actual and predicted visual feedback that is in egocentric coordinates. Our finding of 

egocentric generalization in healthy participants is consistent with the results of a 

recent intervention study in which PA treatment was shown to improve patient 

performance only on egocentric tasks (Gossman et al. 2013).  While studies of patient 

populations must always be viewed with caution due to the wide variability in 

patients, the difficulty in isolating the functional locus of damage, and the ability of 

the brain to compensate, the results of both studies combined suggest that PA, as a 

rehabilitative intervention, may be most useful for individuals with egocentric forms 

of neglect.   

The second, and unexpected, finding of this study is that PA of ball-throwing 

appears to transfer asymmetrically between Seated and Side-lying positions, and this 
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may be due to the novelty of a Side-lying throwing position.  This novelty may have 

resulted in learning that was context specific and not considered relevant to throwing 

while Seated.   

2.4.2 Limitations  

There are several limitations to this study.  First, the brain uses many different 

egocentric reference frames to encode space (i.e., head centered, trunk centered, arm 

centered, etc.) (Colby 1998; Galati 2010).  This study does not address which of those 

reference frames the adaptation might have occurred within; however this could be 

addressed in future studies by designing experiments that decouple the various 

reference frames.  Next, kinematic data of the movement were not collected.  While 

steps were taken to maintain the consistency of the task across positions (same arm, 

same overall configuration of the arm, trunk, and head relative to each other) it cannot 

be said definitively that the movement patterns in external space were identical across 

positions.  In addition, the actual arm velocity cannot be compared across movements; 

it can only be inferred based on the velocity of the ball at ball release.  Future studies 

should be done using reflective markers on the arm, head, and trunk to capture these 

data.  Further, it is possible that the study design was not sensitive enough to detect a 

small allocentric generalization.  To guard against this, sample size could be increased, 

or follow-up studies could be done using tasks that are more easily controlled (i.e., less 

variable) than ball-throwing.  In addition, future studies could be designed with catch 

trials, so that a percent-transfer measurement could be computed.  A high percent-

transfer would support a purely egocentric transfer.  Finally, the context(s) in which 

transfer of learning occurs are not clearly understood; therefore, extrapolating the 

results of this study to other movements or other types of visuomotor adaptations 
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should be done with caution.  Future studies could be done to test whether these 

results extend to different tasks. 
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Chapter 3 

DISCUSSION  

3.1 Discussion and Lessons Learned 

In this study, generalization of visuomotor adaptation was examined from a 

novel perspective.  Specifically, the study was designed to test for generalization of 

PA across reference frames involved in spatial cognition (i.e., allocentric and 

egocentric).  In order to do this, it had to first be determined if PA would transfer 

across body positions that decouple the two spatial reference frames.  

3.1.1 Aim 1 

Thus, the first aim of this study was to determine if PA of a throwing 

movement generalizes across Seated and Side-lying positions.  It was predicted that 

following adaptation, aftereffects would transfer from both Seated to Side-lying and 

from Side-lying to Seated.  Surprisingly, the adaptation did not transfer in both 

directions; it only transferred from the Seated position to Side-lying.  This lack of 

transfer from Side-lying to Seated cannot be attributed to an inability to adapt while in 

the Side-lying position because adaptation was demonstrated in this Transfer group.  

In addition, the significant aftereffects seen in the Side-lying Control group indicate 

Side-lying adaptation can be stored by the CNS.   

The failure to transfer also cannot be explained by changes in movement 

velocity between the Adaptation and Test phases, because these were not significantly 

different.  It also does not appear that variability of throwing between phases, across 
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dimensions, or across positions could have led to an undetected transfer because most 

of the variability was along the axis aligned with the long axis of the body, and based 

on the results of the Transfer Seated to Side-lying group, this was not the axis of 

interest (i.e., egocentric generalization would have been demonstrated by aftereffects 

along the axis perpendicular to the long axis of the body, not parallel to it).  

Interestingly, the results of this study may reflect the importance of context in 

the expression of motor learning.  While ball-throwing is not a novel task, throwing 

from the Side-lying position is.  Thus the context in which learning occurred was 

novel for the group showing no transfer, and familiar for the other group.  Therefore, 

while both the Side-lying Control group and the Transfer Side-lying to Seated group 

were able to adapt their throwing movement while lying of their side, it is possible that 

when repositioned into the Seated (vertical) posture, a position more consistent with 

past experience, earlier Seated learning was recalled.  In other words learning to throw 

a ball in the Side-lying position may have been context specific due to the novelty of 

the task.  Conversely, when individuals were Seated during Adaptation the brain may 

have considered the learning relevant to all throwing contexts since this vertical 

position is consistent with past experience. Therefore, the adaptation was not only 

stored, but also expressed in the Side-lying position.  

One important lesson learned from conducting this experiment was that the 

kinematics of the movement itself should have been captured through the use of 

reflective markers placed along the arm and trunk. This would have allowed us to 

examine potential differences in the arm configuration relative to the body, across the 

different positions.  Further, the velocity of the arm could have been calculated 

directly from this data, rather then being inferred from ball speed.  
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3.1.2 Aim 2 

The second, and primary, aim of the study was to determine how PA of 

throwing generalizes with regards to allocentric and egocentric reference frames.  It 

was predicted that a 90-degree rotation of participant position following PA of 

throwing would result in aftereffects that occurred along the axis perpendicular to the 

axis of visual displacement in extrinsic space (i.e., aftereffects would rotate with 

subject rotation), indicating generalization within purely egocentric reference frames.  

Consistent with predictions, transfer within the Transfer Seated to Side-lying group 

was expressed egocentrically, with no indication of allocentric generalization.  The 

rightward visual displacement caused by the prisms led to initial errors to the right of 

the target and to the right of the individual during Early Adaptation.  Aftereffects in 

the Side-lying position were not to the left of the target but rather to the left of the 

individual (i.e., below the target).  

Based on this result, it appears that the error signal used during PA is in 

egocentric coordinates. While the adaptation was not expected to transfer purely 

allocentrically, there was reason to believe there might be partial allocentric 

generalization.  It has been shown that the brain represents space through the use of 

both allocentric and egocentric reference frames.  Further allocentric perception is 

important for at least some (if not all) goal-directed movements.  An alternative 

explanation for not seeing any allocentric generalization could be that the task used 

was not sensitive enough to detect a relatively small allocentric transfer.  A task in 

which people are less variable in their accuracy might be a better choice for future 

studies.  Additionally, in this study we were not able to quantify the extent of transfer 

between the two positions.  If the study had been designed to do this, then the value 

found might indicate whether it was reasonable to believe that there was no allocentric 
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transfer (e.g., a 95 % egocentric transfer would be stronger support for a purely 

egocentric transfer than a 75% transfer).  Future studies could be designed to capture 

this information through catch trials.   

Additionally, similar to the intervention study by Gossman et al. (2013), the 

finding that PA in healthy participants did not generalize allocentrically suggests that 

PA treatment may only be helpful for patients with egocentric forms of neglect.  

However, the results should not be taken to indicate that allocentric representations are 

not important for goal-directed movements, they only suggest that prism adaptations 

may not generalize with respect to them. 

Finally, there is no indication that the results of this study were influenced by a 

secondary adaptation related to changes in participant throwing position.   

3.2 Future Directions 

While the primary purpose of this study was to investigate generalization of 

PA across spatial reference frames, an unexpected asymmetric transfer across 

throwing positions was found.  We have suggested that this result may be due to 

differences in novelty of throwing position.  It appears that when individuals adapt to 

prisms while in a position consistent with past throwing experience, adaptation 

transfers to a novel position; however, when they adapt in a novel position, it does not 

transfer to a well-practiced position. This finding has important implications for the 

design of rehabilitative interventions, which are often performed in clinical settings 

using specialized equipment.  It suggests that if the clinical environment is too novel, 

the training may not transfer to daily activities outside the clinic (i.e., the learning may 

be context specific).  Therefore, an important focus for future work is to determine 
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how training environments need to be designed in order for learning to transfer to 

natural environments.   

It has been suggested that generalization of motor adaptation depends on 

estimates of the source of the motor error (Berniker and Kording  2008).  That is, 

motor errors may be the result of either changes within the body (e.g., fatigue, injury), 

or changes within the environment (e.g., external forces) and the source (body or 

world) to which the CNS attributes the error may affect how it generalizes. For 

example, Torres-Oviedo and Bastian (2012) have suggested that assignment of motor 

error to world/environmental (exogenous) factors reduces transferability across 

contexts (i.e., learning is considered context specific), whereas assignment of error to 

oneself (endogenous) may allow adaptation to transfer to other contexts. If this is true, 

then treatment protocols need to be designed in ways that minimize the possibility of 

error being assigned to environmental conditions.  

One approach that has been suggested for reducing the likelihood of context 

specific learning during perturbation training, is to generate errors that are within a 

person’s natural range (i.e., small errors that could be attributed to natural systems) 

rather than large or abrupt errors that are more likely to be considered environmentally 

induced and therefore specific to the environmental context (Torres-Oviedo and 

Bastian 2012).  Another approach might be to perturb the system in settings that more 

closely resemble natural settings.  If the environment appears consistent with past 

experience, then errors may be more likely to be assigned to the self rather than the 

environment.  This approach might be accomplished through the use of virtual reality 

technology that masks the clinical setting.  Finally, perturbing the system in multiple 

contexts may promote greater transferability of learning. That is, it is less likely 
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learning will be considered context specific if it is brought about in a variety of 

settings.  By applying similar perturbations across multiple contexts, assignment of the 

error source may shift from the environment to the self, and cause the adaptation to be 

more transferable.  

 



 
 

56 

REFERENCES 

Andersen RA, Snyder LH, Bradley DC, and Xing J. Multimodal representation of 
space in the posterior parietal cortex and its use in planning movements. 
Annual review of neuroscience 20: 303-330, 1997. 

 
Barrett AM, Goedert KM, and Basso JC. Prism adaptation for spatial neglect after 

stroke: translational practice gaps. Nat Rev Neurol, 8(10): 567-577, 2012.  
 
Berniker M and Kording K. Estimating the sources of motor errors for adaptation and 

generalization. Nature neuroscience 11: 1454-1461, 2008. 
 
Brain RW. Visual disorientation with special reference to lesions of the right cerebral 

hemisphere. Brain, 64: 244-272, 1941. 
 
Burgess N. Spatial cognition and the brain. Annals of the New York Academy of 

Sciences 1124: 77-97, 2008.  
 
Calvanio R, Petrone PN, and Levine DN. Left visual spatial neglect is both 

environment-centered and body-centered. Neurology, 37(7): 1179-1183, 1987. 
 
Caramazza A and Hillis AE. Spatial representation of words in the brain implied by 

studies of a unilateral neglect patient. Nature, 346(6281): 267-269, 1990. 
 
Colby CL. Action-oriented spatial reference frames in cortex. Neuron 20: 15-24, 1998. 
 
Farah M J, Brunn JL, Wong AB, Wallace MA, and Carpenter PA. Frames of reference 

for allocating attention to space: evidence from the neglect syndrome. 
Neuropsychologia, 28(4): 335-347, 1990. 

 
Fasotti L and van Kessel M. Novel Insights in the Rehabilitation of Neglect. Front 

Hum Neurosci, 7: 780, 2013. 
 
Flanagan JR, Vetter P, Johansson RS, and Wolpert DM. Prediction precedes control in 

motor learning. Current biology: CB 13: 146-150, 2003.  
 



 
 

57 

Gainotti G, Messerli P, and Tissot R. Qualitative analysis of unilateral spatial neglect 
in relation to laterality of cerebral lesions. J Neurol Neurosurg Psychiatry, 
35(4): 545-550, 1972. 

 
Galati G, Lobel E, Vallar G, Berthoz A, Pizzamiglio L, and Le Bihan D. The neural 

basis of egocentric and allocentric coding of space in humans: a functional 
magnetic resonance study. Exp Brain Res 133: 156-164, 2000.  

 
Goodale MA, and Milner AD. Separate visual pathways for perception and action. 

Trends in neurosciences 15: 20-25, 1992.  
 
Gossmann A, Kastrup A, Kerkhoff G, Lopez-Herrero C, and Hildebrandt H. Prism 

adaptation improves ego-centered but not allocentric neglect in early 
rehabilitation patients. Neurorehabilitation and neural repair 27: 534-541, 
2013. 

 
Harris CS. Adaptation to displaced vision: visual, motor, or proprioceptive change? 

Science, 140(3568): 812-813, 1963. 
 
Held R, and Freedman SJ. PLASTICITY IN HUMAN SENSORIMOTOR 

CONTROL. Science (New York, NY) 142: 455-462, 1963.  
 
Helmholtz HEF von. Treatise on Physiological Optics. In: Southhall, J.P.C., Trans. 

(Eds.), Dover New York, 1909/1962 (original work published in 1866). 
 
Hillis AE and Caramazza A. A framework for interpreting distinct patterns of 

hemispatial neglect. Neurocase: The Neural Basis of Cognition, 1(3): 189-207, 
1995. 

 
Imamizu H, Uno Y, and Kawato M. Internal representations of the motor apparatus: 

implications from generalization in visuomotor learning. J Exp Psychol Hum 
Percept Perform, 21(5): 1174-1198, 1995.   

 
Jacquin-Courtois S, O'Shea J, Luaute J, Pisella L, Revol P, Mizuno K, Rode G, and 

Rossetti Y. Rehabilitation of spatial neglect by prism adaptation: a peculiar 
expansion of sensorimotor after-effects to spatial cognition. Neurosci Biobehav 
Rev, 37(4): 594-609, 2013. 

 
Kawato M. Internal models for motor control and trajectory planning. Curr Opin 

Neurobiol, 9(6): 718-727, 1999. 
 
Kerkhoff G. Spatial hemineglect in humans. Prog Neurobiol, 63(1): 1-27, 2001.  
 



 
 

58 

Kitazawa S, Kimura T, and Uka T. Prism adaptation of reaching movements: 
specificity for the velocity of reaching. J Neurosci, 17(4): 1481-1492, 1997.  

  
Kitazawa S, Kohno T, and Uka T. Effects of delayed visual information on the rate 

and amount of prism adaptation in the human. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 15: 7644-7652, 1995.  

 
Krakauer JW and Mazzoni P. Human sensorimotor learning: adaptation, skill, and 

beyond. Curr Opin Neurobiol, 21(4): 636-644, 2011. 
 
Krakauer JW, Mazzoni P, Ghazizadeh A, Ravindran R, and Shadmehr R. 

Generalization of motor learning depends on the history of prior action. PLoS 
Biol, 4(10): e316, 2006.  

 
Lacquaniti F, Guigon E, Bianchi L, Ferraina S, and Caminiti, R. Representing spatial 

information for limb movement: role of area 5 in the monkey. Cerebral cortex, 
5(5): 391-409, 1995. 

 
Latash ML. Mirror Writing: Learning, Transfer, and Implications for Internal Inverse 

Models. J Mot Behav, 31(2): 107-111, 1999. 
 
Marsh EB and Hillis AE. Dissociation between egocentric and allocentric visuospatial 

and tactile neglect in acute stroke. Cortex, 44(9): 1215-1220, 2008. 
 
Martin TA, Keating JG, Goodkin HP, Bastian AJ, and Thach WT. Throwing while 

looking through prisms. II. Specificity and storage of multiple gaze-throw 
calibrations. Brain, 119 (Pt 4): 1199-1211, 1996.  

  
Mattingley JB. Visuomotor adaptation to optical prisms: a new cure for spatial 

neglect? Cortex, 38(3): 277-283, 2002.   
 
McCloskey M. Spatial representation in mind and brain. In: Rapp Brenda (ed) The 

handbook of cognitive neuropsychology: what deficits reveal about the human 
mind. Psychology Press, Philadelphia, 2001. 

 
Medina J, Kannan V, Pawlak MA, Kleinman JT, Newhart M, Davis C, Heidler-Gary 

JE, Herskovits EH, and Hillis AE. Neural substrates of visuospatial processing 
in distinct reference frames: evidence from unilateral spatial neglect. J Cogn 
Neurosci, 21(11): 2073-2084, 2009. 
 

Morton SM and Bastian AJ. Prism adaptation during walking generalizes to reaching 
and requires the cerebellum. J Neurophysiol, 92(4): 2497-2509, 2004. 

 



 
 

59 

Newport R and Schenk T. Prisms and neglect: what have we learned? 
Neuropsychologia, 50(6): 1080-1091, 2012. 

 
Norman J. Two visual systems and two theories of perception: An attempt to reconcile 

the constructivist and ecological approaches. The Behavioral and brain 
sciences 25: 73-96; discussion 96-144, 2002.  

 
Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. 

Neuropsychologia, 9(1): 97-113, 1971. 
 
Ota H, Fujii T, Suzuki K, Fukatsu R, and Yamadori A. Dissociation of body-centered 

and stimulus-centered representations in unilateral neglect. Neurology, 57(11): 
2064-2069, 2001.  

  
Plummer P, Morris ME, and Dunai J. Assessment of unilateral neglect. Phys Ther, 

83(8): 732-740, 2003.  
 
Redding GM, Rossetti Y, and Wallace B. Applications of prism adaptation: a tutorial 

in theory and method. Neurosci Biobehav Rev, 29(3): 431-444, 2005. 
 
Reisman DS, Block HJ, and Bastian AJ. Interlimb coordination during locomotion: 

what can be adapted and stored? J Neurophysiol, 94(4): 2403-2415, 2005. 
 
Rossetti Y, Rode G, Pisella L, Farne A, Li L, Boisson D, and Perenin MT. Prism 

adaptation to a rightward optical deviation rehabilitates left hemispatial 
neglect. Nature, 395(6698): 166-169, 1998. 

 
Salmoni AW, Schmidt RA, Walter CB. Knowledge of results and motor learning: a 

review and critical reappraisal. Psychol Bull, 95(3): 355-86, 1984. 
 
Savin DN and Morton SM. Asymmetric generalization between the arm and leg 

following prism-induced visuomotor adaptation. Exp Brain Res, 186(1): 175-
182, 2008. 

 
Scott SH and Norman KE. Computational approaches to motor control and their 

potential role for interpreting motor dysfunction. Curr Opin Neurol, 16(6): 
693-698, 2003. 

 
Serino A, Bonifazi S, Pierfederici L, and Ladavas E. Neglect treatment by prism 

adaptation: what recovers and for how long. Neuropsychol Rehabil, 17(6): 
657-687, 2007. 

 



 
 

60 

Shadmehr R and Krakauer JW. A computational neuroanatomy for motor control. Exp 
Brain Res, 185(3): 359-381, 2008. 

 
Shadmehr R and Mussa-Ivaldi FA. Adaptive representation of dynamics during 

learning of a motor task. J Neurosci, 14(5 Pt 2): 3208-3224, 1994. 
 
Shadmehr R, Smith MA, and Krakauer JW. Error correction, sensory prediction, and 

adaptation in motor control. Annu Rev Neurosci, 33: 89-108, 2010. 
 
Stratton GM. Vision without inversion of the retinal image. Psychological Review, 4: 

341–481, 1897. 
 
Thaler L, and Goodale MA. Neural substrates of visual spatial coding and visual 

feedback control for hand movements in allocentric and target-directed tasks. 
Front Hum Neurosci 5: 92, 2011.  

 
Torres-Oviedo G and Bastian AJ. Natural error patterns enable transfer of motor 

learning to novel contexts. Journal of neurophysiology 107: 346-356, 2012. 
 
Tseng YW, Diedrichsen J, Krakauer JW, Shadmehr R, and Bastian AJ. Sensory 

prediction errors drive cerebellum-dependent adaptation of reaching. J 
Neurophysiol, 98(1): 54-62, 2007. 

 
Turton AJ, O'Leary K, Gabb J, Woodward R, and Gilchrist ID. A single blinded 

randomised controlled pilot trial of prism adaptation for improving self-care in 
stroke patients with neglect. Neuropsychol Rehabil 20: 180-196, 2010. 

 
Ungerleider LG, and Mishkin M. The striate projection zone in the superior temporal 

sulcus of Macaca mulatta: location and topographic organization. The Journal 
of comparative neurology 188: 347-366, 1979. 

 
Walker R. Spatial and object-based neglect. Neurocase, 1(4): 371-383, 1995.  
 
Wallace B and Redding GM. Additivity in prism adaptation as manifested in 

intermanual and interocular transfer. Percept Psychophys, 25(2): 133-136, 
1979. 

 
Weiner MJ, Hallett M, and Funkenstein HH. Adaptation to lateral displacement of 

vision in patients with lesions of the central nervous system. Neurology, 33(6): 
766-772, 1983.   

 
Welch RB. Research on adaptation to rearranged vision: 1966-1974. Perception, 3(4), 

367-392, 1974.   



 
 

61 

 
Wolpert DM and Ghahramani Z. Computational principles of movement neuroscience. 

Nat Neurosci, 3 Suppl: 1212-1217, 2000. 
 
Wolpert DM and Miall RC. Forward Models for Physiological Motor Control. Neural 

Netw, 9(8):  1265-1279, 1996. 
 
Wolpert DM, Miall RC, and Kawato M. Internal models in the cerebellum. Trends in 

cognitive sciences 2: 338-347, 1998. 



 
 

62 

Appendix 

IRB Approval and Permissions 

This appendix includes two documents.  The first document states University 
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