Investigation into Use of Vision and Proprioception in Upper Limb Movements in Virtual

Reality

by

Motoki Sakurai

A dissertation accepted and approved in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

in Human Physiology

Dissertation Committee:
Andrew Karduna, Ph.D., Chair
Mike Hahn, Ph.D., Core Member
Michelle Marneweck, Ph.D., Core Member

Daniel Pimentel, Ph.D., Institutional Representative

University of Oregon

Summer 2025



© 2025 Motoki Sakurai



DISSERTATION ABSTRACT
Motoki Sakurai
Doctor of Philosophy in Human Physiology
Title: Investigation into Use of Vision and Proprioception in Upper Limb Movements n Virtual
Reality

Upper limb reaching movements are primarily planned and executed using two sensory
inputs: vision and proprioception. The optimal integration theory suggests that the central
nervous system weights these inputs in a statistically optimal manner to maximize movement
accuracy. However, this relative reliance on each sense can shift depending on various
contextual factors, such as the quality of sensory inputs, the demands of the task, and inherent
differences between individuals. Virtual reality (VR) provides a valuable tool to study these
mechanisms, as it allows researchers to precisely manipulate visual feedback while minimizing
external confounding variables in a controlled 3D environment.

This dissertation investigates how vision and proprioception are integrated during upper
limb movements, focusing on the effects of limb dominance, sex, and athletic background. It
includes six chapters, with Chapter I serving as an introduction to the theoretical background and
study objectives. Chapters II and III focus on developing two VR-based sensorimotor tests: (1)
an active shoulder joint position sense (JPS) test, in which participants replicate static arm-
elevation angles, and (2) a dynamic reaching test, in which participants reach to "intercept" a
target moving toward them under manipulated visual conditions. Chapter IV uses the JPS test to
examine how limb side and population differences (males vs. females, athletes vs. non-athletes)
affect sensory integration patterns and movement accuracy. Chapters V and VI apply the

dynamic reaching test to examine vision-proprioception integration for upper limb reaching that



requires to track the constantly moving reaching target, again comparing limb side and
population differences. Collectively, these studies contribute to our understanding of how
movement type (static vs. dynamic), limb side, and individual differences shape multisensory
control in upper limb reaching tasks. This dissertation includes both previously published and

unpublished co-authored material.
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CHAPTER I
GENERAL INTRODUCTION
1. Background
1.1. Sensory Input in Human Body

Vision and proprioception are the two major sensory inputs the human body utilizes to
plan and execute upper limb reaching movements (Block & Bastian, 2010; Lateiner & Sainburg,
2003). Anatomically, optic tracts process visual input such as object movement and hand
locations relative to object position in the visual field. This processing begins in the retina,
forming the optic nerve as it exits posteriorly from the eyes and enters the brain through the skull
and dura (Gupta et al., 2025). Within the brain, the visual cortex located in the occipital lobe at
the back of the brain above the cerebellum primarily processes the visual input carried by the
optic nerve (Huff et al., 2025). Each hemisphere processes vision from the contralateral visual
field, meaning the right hemisphere handles visual input from the left eye and vice versa (Huff et
al., 2025).

Proprioception refers to "the perception of joint and body movement as well as the
position of the body or body segments in space" (Han et al., 2016). For example, individuals
without motor impairment can touch their nose even with their eyes closed because
proprioception guides the hand without visual input. Primary sources of proprioceptive input
include muscle spindles, Golgi tendon organs (GTOs), joint receptors, cutaneous receptors, and
the vestibular system (Henry & Baudry, 2019; Proske & Gandevia, 2009). Among these, muscle
spindles attached to muscle fibers and GTOs located at the junction of muscle fibers and tendons
play major roles in providing proprioceptive feedback to the central nervous system (CNS)
(Proske & Gandevia, 2009). Proprioceptive input from these receptors enters the dorsal column
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of the spinal cord, ascends contralaterally, and reaches the cerebellum (Ives, 2013).
Subsequently, the proprioceptive input is transmitted to the somatosensory cortex in the parietal
lobe, located just posterior to the central sulcus (Raju & Tadi, 2025).

After vision and proprioception are processed in the visual and somatosensory cortices,
respectively, they are integrated primarily in the posterior parietal cortex and ventral premotor
cortex (Limanowski & Blankenburg, 2016). Numerous theoretical frameworks have been
proposed for how the brain integrates sensory information, including vision and proprioception
(Camponogara, 2023). One of the most widely adopted theories in motor control studies is the
optimal integration theory (Berger & Biilthoff, 2009; Block & Bastian, 2011a; Ernst & Banks,
2002; Lateiner & Sainburg, 2003). This theory suggests that sensory information is integrated
and weighted statistically optimally to obtain the most accurate estimate of body position in the
environment (Ernst & Banks, 2002; Hayashi et al., 2020; van Beers et al., 2002). Factors
influencing sensory weighting include sensory quality, movement type, limb side, and individual
biase/preference toward each sensory (Block & Bastian, 2011b; Ernst & Banks, 2002).
Consequently, upper limb movements vary as the brain optimizes its reliance on vision and
proprioception based on specific situations and environments (Kumawat et al., 2022; Morehead
et al., 2017; Spitzley & Karduna, 2022). Generally, vision dominates in arm-reaching tasks by
providing essential information about external objects and spatial positioning, whereas
proprioception aids in fine adjustments for movement accuracy (Goodman & Tremblay, 2021;

van Beers et al., 2002).

1.2. Motor Control Patterns Among Populations
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Population differences significantly influence the integration of vision and
proprioception, as the motor control system adapts specifically to individual experiences and
physiological changes. In a previous study examining hand-reaching accuracy, younger adults
showed shorter movement durations and smaller spatial errors compared to older adults,
regardless of whether vision was provided or occluded (Chaput & Proteau, 1996). Notably,
despite having lower proprioceptive accuracy, older adults relied more heavily on proprioceptive
input than younger adults during reaching tasks (Chaput & Proteau, 1996). Another study
reported that stroke survivors generally exhibit impaired proprioception, and their inter-limb
position matching accuracy improved with visual feedback of their limb position only for some
individuals, likely due to variability in stroke-damaged brain areas affecting visual processing
(Herter et al., 2019). These findings underscore significant individual variability in motor control
based on demographic background and experiences.

The fine coordination of vision and proprioception is crucial for baseball and softball
athletes, as they are required to accurately hit and catch a ball. However, to our knowledge, no
study has investigated the multisensory integration mechanism of baseball or softball athletes in
upper limb reaching movements, while many of them reported independent association of vision
or proprioception with the sport performance, the risk of injury, or population differences
between the athletes and non-athletes (Chen et al., 2021; Ettinger et al., 2017; Freeston et al.,
2015; Kirschen & Laby, 2021; Klemish et al., 2018; Laby et al., 2018; Marsh et al., 2004; Myers
et al., 2006; Myrick et al., 2019). Prior research has shown that baseball players exhibit superior
reaching accuracy compared to non-athletes in tasks involving dynamically moving targets on a
touchscreen (Chen et al., 2021). Within the baseball athlete cohort, vision appears to differentiate
elite players from less successful ones. Nearly 70% of prospective athletes with good or
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moderate visual function, assessed using a vision score scale, were drafted into Major League
Baseball, whereas only one in approximately 500 athletes with poor visual function was selected
(Kirschen & Laby, 2021). In contrast, proprioception does not seem to be as strongly correlated
with sports performance as studies have found no significant relationships between
proprioceptive function and pitching accuracy or velocity (Freeston et al., 2015; Marsh et al.,
2004; Myrick et al., 2019). However, the shoulder (glenohumeral) joint proprioception of the
baseball athletes is altered partially due to an increased laxity of the glenohumeral joint and
accumulated microtrauma to the joint capsules by repetitive overhead throwing movements
(Myers et al., 2006). Similarly, softball athletes demonstrated greater reaching errors than control
participants in shoulder joint repositioning tasks (Dover et al., 2003). These findings suggest that
throwing athletes may exhibit unique visual and proprioceptive functions compared to non-
athletes, warranting further research into their multisensory integration mechanisms. In addition,
non-throwing arm of these athletes may have enhanced vision-proprioception integration as they
have extensive experience of catching the ball. Motor learning is known to occur specific to
situations and movement patterns (Paillard, 2017; Proteau & Isabelle, 2002). Although
speculative, repetitive ball catching experience could potentially result in distinctive reaching
patterns compared to non-athletes.

Sex differences in vision-proprioception integration remain unclear due to conflicting
findings. Some studies suggest males exhibit worse proprioception than females (Vafadar et al.,
2015), while others report no significant sex differences in joint position matching tasks
(Echalier et al., 2019). However, sex differences become more evident in complex reaching tasks
involving dynamic visual input, with females typically showing lower accuracy when reaching
for dynamically moving targets or multiple static targets using both arms simultaneously
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(McGivern et al., 2012; Mickeviciené et al., 2011). These differences might be due to distinct
neural processing pathways for visual input as men predominantly utilize the dorsal stream of.
The visual cortex specialized for analyzing object movement, whereas women rely more on the
ventral stream specialized for object characteristics such as its color and shape (Goodale &
Milner, 1992; McGivern et al., 2012; Vanston & Strother, 2017). Investigating these sex
differences in reaching tasks involving dynamically moving targets could further clarify sex-
specific sensory integration mechanisms.

Overall, population-specific differences significantly influence vision-proprioception
integration. Baseball and softball athletes may possess better visual tracking compared to non-
athletes, even though their throwing arm might have altered proprioception due to repetitive
high-intensity throwing. Sex differences in vision-proprioception integration likely depend on
the complexity and type of reaching task, with pronounced differences potentially linked to

visual input processing streams in the visual cortex.

1.3. Reaching Test Modality

Reaching tests can be categorized into static and dynamic types based on whether the
reaching targets involved are stationary or moving. Static reaching tasks involve reaching for a
fixed target location displayed on a computer or positioned in real-world 3D space. Prior
research indicates the relative contribution of vision and proprioception during static tasks
depends on individuals’ conscious control of sensory reliance (Block & Bastian, 2010; Morehead
et al., 2017), the specific plane of arm movement (e.g., anterior-posterior or medial-lateral)
(Klein et al., 2018; van Beers et al., 2002), and population characteristics (Chen et al., 2021;
Rand et al., 2013). A common static task is the joint position sense (JPS) test, where subjects
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match or reposition a limb based on contralateral or ipsilateral reference positions (Roach et al.,
2023). However, static tasks may not accurately capture the motor skills of baseball and softball
athletes, whose performance depends on interacting with dynamically moving objects in three-
dimensional (3D) environments. Additionally, static reaching tasks report inconsistent results
regarding sex differences in sensory integration (Echalier et al., 2019; Mickeviciené¢ et al., 2011;
Vafadar et al., 2015).

Dynamic reaching tasks, conversely, involve targets that move. These tasks are typically
performed on a horizontal 2D plane, either on computer screens or customized setups creating
physically moving targets (Fialho & Tresilian, 2017; Morehead et al., 2017; Schroeger et al.,
2021). Tasks typically require to accurately hit the moving target with a hand. Dynamic tests
evaluate not only spatial accuracy but also temporal accuracy, reaction times, and hand velocities
(Mickevicien¢ et al., 2011; Schroeger et al., 2021). Despite their increased complexity compared
to static tasks, 2D dynamic reaching tasks may lack validity for understanding vision-
proprioception integration mechanisms in baseball and softball athletes. This is because their
motor learning for dynamic reaching primarily occurs through experiences like ball catching and
hitting in three-dimensional (3D) environments, where objects move toward them predominantly
in the anterior-posterior plane. Consequently, typical dynamic reaching tasks conducted in the
2D horizontal plane may not suitably replicate the conditions necessary for researchers to
accurately examine how these athletes integrate sensory inputs and execute reaching movements.
Previous research has shown that females demonstrate lower spatial reaching accuracy and
slower response times compared to males in both 2D and 3D dynamic reaching tests (Lipps et
al., 2013; McGivern et al., 2012; Mickeviciené et al., 2011). In contrast, static tasks have yielded
mixed results regarding sex differences. Therefore, it could be beneficial to further investigate
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sex differences by having male and female participants perform both common static and
dynamic reaching tasks comprehensively. Such thorough assessments would help clarify sex-
related variations in reaching accuracy and shed light on the neural mechanisms underpinning

these motor control differences.

1.4. Virtual Reality Systems

Virtual reality (VR) technology first emerged in the 1960s and has significantly expanded
since then, growing from a market size of US $7.3 billion in 2018 and projected to reach US
$120.5 billion by 2026 (Wohlgenannt et al., 2020). Consumer VR platforms such as Meta’s
Oculus Quest, HTC’s VIVE, and Apple’s Vision Pro have become increasingly popular in recent
years. These VR systems typically utilize head-mounted displays to project immersive visual
environments, providing users with a realistic sense of "being there." While most VR use has
historically been in video gaming, VR systems are now utilized across various domains,
including medical surgery and dental practice simulations, health screenings for insurance
assessments, and even talent identification in soccer through VR-based movement tasks
(Wohlgenannt et al., 2020). In the realm of scientific research, VR has primarily been applied in
education and medicine to understand social behaviors and evaluate the effectiveness of VR-
based training. Research utilizing VR technology has notably increased since around 2015.

In motor control research specifically, VR has significantly advanced the study of vision-
proprioception integration by enabling precise control and manipulation of visual stimuli within
realistic 3D environments, while maintaining acceptable data accuracy (Spitzley & Karduna,
2019). Unlike traditional tools such as prism goggles (Hansen et al., 2007) and 2D computer
displays (Morehead et al., 2017), VR provides a more sophisticated platform for investigating
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multisensory integration. VR-based reaching tasks can simulate real-world scenarios, such as
tracking the trajectory of a baseball, while minimizing the influence of external factors that are
difficult to control in the real-world 3D environment. Dynamic reaching tasks, like ball-catching
experiments, often use physical equipment such as baseball-throwing machines, which causes
inconsistencies in ball trajectory and position between trials, potentially affecting participants'
reaching movements (Cesqui et al., 2015; Ida et al., 2022). By contrast, VR systems eliminate
such variability by consistently reproducing exact ball trajectories and positions between trials.
Furthermore, VR allows precise tracking of moving objects frame by frame, as the entire virtual
environment is computationally controlled. Both static and dynamic tests conducted in VR
environments thus enable researchers to more accurately investigate the motor control
mechanisms underlying vision-proprioception integration by analyzing detailed movement
patterns during reaching tasks.

Portability represents another key advantage of VR systems. Typically, VR setups require
minimal hardware, including only a headset, controllers, a laptop, and connecting cables. This
portability is especially valuable when recruiting participants who cannot easily visit research
laboratories. For example, patients with limited mobility may find traveling difficult, and athletes
may have restricted schedules that prevent travel to distant laboratories. Portable VR systems
allow researchers to conveniently conduct testing at locations more accessible to participants.
Furthermore, recent advancements have resulted in wireless VR headsets capable of data storage
or wireless data transfer through networks such as Bluetooth. Overall, technological
advancements continue to enhance the robustness, accuracy, and accessibility of VR systems,

making them highly valuable and practical tools for research.
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1.5. Summary

The brain and CNS integrate sensory inputs to plan and execute motor commands
necessary for specific movements. According to optimal integration theory, vision and
proprioception are integrated in a statistically optimal way, maximizing the accuracy of upper
limb reaching tasks (Block & Bastian, 2010; Lateiner & Sainburg, 2003). However, different
populations may exhibit distinct patterns of vision-proprioception integration and motor
execution due to unique training histories and physiological differences. Traditional reaching
tests, which commonly involve static tasks or movements conducted in 2D environments, may
not adequately represent these inherent motor control patterns. A 3D immersive VR environment
that HTC VIVE system provides offers the capability to effectively implement both static and
dynamic reaching tasks. VR technology enables accurate and reliable collection of upper limb
movement data in 3D environment (Spitzley & Karduna, 2019). Thus, the objectives of this
dissertation were: 1) to investigate the feasibility of implementing a shoulder JPS test (static test)
and a ball-catching test (dynamic test) using the HTC VIVE VR system, and 2) to examine
population differences in vision-proprioception integration between baseball/softball athletes and
non-athlete controls, as well as between males and females, utilizing these static and dynamic

reaching tasks.

2. Aims and Overview
This dissertation consists of seven chapters. Chapters II — VI discuss primary research
studies and are written in journal research article format. Chapter I provides introductory

material to the topics of vision-proprioception integration of throwing sport athletes and upper
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limb reaching testing in VR environment. Chapter VII summarizes main findings from chapters
IT — VI. Bridge sections are included to link the content between chapters.

Chapters II and III aim to provide groundwork that establishes fundamental
understandings of vision-proprioception integration in static reaching using JPS test and a novel
“dynamic reaching test” with physically healthy young individuals being tested. Chapter II were
co-authored by Motoki Sakurai, Dr. Kate A. Spitzley, and Dr. Andrew R. Karduna, and
previously published in the Journal of Motor Behavior under the title “Awareness of Visual
Offset Reduces But Does Not Eliminate Joint Repositioning Errors in Virtual Reality”. The study
design, experimental work including data collection and analysis, and writing was performed by
Motoki Sakurai, Drs. Kate A. Spitzley and Andrew R. Karduna provided research mentorship
and editorial assistance. Chapter III developed a novel upper limb reaching task in response to a
ball moving to participants in VR, mimicking a ball catching situation on baseball and softball
fields. The study design, experimental work including data collection and analysis, and writing
was performed by Motoki Sakurai, Taylor J. Wilson and Dr. Andrew R. Karduna provided
research mentorship and editorial assistance.

Chapter IV uses shoulder JPS test and aims to identify the differences in joint
repositioning accuracy and relative contribution of vision and proprioception between throwing
athletes and non-athletes as well as females and males. This chapter was co-authored by Motoki
Sakurai and Dr. Andrew R. Karduna. The study design, experimental work including data
collection and analysis, and writing was performed by Motoki Sakurai, Dr. Andrew R. Karduna
provided research mentorship and editorial assistance.

Chapter V and VI use the dynamic reaching test and aims to identify the differences in
arm reaching accuracy and relative contribution of vision and proprioception between females
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and males in chapter V and between throwing athletes and non-athletes in chapter VI. These
chapters were co-authored by Motoki Sakurai and Dr. Andrew R. Karduna. The study design,
experimental work including data collection and analysis, and writing was performed by Motoki
Sakurai, Dr. Andrew R. Karduna provided research mentorship and editorial assistance.

This dissertation advances our understanding of vision-proprioception integration in
upper limb reaching tasks, particularly in the context of throwing athletes and sex differences,

through the application of VR-based experimental paradigms.
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CHAPTER II
AWARENESS OF VISUAL OFFSET REDUCES BUT DOES NOT ELIMINATE JOINT

REPOSITIONING ERRORS IN VIRTUAL REALITY

This work is published in volume 56 of the Journal of Motor Behavior in
2024 as “Awareness of Visual Offset Reduces but Does Not Eliminate Joint Repositioning
Errors in Virtual Reality” and is co-authored by Motoki Sakurai, Drs. Kate A. Spitzley and
Andrew R. Karduna. The study design, experimental work including data collection and analysis,
and writing was performed by Motoki Sakurai. Drs. Kate A. Spitzley and Andrew R. Karduna

provided research mentorship and editorial assistance.

1. Introduction

Humans integrate multiple sensory inputs in the central nervous system (CNS) to plan
and execute active limb movements like reaching for a coffee cup (Apker et al., 2011; Berger &
Biilthoft, 2009; Goodman & Tremblay, 2018; Orban de Xivry et al., 2017; Spitzley & Karduna,
2022). Vision and proprioception are the two major sensory inputs that contribute to these
movements. (Block & Bastian, 2010). According to the optimal integration theory, the relative
contribution of these sensory modalities changes based on many factors, including the quality
and quantity of the sensory inputs and conscious effort (Block & Bastian, 2011b; Ernst & Banks,
2002). Reaching movement accuracy is known to be better when both vision and proprioception
are available and congruent with each other (Bayramova et al., 2021; Spitzley & Karduna, 2022).
However, the misalignment between these senses results in a change in end-position of reaching
hands (Hsiao et al., 2022; Morehead et al., 2017; Spitzley & Karduna, 2022).
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While vision is a dominant sensory input for planning and initiating accurate movements,
proprioception plays a stronger role in making fine adjustments in the body or segment position
(Goodman & Tremblay, 2018; Orban de Xivry et al., 2017). Previous studies with subjects
seated on a swirl chair reported that vision-only conditions had better self-body-turning task
accuracy than proprioception-only conditions. In this task, participants were asked to rotate the
chair back to the start position (active rotation) after experimenters rotated the chair from a start
position to an end position (passive rotation) (Bayramova et al., 2021; Berger & Biilthoff, 2009;
Valori et al., 2020). In a shoulder repositioning accuracy study from our lab using a joint position
sense (JPS) test, a 6-9° reaching error in arm repositioning occurred when visual representation
of a reaching arm in a virtual reality (VR) environment shifted 8° from the actual arm position,
called “visual offset” creating visuo-proprioceptive incongruency (Spitzley & Karduna, 2022).
Visuo-proprioceptive incongruency is a situation that visual hand position presented in VR is not
aligned with where a participant actually places their hand (8° of visual offset made this
incongruency in this case). In that study, participants were not aware of the 8° of visual offset
when completing reaching trials. As a result, participants chose to reach to the visual target,
rather than the proprioception target. These studies provide evidence that humans tend to
prioritize vision over proprioception and can increase the movement accuracy by heavily relying
on vision if vision provides accurate information (Apker et al., 2011; Bayramova et al., 2021;
Berger & Biilthoff, 2009; Kumawat et al., 2022; Spitzley & Karduna, 2022; Valori et al., 2020).

Awareness of visual offset has the potential to enable humans to consciously reduce the
relative weighting of vision in relation to proprioception (Berger & Biilthoff, 2009; Block &
Bastian, 2010). In previous studies, participants were instructed to ignore the visual
representation of a reaching hand that did not correctly reflect the actual hand movement during
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motor learning tasks (Hsiao et al., 2022; Morehead et al., 2017). However, over time,
participants gradually integrated incorrect virtual hand movements and did not accurately hit
proprioceptive targets (Hsiao et al., 2022; Morehead et al., 2017). Another study found that body
repositioning accuracy in a self-turning task did not improve, even when participants were aware
of visual offset, yet a decrease in the relative weighting on vision with respect to vestibular cue
was observed (Berger & Biilthoff, 2009). The CNS appears to have conscious control over the
relative weighting of each sensory input to some extent, but this control is not sufficient to
reduce body/segment repositioning errors. Currently, little is known about the optimal
integration of vision and proprioception for a shoulder repositioning task where humans are
aware of a visual offset and instructed to ignore vision. Given the previous findings that the
conscious effort to down weight faulty visual cues did not reduce the single hand reaching
accuracy and the body repositioning accuracy (Berger & Biilthoff, 2009; Hsiao et al., 2022;
Morehead et al., 2017), a shoulder JPS that involves single arm repositioning will strengthen the
literature around the optimal integration theory and its relationship with conscious effort to down
weight vision. Although different types of shoulder proprioception test are proposed, single arm
repositioning requires more involvement of vision over proprioception when both senses are
present (Spitzley & Karduna, 2022). This could be a reason that vision was difficult to
consciously ignore in the previous studies (Hsiao et al., 2022; Morehead et al., 2017). The
current study aims at following up our previous study that found the dominance of vision over
proprioception in JPS test when no instruction about offset was provided (Spitzley & Karduna,
2022).

Fully immersive VR is a promising technology that has been growing rapidly. It creates
an environment where vision can be independently manipulated in isolation from proprioception
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in three-dimensional (3D) space (Spitzley & Karduna, 2022). Shoulder joint repositioning
accuracy has been traditionally tested with conditions where the eyes are either open or closed
(Ager et al., 2017). VR environments allow researchers to test not only the effect of visual
occlusion on shoulder repositioning, but the multisensory integration mechanisms with visuo-
proprioceptive incongruency. The weighting on vision and proprioception varies depending on
the plane/direction of the upper limb movements (Klein et al., 2018). Given that upper limb
vision-proprioception integration has been predominantly studied in the two-dimensional
horizontal plane using a computer screen (Block & Bastian, 2010; Goodman & Tremblay, 2018;
van Beers et al., 2002), it is important to understand multisensory integration mechanisms for
movements in different planes (e.g., vertical). Immersive VR is one of the best tools to test the
multisensory integration for vertical plane movements by creating visuo-proprioceptive
incongruency.

The purpose of the present study was to investigate the effect of visual offset when
participants were instructed to ignore vision during a joint repositioning task using a JPS test. It
was hypothesized that 1) induced visual offsets would result in repositioning errors consistent
with the direction of the visual offset, and 2) the same trend in joint repositioning error would be

observed when participants were informed about the visual offset and instructed to ignore vision.

2. Methods
2.1. Participants
Twenty-five individuals without a history of chronic upper extremity pain, injury, and

neurological disorder participated in the current study (female/male: 13/12, age: 22.7 £ 5.3 yr,
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height: 1.7 + 0.1 m, weight: 71.5 + 13.6 kg). All participants provided informed consent as

approved by the University of Oregon Institutional Review Board.

2.2 Instrumentation

Participants were outfitted with an HTC VIVE VR headset (2160 x 1200 resolution,
PenTile OLED display) with headphones attached (HTC VIVE, Xindian District, New Taipei
City, Taiwan) (HTC VIVE Tracker (3.0) Developer Guideline Ver 1.1,2021). A wrist brace was
fitted to their dominant arm and an HTC VIVE tracker with Velcro tape was attached to the
bottom of the tracker. The Velcro tape was enough to secure the tracker on the wrist and control
unwanted movement of the tracker due to gravity, as the tracker data was needed only when the
participant kept their hand at a certain shoulder elevation angle. Auditory instructions and cueing
were delivered through the headphones. A 3D VR environment including a visual representation
of the dominant wrist position in the space was displayed to the participant through the headset.
Wrist position was projected as a baseball size black ball that matched the wrist tracker position
in accurate vision trials. In offset vision trials, this black ball position shifted £ 8° in the vertical
axis using the arm length of each participant for this calculation. Wrist position was determined
using output from the VIVE tracker, serving as the source of kinematic data for the current study
(Spitzley & Karduna, 2019). A small (1 to 2 cm) mismatch towards the medio-lateral direction
between the actual wrist position and the virtual hand position existed in both accurate and offset
vision trials when participants elevated their arm with palm facing inward, as the virtual hand

was centered on the tracker placed on the dorsal wrist.

2.3 Experimental procedure
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Participants were seated on a kneeling chair, allowing for a full range of arm motion
while keeping their posture upright and minimizing oscillating on a chair during the experiment.
A custom VR environment only contained plain white walls and a visual representation of a
participant’s dominant wrist to eliminate environmental visual references that participants could
use to estimate their body or segment position in the VR space. The HTC VIVE tracker was
affixed to the wrist while the participant’s dominant arm was at their side, with fingers pointing
perpendicular to the ground. This allowed for the starting position of the tracker to be as close as
possible to 0° rotation in the vertical axis of the tracker. Participants were asked to keep their
palm facing inward throughout the experiment.

The participants then performed a JPS test with shoulder flexion movement with the
elbow fully extended (Spitzley & Karduna, 2022). One trial of the JPS test consisted of two
phases, the presentation phase and the replication phase. In the presentation phase, auditory cues
guided participants to a target shoulder flexion angle. A low tone sound was emitted from the
headphones when the arm was more than 5° below a target, and a high tone sound was emitted
when the arm was more than 5° above a target. No sound was heard when the arm was within a
5° range of a target. The participant kept their arm at a target angle for 3 consecutive seconds,
and then moved it back to their side when the audible cue “relax” was emitted. The replication
phase started 3 seconds after the end of the presentation phase. No auditory guidance regarding
the arm angles was provided during this phase. Participants moved their arm to the remembered
target and kept it at the target angle for 3 consecutive seconds until another “relax” cue was
emitted. A visual representation of the wrist was displayed throughout the entire JPS trial.
Further details of the JPS test paradigm can be found in a previous study from our lab (Spitzley
& Karduna, 2022).
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Three blocks of 12 JPS trials were performed in the same order across all participants.
Within each block, the target angles 85, 90, 95, and 100° were tested in a randomized order. The
target angles were varied within a relatively small range in order to avoid learning effect from
trial to trial and in the meantime to minimize effect of target angle on repositioning errors. The
first block was the familiarization block (FB) where participants were familiarized with the VR
environment and the JPS test. The dominant wrist position displayed in the VR environment was
always congruent with the actual wrist position in the real-world space throughout this block.
The second block was offset block 1 (OB1) where a £8° visual offset in the vertical axis of the
wrist position was introduced in the replication phase for a portion of the 12 trials. Of the 12
trials, 4 were performed with -8° offset, 4 were performed with +8° offset, and 4 were performed
with 0° offset (no offset). For example, in -8° offset trials the participant saw their wrist at 82° of
shoulder flexion position when they flexed their shoulder to 90°. In the final block called offset
block 2 (OB2), the visual offsets were introduced in the same way as OB1. However, before
beginning OB2, participants were given the following instructions: “Your vision may or may not
be accurate. Ignore vision, instead rely on where you sense your arm is in the space.” Two to
three minutes of rest was provided between each block to prevent fatigue. Within OB1 and OB2
blocks, the order of visual offset was randomized. Trials were performed three times at each
target angle (85, 90, 95, and 100°) while these three trials had all different visual offset angles (-
8%, 0, and +8°) (Figure 2.1). Proprioception only trials with no information of the wrist position
(no vision trials) were not included in the current study, as our previous study found no
difference in repositioning errors between accurate vision and no vision in the same JPS test

(Spitzley & Karduna, 2022).
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Block Target Angle

1. Familiarization block (FB) > 85° Visual Offset Angle
90° -8°
2. Offset block 1 (OB1) > >
95° 0°
3. Offset block 2 (OB2) 100° 8°
Block order NOT randomized, Target order randomized, Offset angle order randomized,
12 JPS trials in each block 3 trials for each target Each offset caused once for

each target angle

Figure 2.1. Flow of JPS test. All participants started with FB, followed by OB1 and OB2.
Within each block, the target angles varied between 85° and 100° with their order randomized.
For the offset blocks, each target angle was performed at -8°, 0°, and 8° visual offset.

2.4 Data Extraction

Data were sampled from the VIVE tracker at 90 Hz and collected using a customized
Unity program (Unity Technologies, San Francisco, CA). Shoulder flexion angles were
calculated with respect to vertical (the 0° starting position of the tracker). Mean shoulder flexion
angles in the presentation and replication phases were calculated by averaging 100 data points
prior to each “relax” cue.

The following equations were used for each trial (i):

Constant Error (CE) = 6, = (i) S CH) (Eq.2.1)

1

Variable Error (VE) = \/(Z) 6, —6,)? (Eq.2.2)

8, is the mean presentation angle, 6, is the mean replication angle, 6, is the repositioning error

(6, — 6,), and n is the number of trials performed within a block.
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The reliance on visual and proprioceptive information (VP reliance score) during the OB1 and

OB2 blocks was estimated using the equation:

VP reliance score = (CEOB_CEL‘I:: triabof FB) X (=1or1) (Eq.2.3)

CEs from the last four trials of FB and the corresponding offset block, either OB1 or OB2, were
used to get a VP reliance score for each offset block. Depending on the visual offset condition,
either -8° or 8°, -1 or 1 was multiplied to make the score fit within the scale of 0 to 1. A score of
1 indicated that participants positioned their arm 8° higher or lower in the offset blocks than FB,
depending on the direction of the visual offset, indicating that participants relied on their vision
to reposition their arm. A score of 0 indicated that participants repositioned their arm at the same
angles in both FB trials and OB trials, indicating participants relied on their proprioceptive

information.

2.5. Statistical analyses

An a priori power analysis was conducted using G*Power version 3.1.9.6 (Faul et al.,
2009) to determine the minimum sample size required to test the study hypotheses. Results
indicated the required sample size to achieve 80% power for detecting a medium effect, at a
significance criterion of a = .05, was N = 24 for two-way repeated measured ANOVA. Thus, the
obtained sample size of N = 25 is adequate to test the study hypotheses.

Normality of the sample distributions for CE, VE, and VP reliance score were examined
by Shapiro-Wilk tests. If the sample distribution was found skewed, the data was log-
transformed and forced to be normally distributed. If the sample distribution was not found

skewed, outlying samples that fell more than 3 times the interquartile range above the third
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quartile or below the first quartile were excluded. The effect of block (OB1 and OB2) and visual
offset (-8, 0, and +8°) on these variables were then examined using two-way repeated measures
ANOVAs. If a significant main effect or interaction was observed, pairwise t-tests with a
Bonferroni correction were performed for post-hoc testing. For all the statistical tests, the alpha
level was set at 0.05. Effect size > was calculated for each of main effects and interactions in
ANOVAs. n?20f 0.01, 0.06, and 0.14 indicate small, medium, and large effect, respectively. All

statistical analyses were performed using R 4.2.2 (R Core Team).

3. Results

The sample distribution of CE was not found to be significantly skewed with a Shapiro-
Wilk test (p = 0.38). One participant was excluded as the data did not fall within the normal
range defined using the interquartile range. The means and standard deviations of CEs in OB1
with -8, 0, and +8° visual offsets were 5.5 +£3.6°, 1.2 £ 1.9°, and -7.5 + 3.7°, respectively. The
means and standard deviations of CEs in OB2 with -8, 0, and +8° visual offsets were 3.3 +4.1°, -
0.3 +£2.3° and -4.3 + 3.2° respectively. A two-way repeated measures ANOVA identified a
small main effect of block (p = 0.03, n?>= 0.04) and a large main effect of visual offset (p <
0.001, n?= 0.40), while no interaction was found (p = 0.10, n?>= 0.03). Pair-wise t-tests with
Bonferroni correction were performed for post-hoc testing. Statistically significant differences in
CE were found between each pair of comparisons between -8°, 0°, and 8° visual offsets (all p <

0.001) (Figure 2.2).
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Figure 2.2. CE at each testing block and visual offset condition. OB1 stands for Offset Block 1
during which no instruction regarding visual offset was given. OB2 stands for Offset Block 2
during which participants were instructed to ignore vision. Asterisks on top of the brackets
indicate significant differences between visual offsets. The main effect of block was found as
well (p = 0.03). Each bar paired with an error bar represents the mean and the standard deviation,
respectively, in each testing condition. ***: p <0.001

The sample distribution of VE was found to be significantly skewed with a Shapiro-Wilk
test (p <0.001), and therefore the data was log-transformed before running an ANOVA. The
means and standard deviations of VEs in OB1 with -8, 0, and +8° visual offsets were 1.3 + 1.1°,
1.4 £1.2° and 1.2 £ 1.2° respectively. The means and standard deviations of VEs in OB2 with -
8, 0, and +8° visual offsets were 1.1 = 1.1°, 1.1 £ 1.1°, and 1.6 = 1.6°, respectively. A two-way

repeated measures ANOVA identified no significant main effect of block (p = 0.53), visual offset

(p = 0.50), or interaction (p = 0.59) (Figure 2.3).
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Figure 2.3. VE at each testing block and visual offset condition. Neither a main effect nor
interaction was found (p > 0.05). Data shown in the figure are the raw data that is not log-
transformed. Each bar paired with an error bar represents the mean and the standard deviation,
respectively, in each testing condition.

The sample distribution of VP reliance score was not found significantly skewed with a
Shapiro-Wilk test (p = 0.64). Two subjects were excluded as their data did not fall within the
normal range defined using the inter-quartile range. The means and standard deviations of VP
reliance score in OB1 with -8 and +8° visual offsets were 0.8 + 0.4 and 0.8 + 0.3, respectively.

The means and standard deviations of VP reliance score in OB2 with -8 and +8° visual offsets

were 0.5 = 0.4 and 0.4 £+ 0.3, respectively. A two-way repeated measures ANOVA identified no
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significant main effect of block (p = 0.13), visual offset (p = 0.45), or interaction (p = 0.99)

(Figure 2.4).
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Figure 2.4. VP reliance score at each testing block and visual offset condition. No significant
main effect or interaction was found (p > 0.05). A horizontal dashed line at VP reliance score of
0.5 indicates the equal distribution of vision and proprioception. The thick horizontal black line
in each box represents the median and the box itself represents an inter-quartile range in each
testing condition. The vertical line on top and bottom of each box represents max and min
values.

4. Discussion

The purpose of the present study was to investigate the effect of visual offset when
participants were instructed to ignore vision in a shoulder JPS test. The hypotheses of the current

study were: 1) induced visual offsets would result in repositioning errors consistent with the
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direction of the offset, and 2) the same relationship between visual offset and repositioning error
would be observed even when participants were informed about offsets and instructed to ignore
vision. The first hypothesis was fully supported by the CE results (Figure 2.2). The CEs were
significantly larger in the trials with visual offsets (5.5° CE with -8° offset and -7.5° CE with +8°
offset) than the trials without a visual offset (1.2° CE with accurate vision). Visual offset trials
demonstrated CEs that closely matched the magnitude of the induced offset. This is consistent
with results reported in previous work from our lab which demonstrated a -9° CE with a +8°
visual offset at a target angle of 90° (Spitzley & Karduna, 2022). Furthermore, the VP reliance
score in OB1 was 0.75 on average, which indicates that the participants’ perception of the
position of their arm were biased towards the visual representation of their hands in VR rather
than their actual hands. The second hypothesis was partially supported by the results, as the CEs
in the trials with visual offsets (+ 8°) in OB2 were significantly smaller compared to OB1 trials
(main effect of block), but larger compared to 0° offset (i.e., accurate vision) trials within OB2
itself (main effect of visual offset) (Figure 2.2). Awareness of visual offset appears to help
reduce the CEs to some extent, but the offset vision still results in errors in repositioning

accuracy even though the participants were aware of the offset.

Visual offsets significantly influenced repositioning errors in the current study, and this
held true even when the participants were informed about the errors and instructed to ignore
vision. This supports previous findings by other sensorimotor studies indicating that vision is a
strong sensory input in the human body system and humans integrate vision in their CNS to plan
and execute the body movement even if the vision is recognized as faulty (Berger & Biilthoff,
2009; Block & Bastian, 2011b; Hsiao et al., 2022). However, the 40% decrease in CE between

OB1 and OB2 demonstrated that relative weighting of vision and proprioception may be adjusted
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when given the instruction to ignore the faulty visual cue in OB2. These results support the
concept that humans can control the relative weighting of vision and proprioception to some
extent in the context of upper limb joint repositioning movements. VEs were not different
between blocks or visual offsets (Figure 2.3). This indicates that the participants were making
consistent repositioning errors (CEs) in each trial condition and each block. In the present study,
the absence or presence of visual offset was randomized and instruction on how to complete the
task changed between blocks. That said, the consistent VEs further strengthen our findings
around the effect of visual offset awareness on joint repositioning accuracy. No statistical
difference was found in VP score across the blocks or visual offsets, despite a trend toward lower
VP in OB2 than OB, especially in the trials with +8° offset. A decreasing trend in the weighting
of vision when instructed to ignore vision, which was apparent in a lower VP score in OB2, is
aligned with findings in a previous study that tested the body orientation repositioning involving
visual, proprioceptive, and vestibular cues (Berger & Biilthoff, 2009). They reported that, while
repositioning accuracy was influenced by visuo-proprioceptive incongruency, participants were
able to reduce the magnitude of the influence when informed about the visual offset. Overall, the
current study found that humans can up- and down-weight their relative reliance on vision and
proprioception, while completely ignoring vision was difficult, possibly due to the dominance of
vision during the body movement planning and execution (Bayramova et al., 2021; Valori et al.,
2020).

The current study revealed vision as a dominant sensory input over proprioception in a
shoulder JPS test. Previous studies have demonstrated that the relative weighting of vision and
proprioception varied depending on a variety of conditions (Block & Bastian, 2010, 2011b). We
evaluated the accuracy of joint repositioning through shoulder flexion movements, which relied
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on a previous memory of vision and proprioception. The relative weighting of vision and
proprioception could be different depending on the plane of motion. For example, vision is likely
to be more heavily weighted in horizontal plane movements (Apker et al., 2011; van Beers et al.,
2002). More obvious, easily detectable inaccurate visual cues, such as a greater visual offset
angle instead of a & 8°, could lead to an upweighted use of proprioception. However, a motor
learning study found that an easily detectable visual offset with 45° rotated virtual hand
movement on the horizontal plane still influenced the reaching hand movement patterns over the
reaching trials (Morehead et al., 2017). Population is another factor that may affect the visuo-
proprioceptive weighting. One of the examples is subjects with a deafferented nervous system
who receive no proprioceptive feedback about their limb movements from moving limbs to the
CNS. These people are still capable of making adjustments in their intended movements using
vision and efference signals coming from the CNS to a moving limb (Medina et al., 2010; Tsay
et al., 2023), but they are more likely to exhibit a lower involvement of proprioception in
reaching movements compared to people without deafferentation. From an aging perspective,
individuals under 8 and over 45 years show a greater contribution of vision than young adults,
potentially because their proprioceptive functions are either under development or in decline
(Henry & Baudry, 2019; Rand et al., 2013). VR systems have the potential to be used as
rehabilitation/training tools for patients (J. Chen et al., 2022) and trainees in a variety of fields
including medical practitioners (Kyaw et al., 2019). The effect of population differences,
including physical health condition and age, as well as body movement patterns being tested or
learned such as the primary planes of movements and the involvement of multi-joint
coordination using a VR system (Klein et al., 2018; Ma et al., 2012) need to be taken into
consideration to enhance the effectiveness of VR rehabilitation/training.
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A fully immersive VR system provides much more robust and complicated visual field
perturbations that traditional visuo-proprioceptive integration studies are not able to investigate.
Classically, reaching movements with visual perturbations have been studied in a 3D
environment using prism goggles (Hansen et al., 2007) or in a 2D environment using computer
screens (Brouwer et al., 2002). These models are very different from what we experience in
daily lives in terms of reaching movements. A 3D VR environment, in turn, can create a well-
controlled 3D environment that closely replicates the real world while minimizing the
undesirable influence of external factors. Reaching with blurry vision (Schroeger et al., 2021)
and catching a dynamically moving target (Singh et al., 2020) are examples of what the
traditionally available devices were not able to study, but the VR systems can. It is even possible
with recently released untethered portable VR headsets to bring a VR system to hospitals or
training facilities to test patients or athletes who are not easily accessible for experiments
occurring in research laboratories (Meta Quest 3, n.d.; VIVE XR Elite - Convertible, All-in-One
XR Headset, n.d.). The availability of VR systems in research and clinical settings will open up
new areas of human body systems that have not been understood in the current literature.

A few limitations of the current study need to be mentioned. JPS is not a suitable protocol
for visuo-proprioceptive coordination for those with short-memory deficiency, as the
repositioning errors partially depend on the memory of the presenting phase (Edwards et al.,
2016). While our self-reported screening on neuromuscular health conditions served to exclude
individuals with short-memory deficiency, it might not be effective if a participant is not aware
of their health condition. A JPS test with fewer target angles than the current study may be used
for this population, so that the effect of short-memory deficiency is alleviated. Although different
upper limb reaching paradigm could have been used to avoid the short-term deficiency problem

44



(Roach et al., 2023), the JPS was selected for this study to confirm our hypotheses. The order of
blocks was not randomized in the current study. All participants started with FB followed by
OB1 and OB?2 as the different instructions that were sensitive to the order needed to be given in
each block. Learning effect from a previous block potentially influenced the results in the
following block(s) as the participants may have gotten better in the accurate joint repositioning
over the course of the three blocks. However, learning effect from a previous trial within each
block was considered minimized since we randomized the combinations of a target angle and a

visual offset angle, besides their orders within a block.

5. Bridge

The study outlined in this chapter was a follow-up to one of the previous studies from our
lab and provided the foundational knowledge about the dominance of vision in a joint
repositioning test when physically healthy young individuals including both females and males
are tested. It also provides the insights into a possibility that a relative reliance on vision and
proprioception can be controllable by conscious effort or could potentially differ between people
with different characteristics such as athletes. In the Chapter [V, the same joint repositioning test,
an active shoulder JPS test, is performed by collegiate baseball and softball athletes and their

respective control group that are matched by sex, age, and throwing arm side.
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CHAPTER III
DOMINANCE OF PROPRIOCEPTION OVER VISION IN A NOVEL DYNAMIC

REACHING TASK IN VIRTUAL REALITY

This work is currently in preparation for submission to the Journal of Motor Behavior and is co-
authored by Motoki Sakurai, Taylor J. Wilson, and Dr. Andrew R. Karduna. The study design,
experimental work including data collection and analysis, and writing was performed by Motoki
Sakurai. Taylor J. Wilson contributed to study design. Dr. Andrew R. Karduna provided research

mentorship and editorial assistance.

1. Introduction

Human motor control during upper limb reaching is a complex process that integrates
multiple sensory inputs, primarily vision and proprioception (Apker et al., 2011; Berger &
Biilthoft, 2009; Block & Bastian, 2010). Optimal integration theory proposes that the relative
reliance on these sensory inputs are context-dependent and weighted optimally to maximize
reaching accuracy for a given situation (Ernst & Banks, 2002), with vision typically dominating
in “static” reaching tasks, such as reaching for a coffee cup (Goodman & Tremblay, 2018;
Spitzley & Karduna, 2022). Although speculative, the relative weighting between vision and
proprioception may shift in “dynamic” tasks, where both the reaching target and the hand are
moving such as catching a thrown ball. This can potentially increase the reliance on
proprioception due to the difficulty of tracking both moving objects simultaneously.

In sports like baseball, accurate dynamic reaching in three-dimensional (3D) space is
essential. Traditional reaching paradigms are often confined to two-dimensional (2D) using a
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handheld manipulandum or computer displays (Fialho & Tresilian, 2017; Tsay et al., 2023).
These traditional tests do not enable us to understand the complexities of on-field situations
where players reach for moving targets in 3D (Klein et al., 2018). To address this gap, we have
developed a novel reaching test to establish a basic understanding of how humans weigh vision
and proprioception when they reach for a dynamically moving ball in 3D space using an
immersive virtual reality (VR) system.

VR has emerged as a promising tool for studying motor control due to its robust
capabilities in manipulating 3D visual fields and collecting valid and reliable kinematic data
(Spitzley & Karduna, 2019). Previous studies from our lab have implemented a shoulder joint
position sense (JPS) test in a fully immersive 3D VR environment, providing foundational
insights into vision-proprioception integration in static reaching tasks (Sakurai et al., 2024;
Spitzley & Karduna, 2022). The shoulder JPS test requires subjects to reposition their arm at a
previously remembered shoulder elevation angle (Roach et al., 2023). For the current study,
results from a shoulder JPS test serves as a baseline for vision-proprioception integration and be
compared to a novel dynamic reaching test. Relative weighting of vision and proprioception can
be quantified by creating a vision-proprioception mismatch (visual offset), during a reaching test
in VR (Spitzley & Karduna, 2022). Visual offset involves projecting a visual representation of
the reaching hand in VR at a position that does not match the physical location of the hand
(Morehead et al., 2017; Tsay et al., 2023). This approach allows for vision to be dissociated from
proprioception, and allows for an assessment of whether the individual is relying more on vision
(i.e., visual representation of the hand) or proprioception (i.e., the actual hand) when performing

a reaching task.
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The purposes of the present study are twofold: (1) create a novel dynamic reaching test
with moving reaching targets in fully immersive VR environment, and (2) better understand the
relative weighting of vision and proprioception in an on-field dynamic reaching situation and
compare it with the JPS. It was hypothesized that visual offset would result in worse reaching
accuracy compared to trials without visual offset in both the JPS test and the dynamic reaching
test. It was further hypothesized that proprioception would be more heavily weighted relative to

vision in the dynamic reaching test compared to the JPS.

2. Methods
2.1. Participants

Twenty-seven (Female/Male: 15/12) physically healthy right-handed individuals without
current upper limb pain or injury participated in this study (Age: 24.0 + 6.5 yr, Height: 1.7 £ 0.1
m, Weight: 72.5 + 14.8 kg). All participants provided informed consent as approved by the

University of Oregon Institutional Review Board.

2.2. Experiment Setup

Participants were outfitted with an HTC VIVE VR headset (2160 x 1200 resolution,
PenTile OLED display) with headphones attached (HTC VIVE, Xindian District, New Taipei
City, Taiwan). An HTC VIVE tracker (version 3.0) was placed on a wrist brace and a chest band
to track dominant wrist and sternum kinematics, respectively. The wrist tracker was placed on
the dorsal wrist, and the trunk tracker was placed on the approximate center of the xiphoid

process. Auditory instructions and cueing were delivered through the headphones.

48



A custom 3D VR environment containing a room with plain walls and a visual
representation of the participant’s dominant hand were displayed to the participant through the
headset. Hand position was projected as a baseball size black sphere positioned at the center of
the wrist tracker. It served as a visual representation of the participant’s hand in VR and the
source of kinematic data for analysis. Although not visually projected in VR, the trunk tracker
also provided kinematic data. In the dynamic reaching test, a baseball size red sphere was also
projected as a reaching target, which moved towards participants at their shoulder height at 3 m/s
from 5 meters distance in front without a gravitational effect (no vertical displacement in ball
trajectory) or curvature in its trajectory (Figure 3.1). In the JPS test, only the empty room and
visual hand were seen in VR, and auditory cues guided the participants to perform trials. All
computations of target movements and data extraction were performed using C# scripts attached

to a customized Unity program (Unity Technologies, San Francisco, CA).
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Figure 3.1. Reaching test setup. Participant is seated on a kneeling chair, wearing the headset
with over-ear headphones. Trackers affixed to the dominant wrist and the sternum. The reaching
target moves from five meters in front of the participant’s dominant shoulder at three meters per
second.
2.3. Experimental Procedure

For both the dynamic reaching and the JPS test, the participant was seated on a kneeling
chair, allowing for full range arm motion while keeping an upright posture and minimizing chair
oscillation during the experiments (Figure 3.1). The participant always started the trials with
their dominant arm relaxed at their side, the palmar side of the hand facing the medial direction,
and the elbow fully extended. All shoulder elevation movements performed in both protocols
were a single joint shoulder elevation with the elbow fully extended. The participant’s arm

length from the top of the acromion process to the center of the wrist tracker was measured using

a measuring tape, and the dominant shoulder position was measured by placing another HTC
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VIVE tracker on top of the acromion process before the experiments began. The order of

performing the dynamic reaching test and the JPS test was randomized across participants.

2.3.1. Dynamic reaching test

Both the shoulder position and the arm length data were computed in a customized Unity
program to determine reaching target trajectories. While the reaching target’s initial position in
VR was consistent at 5 meters in front of the dominant shoulder position in all trials, the reaching
target trajectories varied between five different endpoints among 0°, £8°, or £16° in the
horizontal plane (X axis) around the dominant shoulder position between trials (Figure 3.2A).
The 0° endpoint was in front of the dominant shoulder position, and reaching towards it would
result in pure shoulder flexion. Endpoints were defined as the interception point where the
participant’s hand (wrist tracker center) would contact the ball if the participant moved their
hand to the reaching target at the correct timing.(Su et al., 2014) However, the reaching target
became invisible 0.1 seconds before the hand reached the target endpoints in order to prevent
providing the participant knowledge about their reaching accuracy in each trial. Hiding the target
right before the hand-target contact enabled us to test the reaching accuracy over trials while

limiting learning effect from previous trials.
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Figure 3.2. Schematic 2D view of the dynamic reaching test setup in VR environment with left-
handed coordinate system. (A) Superior view of spatial reaching error. Target moved along the Z
axis and reached to one of the five endpoints varied in horizontal plane (X axis). (B) Lateral view
of temporal reaching error. Target moved at the participant’s shoulder height, and the participant
needed to elevate the arm to shoulder height at the correct timing to hit the target.

The dynamic reaching test consisted of 30 trials in each of three blocks: accurate vision
block (ABb), no vision block (NBp), and offset vision block (OBp). Within each block, the first
20 trials were adaptation trials, and the last 10 trials were post-adaptation trials. Visual
conditions differed between the blocks only in the adaptation trials, while the post-adaptation
trials in each block were all performed with no visual information about the reaching hand
position in VR (Figure 3.3). In ABp, the dominant hand position displayed in the VR
environment was always congruent with the actual hand position in the real-world space. In
NBb, no visual information about the hand position was provided. In OBp, the hand position was
offset by 8° to the left with the participant’s arm length taken into account. The task involved

slicing through the moving target with a smooth continuous shoulder elevation movement. The

participant was not allowed to place their hand at the target endpoint early and wait till the ball
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reaches to the endpoint. This way, the participant needed to elevate their shoulder to the correct
position at the correct timing in order to accurately hit the target. Both target endpoints and block

order were randomized across participants.

Block Adaptation Post-adaptation
Accurate vision block R Accurate No s
> .. > 0 vision
(ABp) vision
No vision block .. ..
»  No vision »  No vision
(NBy)
Offset vision block i -
» Offset vision »  No vision
(OBp)
Block order randomized 20 trials with 10 trials with no
between participants corresponding vision
(N=27) visual condition

Figure 3.3. Flow of the dynamic reaching test. Visual representation of the reaching hand was
projected at the accurate position in ABp, was not projected in NBp, or was projected at the
inaccurate position by 8° in OBp during adaptation trials. In post-adaptation trials, the virtual
hand position was not projected consistently regardless of what block the participant was
performing.
2.3.2. JPS test

Complete details of the JPS test setup in VR can be found in a previous study from our
lab.(Spitzley & Karduna, 2022) The shoulder JPS test consisted of 10 trials in each of the two
blocks: ABjand OB;. Each trial during the JPS test consisted of two phases: presentation phase
and replication phase. Within each block, shoulder flexion target angles at 80°, 85°, 90°, 95°, and
100° were tested twice in a randomized order. In the ABj, the dominant hand position displayed

in the VR environment was always congruent with the actual hand position in the real-world

space in both the presentation and replication phase. In the OBy, the participant saw their hand at
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8° above their actual hand position in the replication phase. Therefore, participants performed the
presentation phase with congruent vision and proprioception, while vision was dissociated from
proprioception in the replication phase. Proprioception only trials with no information of the
hand position (NBj) were not included in the current study, as our previous study found no
difference in repositioning errors between accurate vision and no vision in the same shoulder JPS

test (Spitzley & Karduna, 2022).

2.4. Data Extraction

Kinematic data were sampled from the VIVE trackers at 90 Hz and collected using a
customized Unity program both during the dynamic reaching test and the JPS test. In the
dynamic reaching test, the constant spatial error (CSE) and the constant temporal error (CTE)

were calculated using the Eq.3.1.(King et al., 2013)
Constant Spatial Error (CSE) = 6, = (%) *.06,) (Eq.3.1)

The spatial reaching error, 6,, was the difference between the wrist tracker position and
the target endpoint in degrees. (n) is the number of trials performed within a block and (1) is each
trial. CSE defines the mean spatial reaching errors over the trials with directions, either positive
or negative with respect to the target endpoint in the X axis (mediolateral) (Figure 3.2A)
(Morehead et al., 2017; Schroeger et al., 2021). CTE were calculated using the Eq.3.1 while the
6, was the time difference in seconds between a timepoint when the wrist tracker reached the
target height in Y axis (vertical) and a timepoint when the target reached its endpoint.
Calculation processes for absolute spatial and temporal errors (ASE and ATE) as well as variable

spatial and temporal errors (VSE and VTE) are provided in the supplemental material. All

54



reaching errors were calculated only for the post-adaptation trials, where all trials were

performed with no vision regardless of the block condition (Figure 3.3).

Vision-proprioception reliance score (VPRS) in the dynamic reaching test was estimated

using Eq.3.2 (Spitzley & Karduna, 2022).

Vision — Proprioception Reliance Score (VPRS) = — (W) (Eq.3.2)

VPRS quantifies the participant’s sensory reliance in the zero to one scale. In Eq.3.2, CSEosD is
CSE in OBp, CSEasp is CSE in ABp in the dynamic reaching test. A score of 1 indicated that
participants placed their arm 8° towards the negative direction in X axis (to the right) in OBp
than ABp, indicating that participants only used vision as 8° visual offset was seen in OBp. A
score of 0 indicated that participants placed their arm at the same position in X axis in both ABp
and OBp, indicating participants only used proprioception.

In the JPS test, shoulder flexion angles were calculated with respect to vertical (the 0°
starting position of the tracker). Mean shoulder flexion angles in the presentation and replication
phases were calculated by averaging 100 data points prior to each “relax” cue. Constant error
(CE) was calculated using the Eq.3.1 with 8, being the repositioning error between the mean
replication angle and the mean presentation angle for each trial (i). VPRS for the JPS test was
calculated using CEs in OBy and AB;. Calculation processes for absolute error (AE) and variable

error (VE) in the JPS test are provided in the supplemental material.

2.5. Statistical Analyses
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An a priori power analysis using G*Power version 3.1.9.6(Faul et al., 2009) indicated the
required sample size to achieve 80% power for detecting a medium effect, at a significance
criterion of a = .05, was N = 25 for two-way repeated measures ANOVA. The obtained sample
size of N =27 was adequate to test the study hypotheses.

For all reaching and repositioning errors, the data distribution was checked by Shapiro-
Wilk tests for normality. Log-transformations were performed to force the skewed data to
normally distribute. Following the Shapiro-Wilk test and log transformation, outlying
participants data were removed using the inter-quartile range as needed. Paired t-tests were
performed for the JPS repositioning errors to compare the differences between AB and OB.
Two-way repeated measures ANOV As were performed for the dynamic reaching errors only in
the post-adaptation trials to examine main effect of block (ABp, NBp, and OBp) and endpoints
(0, £8, and £16°), and an interaction effect. Post-hoc pair-wise t-tests with Bonferroni correction
were performed if the reaching errors were found statistically different between the conditions.
VPRS between the JPS test and the dynamic reaching test were compared using a paired t-test.

Additionally, the first and last adaptation trial in each block were compared to examine
whether the spatial and temporal reaching errors were changed over the twenty adaptation trials.
A two-way repeated measures ANOVA, following a Shapiro-Wilk test and a log-transformation
if needed, was performed. Post-hoc pairwise t-tests were performed if significant main effect or
interaction of blocks and trial numbers were found.

For all the statistical tests, the alpha level was set at 0.05. Cohen’s d effect size was
calculated for paired t-tests. Cohen’s d of 0.2, 0.5, and 0.8 indicate small, medium, and large
effect, respectively (Cohen, 1992). Effect size n?> was calculated for each of main effects and
interactions in ANOVAs. n?0of 0.01, 0.06, and 0.14 indicate small, medium, and large effect,
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respectively (Adams & Conway, 2014). All statistical analyses were performed using R 4.2.2 (R

Core Team).

3. Results

Descriptive statistics including the means and the standard deviations for CSE and CTE
in the dynamic reaching test and CE in the JPS test are provided in Table 3.1. Results for sample
distributions and outlying subjects with Shapiro-Wilk test, log-transformation, and inter-quartile

range for all variables of interest are provided in the supplemental materials.
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Table 3.1. Descriptive statistics of repositioning and reaching errors in the dynamic reaching test and the JPS test. Data are shown in
mean * standard deviation. P-values and effect sizes in the dynamic reaching errors are for main effect of blocks. Main effect of target
endpoints and interactions between blocks and endpoints are not shown in this table.

Test type Variable Accurate vision No vision Offset vision  p-value  Effect
block (AB) block (NB) block (OB) size

Dynamic Constant spatial error (CSE) (degrees) 23+6.7 2.1+£6.9 -1.0£5.9 <0.001 n?>=043

reaching  Constant temporal error (CTE) (seconds) -0.1+0.2 0.2+0.1 -0.2+0.2 0.12  n*=0.09

JPS Constant error (CE) (degrees) -0.8+£1.5 N/A -89+2.6 <0.001 d=3.7



3.1. Reaching errors in adaptation trials

To confirm whether adaptation to a given visual condition occurred during the 20
adaptation trials prior to post-adaptation in each block, changes in the spatial and temporal
reaching errors from the first to the last trials were examined (Figure 3.4). No subject was found
outlying for spatial reaching errors in adaptation trials. With 27 participants, the means and
standard deviations for spatial reaching errors were -0.1 £ 5.5° in ABp, 0.2 £ 6.9° in NBp, and -
2.9 £6.1° in OBp (Figure 3.4A). A two-way repeated measures ANOVA for spatial reaching
errors identified a large main effect of block (p = 0.003, n?>= 0.19) and a medium effect of
interaction between block and trial number (p = 0.04, n?>= 0.11) without a significant main effect
of trial number (p = 0.75, 12 < 0.001). Post-hoc pair-wise t-tests found that spatial errors were
more negative and far from zero (worse reaching accuracy) in OBp than ABp and NBp at the
twentieth adaptation trial (p = 0.001 and p = 0.003, respectively). OBp also had more negative
spatial error in the twentieth trial compared to the first trial (»p = 0.04), whereas no change was

found within ABp and NBp (p > 0.05).
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Figure 3.4. Changes in the mean reaching errors over 20 adaptation trials. A horizontal line at
zero on Y axes for both figures denote perfectly accurate reaching. The further from zero, the
worse the reaching accuracy. (A) Spatial reaching errors in OBD were more negative than ABD
and NBD at the twentieth adaptation trials (p = 0.001 and p = 0.003, respectively). The twentieth
adaptation trial also had more negative reaching error than the first adaptation trial within OBD
itself (p = 0.04). (B) Temporal reaching errors got gradually closer to zero over the 20 adaptation
trials (p = 0.002), while no significant block difference was found both at the first and twentieth
adaptation trials (p > 0.05).

Two subjects were found outlying for temporal reaching errors in adaptation trials. Thus,
25 participants remained, where the means and standard deviations of the 20 trials for temporal
reaching errors were -0.1 £ 0.2s in ABp, -0.1 £ 0.2s in NBp, and -0.1 £ 0.2s in OBp (Figure
3.4B). A two-way repeated measures ANOVA for temporal errors in adaptation trials identified a
medium main effect of block (p = 0.04, n?>= 0.12) and a large main effect of trial number (p =
0.004, n?= 0.28), while no significant interaction was found (p = 0.42, n>= 0.03). Post-hoc pair-

wise t-tests, however, found no significant difference between the blocks (all p > 0.05). The
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temporal error was less negative and closer to zero (better reaching accuracy) in the twentieth

trial than the first trial (p = 0.002).

3.2. Reaching errors in post-adaptation trials with comparison to JPS test

Four subjects were found outlying for CSE. Thus, 23 participants remained, where the
means and standard deviations for CSE were 2.3 £6.7° in ABp, 2.1 £ 6.9°in NBp, and -1.0
5.9° in OBp. A two-way repeated measures ANOVA for CSE identified large main effects of
block (p < 0.001, n?= 0.43) and endpoint (p < 0.001, n*>= 0.80), but no significant interaction (p
=(0.25, n>= 0.05) (Figure 3.5A). Post-hoc pair-wise t-tests found significantly smaller CSE in
OBbp than both ABp and NBb (p < 0.001). Significantly different CSE were also found in each
pairwise comparison of all the five endpoints (all p < 0.05), except when comparing -16° and -8°
(p = 0.65).

Three subjects were found outlying for CTE. Thus, 24 participants remained, where the
means and standard deviations for CTE were -0.1 £ 0.2s in ABp, -0.2 = 0.1s in NBp, and -0.2 +
0.2s in OBp. A two-way repeated measures ANOVA for CTE did not identify any significant
main effect of block (p = 0.07, W= 0.11), endpoint (p = 0.81, n?>= 0.02), or interaction (p = 0.43,

n?=0.04) (Figure 3.5B).
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Figure 3.5. Mean constant spatial and temporal reaching errors across participants in the
dynamic reaching test. (A) Constant spatial errors (CSEs) were different between the blocks (p <
0.001) and the endpoints (p < 0.001). (B) Constant temporal errors (CTEs) were not different
between the blocks and the endpoints (p > 0.05). * p <0.05, ** p <0.01, *** p <0.001

Four subjects were found outlying for CE. Thus, 23 participants remained, where the
means and standard deviations for CE were -0.8 £ 1.5° in ABy and -8.9 £ 2.6° in OB,. A paired
sample t-test for CE identified a large effect of block, with OB; having a significantly smaller CE
than ABj (p <0.001, d = 3.7) (Figure 3.6A).

Four subjects were found outlying for VPRS in the dynamic reaching test and the JPS test
combined. Thus, 23 participants remained, where the means and standard deviations for VPRS
were 0.4 + 0.4 in the dynamic reaching test and 1.0 £ 0.3 in the JPS test. A paired t-test identified
that the VPRS in the JPS was significantly higher than the dynamic reaching with a large effect

(p <0.001, d = 1.9) (Figure 3.6B).
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Figure 3.6. (A) Joint position sense test (JPS) results. Constant error (CE) was smaller in offset
vision block (OByj) than accurate vision block (ABj). (B) Vision-proprioception reliance score
(VPRS) was larger in the JPS than the dynamic reaching test. *** p <0.001
4. Discussion

In the current study, it was hypothesized that visual offset would result in worse reaching
accuracy compared to trials without visual offset in both the JPS and the dynamic reaching test.
Our secondary hypothesis was that proprioception would be more heavily weighted relative to
vision in the dynamic reaching test compared to the JPS. The first hypothesis was partially
supported by our results, as CSE was worse (far from zero degree) in OBp than ABp and NBp
when reaching for the left side endpoints (+8° and +16°). The second hypothesis was fully
supported, as the VPRS was smaller in the dynamic reaching than the JPS test. This confirms
that proprioception was relied on more in the dynamic reaching compared to that of the JPS test.
This is the first study to replicate the on-field reaching situations required in ball sports such as

baseball.
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No difference in CSE was found between ABp and NBp, which aligns with previous
findings from our lab using the same JPS protocol (Spitzley & Karduna, 2022). Proprioception
only seems sufficient to perform arm reaching movements as accurately when both vision and
proprioception are available. However, CSEs showed different trends when vision of the hand
position was not accurate in OB. CSEs in OBp were closer to zero than in ABp and NBp when
reaching for the left and the middle endpoints (+16°, +8°, and 0°) but more negative when
reaching for the right endpoints (-16° and -8°) (Figure 3.5A). This indicates that the participant’s
hand was placed more to their right in OBp consistently across the endpoints compared to ABp
and NBp (Figure 3.2A for coordinate system reference). As the visual hand position shifted to
the left in OBp, they placed their hand more to the right in an effort to make contact with the
reaching target. The visual influence trend was found in JPS tests as well, where participants
significantly undershot the target angles in OBjcompared to AB; (Figure 3.6A).

The VPRS provides insights into the influence of offset vision between the dynamic
reaching test and the JPS test. In the dynamic reaching test, the VPRS was 0.4 and is
significantly smaller than the JPS test and below the halfway point (Figure 3.6B). This indicates
that although visual offset influenced the CSEs, participants relied slightly more on
proprioception than vision in the dynamic reaching, as opposed to the JPS test. It has been
commonly found in previous studies and our JPS test results that vision is a dominant sense over
proprioception when reaching for static targets (Goodman & Tremblay, 2018; Morehead et al.,
2017; Spitzley & Karduna, 2022). However, this was not true when reaching for dynamic targets.
Proprioception may have taken over the main role in tracking the hand position in the dynamic
reaching test as vision had to keep tracking the moving target. Future studies should integrate eye
tracking data into dynamic reaching tests to confirm this hypothesis. In addition, JPS test
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requires to reposition the arm to a previously remembered target that was once reached by the
same arm and is heavily memory based. The dynamic reaching test, however, requires to make a
contact between the arm and an external object, in which the reaching target is not a previously
remembered position. Such differences between the two tests may have also contributed to the
difference in the relative reliance on vision and proprioception as well.

CTE did not statistically differ among blocks and endpoints, which indicates that the
manipulations in the visual hand conditions do not influence the ability to time the hand-ball
contact in the dynamic reaching test. Previous studies reported that temporal errors were worse
when a reaching target ball moved faster or was visually occluded for a longer time duration
(Brouwer et al., 2005; Schroeger et al., 2021; Su et al., 2014; Wang et al., 2011). Visual
manipulations in the reaching target rather than the visual hand appears to increase the temporal
reaching error more. If so, that supports our speculation described above that vision is mainly
used to track the target, not the hand. Future studies are encouraged to include different
conditions of the reaching target and the visual hand in dynamic reaching protocols.

The novel dynamic reaching test in the current study replicates on-field reaching
modalities that ball sport athletes perform during games and can be applied in many ways. These
athletes may have better reaching accuracy in this test compared to non-athletic population
(Nodehi-Moghadam et al., 2013). The dynamic reaching test can also be used as a rehabilitation
tool for patients with limited upper limb range of motion. Previous studies showed that
rehabilitation exercises involving dynamic reaching for moving targets increased functional
range of motion for patients recovering from stroke (Wang et al., 2011). Future research is

encouraged to expand the use of VR technology in a variety of situations.
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The current study is not without limitations. An HTC VIVE tracker on the wrist was
secured with Velcro tape on a wrist brace. The tracker might have been dragged by gravity and
inertia when the participants elevated their arm for reaching, and its dragging was inconsistent
when velocities of elevation movement were different. Point of interception where the hand was
supposed to hit the target was estimated by computing the participant’s arm length and the
shoulder position. Although trunk sway was no larger than 0.1 meters in all trials and the elbow
was fully extended, the point of interceptions could fluctuate by unconstrained body movements.
This ultimately could have affected the accuracy of our spatial and temporal reaching error
calculations.

In conclusion, the current novel dynamic reaching task replicated on-field reaching
situations in an immersive 3D VR environment. It quantified the spatial and the temporal
reaching errors, and the spatial errors were influenced by the visual manipulation in the visual
hand positions. However, the extent to which visual manipulation influenced reaching
movements were smaller compared to a static reaching task, the JPS test. Proprioception was a
dominant sense over vision to track the hand position during reaching. Further studies are
warranted to expand the use of VR in motor control skill assessment in a variety of settings such

as athletic talent screening and patient rehabilitation.

5. Bridges
The study outlined in this chapter explored whether a novel dynamic reaching task,
mimicking the on-field ball catching situation in baseball and softball, provide useful insight into

relative reliance on vision and proprioception in a sport-specific situation. Both spatial and
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temporal reaching error were able to be measured and it was found that vision was down-
weighted compared to the static reaching test (JPS test).

In Chapter V and VI, this dynamic reaching test is performed by baseball and softball
athletes and male and female non-athletes. Chapter V focuses on the difference between athletes
and non-athletes, while Chapter VI focuses on the sex difference in ball catching accuracy as

well as temporal arm movement performance.

6. Supplemental materials

6.1. Methods
Absolute Spatial Error (ASE) = (%) 2i1(6.])  (Eq.3.3)

Absolute spatial error (ASE) was calculated in the same way as CSE, except 8, (spatial
reaching error in each trial) was converted to absolute value for each trial. ASE defines the
magnitude of the mean repositioning errors over the trials without taking the directions of errors

into account.

Variable Spatial Error (VSE) = \/(l) 0, —6,)* (Eq.34)

n

0, 1s CSE calculated using Eq.3.1, and VSE defines the consistency of the magnitudes of the

repositioning errors around the target angles, rather than the accuracy of the repositioning.

6.2. Results
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Descriptive statistics including the means and the standard deviations for each type of
reaching errors in the dynamic reaching test and repositioning errors in the JPS test and are

provided in Table 3.2.
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Table 3.2. Descriptive statistics of repositioning and reaching errors in dynamic reaching test and the JPS test, respectively. Data are
shown in mean =+ standard deviation. P-values and effect sizes in the dynamic reaching errors are for main effect of blocks. Main
effect of target endpoints and interactions between blocks and endpoints are not shown in this table.

Test type Variable Accurate vision No vision Offset vision  p-value Effect
block (AB) block (NB) block (OB) size
Absolute spatial error (ASE) (degrees) 59+4.0 59+43 5.5+£3.0 0.79 n2<0.001
Dynamic Variable spatial error (VSE) (degrees) 0.6+0.6 0.5£0.5 0.5+0.5 0.85 n?<0.001
reaching  Absolute temporal error (ATE) (seconds) 0.2+0.2 0.2+0.1 0.2+0.1 0.03 n?=0.13
Variable temporal error (VTE) (seconds) 0.02 £0.02 0.02 £0.02 0.02 £0.02 0.52 n?=0.03
JPS Absolute error (AE) (degrees) 26=+1.5 N/A 8.8+2.6 <0.001 d=2.9

Variable error (VE) (degrees) 0.5+0.8 N/A 1.6 £0.9 <0.001 d=24



6.2.1. Dynamic reaching test
6.2.1.1 Reaching errors in adaptation trials

The sample distributions of the spatial errors were not skewed in ABp and NBp (p = 0.39
and 0.14, respectively) with Shapiro-Wilk tests, while OBp was significantly skewed (p = 0.02).
A log transformation corrected a skewness in the OBp data, but made ABp and NBp skewed
(both p < 0.001). The raw data without log transformation were used for further analysis that had
no outlying participants (N = 27).

The sample distributions of the temporal errors were significantly skewed in ABp and
OBbp (p <0.001 and p = 0.003, respectively) with Shapiro-Wilk tests, but not in NBp (p = 0.23).
The entire temporal error dataset was therefore log-transformed, and two outlying participants

were excluded after the log-transformation (N = 25).

6.2.1.2. Reaching errors in post-adaptation trials

The sample distributions of CSEs in all the three blocks were significantly skewed with
Shapiro-Wilk tests (p = 0.003, 0.01, and 0.008 for ABp, NBp, and OBp, respectively). The entire
CSE dataset was therefore log-transformed, and four outlying participants were excluded after
the log-transformation (N = 23).

The sample distributions of ASEs in all the three blocks were significantly skewed with
Shapiro-Wilk tests (all p < 0.001). The entire ASE dataset was therefore log-transformed to
correct the sample distributions. Three participants were excluded after this log-transformation as
the data did not fall within the interquartile range (N = 24). The mean and standard deviations for
ASE were 5.9 £ 4.0° in ABp, 5.9 +4.3° in NBp, and 5.5 £ 3.0° in OBp. A two-way repeated

measures ANOVA identified a medium main effect of endpoint (p = 0.03, n>=0.11) and a large
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effect of interaction between block and endpoint (p < 0.001, n?>= 0.22) without a significant main
effect of block (p = 0.79, 1< 0.001). Pair-wise t-tests with Bonferroni correction were
performed for post-hoc testing. Significant differences in ASE were found between ABp and
OBp at -16°, 8°, and 16° endpoints (p = 0.005, p = 0.01, and p < 0.001, respectively), as well as
between NBp and OBp at 8° and 16° endpoints (p = 0.02, and p = 0.005) (Figure 3.7A). ABp had
a larger ASE than OBp at the -16° endpoint, whereas OBp had larger ASEs than ABp and NBp at
the 8° and 16° endpoints (Figure 3.7A). Within-block pair-wise comparisons found significantly
larger ASEs in -16° than 8° and 16° endpoints as well as in -8° than 16° endpoints within ABp (p
=0.002, p <0.001, and p = 0.02), respectively (Figure 3.7B). Within NBp, ASE was also
significantly larger in -16° than 0°, 8°, and 16° endpoints (p = 0.04, p =0.02, and p = 0.03,

respectively) (Figure 3.7B).
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Figure 3.7. Absolute spatial errors (ASEs) had an interaction effect between the blocks and the
endpoints. In order to visualize the interaction effect, ASEs are shown (A) as a function of the
endpoints and (B) as a function of the block.
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The sample distributions of VSEs in all the three blocks were found to be significantly
skewed with Shapiro-Wilk tests (all p > 0.05). The entire VSE dataset was therefore log-
transformed to correct the sample distributions. No outlying subject was found using the
interquartile range after the log transformation was performed (N = 27). The mean and standard
deviations for VSE were 0.6 + 0.6° in ABp, 0.5 £ 0.5° in NBp, and 0.5 £ 0.5° in OBp. A two-way
repeated measures ANOVA did not identify any significant main effect of block (p = 0.85, > <
0.001) and endpoint (p = 1.0, n>= 0.10) as well as interaction of them (p = 0.2, n?>= 0.06)

(Figure 3.8).

1.01 Block
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OB

Variable Spatial Error (°)

0.0

-16 -8 0 8 16
Endpoint (°)

Figure 3.8. Variable spatial errors (VSEs) were not statistically different between the blocks and
the endpoints.

The sample distributions of CTEs in all the three blocks were significantly skewed with
Shapiro-Wilk tests (all p <0.001). The entire CTE dataset was therefore log-transformed, and

three outlying participants were excluded after the log-transformation (N = 24).
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The sample distributions of ATEs in all the three blocks were significantly skewed with
Shapiro-Wilk tests (all p <0.001). The entire ATE dataset was therefore log-transformed to
correct the sample distributions. No outlying subject was found using the interquartile range after
the log transformation was performed (N = 27). The mean and standard deviations for ATE were
0.2 +£0.2sin ABp, 0.2 £ 0.1s in NBp, and 0.2 = 0.1s in OBp. A two-way repeated measures
ANOVA identified a large main effect of block (p = 0.03, n?>= 0.13), while no significant main
effect of endpoint (p = 0.46, n?>= 0.03) and interaction (p = 0.67, n?>= 0.03) was found. However,
a post-hoc pairwise t-test with Bonferroni correction did not find a significant difference in ATEs
between the blocks (all p > 0.05) (Figure 3.9A).

The sample distributions of VTEs in all the three blocks were significantly skewed with
Shapiro-Wilk tests (all p <0.001). The entire VTE dataset was therefore log-transformed to
correct the sample distributions. Two participants were excluded after this log-transformation as
the data did not fall within the interquartile range. The mean and standard deviations for VTE
were 0.02 £ 0.02s in ABp, 0.02 £ 0.02s in NBp, and 0.02 £ 0.02s in OBp. A two-way repeated
measures ANOVA did not identify any significant main effect of block (p = 0.39, n?>= 0.04) and

endpoint (p = 0.52, 2= 0.03) as well as an interaction (p = 0.84, n?>= 0.02) (Figure 3.9B).
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Figure 3.9. (A) Absolute temporal error and (B) variable temporal error in the dynamic reaching
test as a function of the endpoints. No significant differences were found between the blocks or
the endpoints (p > 0.05).
6.2.2. JPS test

The sample distributions of CEs in both ABy and OB;j were not significantly skewed with
Shapiro-Wilk tests (p = 0.22 and 0.35, respectively). Three outlying participants were excluded
as they did not fall within the inter-quartile range (N = 24). The sample distributions of VPRS in
both the JPS test and the dynamic reaching test were not significantly skewed with a Shapiro-
Wilk test (p = 0.18 and 0.15, respectively). Three outlying participants were excluded as they did
not fall within the inter-quartile range (N = 24).

The sample distribution of AE in ABj was significantly skewed with Shapiro-Wilk tests
(» = 0.006), while OB; was not skewed (p = 0.08). The entire AE dataset was therefore log-
transformed to correct the sample distributions. Two participants were excluded after this log-

transformation as the data did not fall within the interquartile range (N = 25). The means and
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standard deviations for AE were 2.6 £ 1.5° in ABj and 8.8 = 2.6° in OB.. A paired sample t-test

identified a large effect of block in AE, with OBj having a significantly larger AE than AB; (p <

0.001, d =2.9) (Figure 3.10A).

The sample distribution of VE in ABj was significantly skewed with Shapiro-Wilk tests

(p = 0.004), while OB; was not skewed (p = 0.36). The entire VE dataset was therefore log-

transformed to correct the sample distributions. After this log transformation, four participants

were excluded as the data did not fall within the interquartile range (N = 23). The means and

standard deviations for VE were 0.5+ 0.8° in AB;yand 1.6 + 0.9° in OB;. A paired sample t-test

identified a large effect of block in VE, with OB having a significantly larger VE than AB;j (p <

0.001, d = 2.4) (Figure 3.10B).
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Figure 3.10. (A) Absolute error (AE) and (B) variable error (VE) in the joint position sense
(JPS) test were larger in OB than AB. *** p <0.001
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CHAPTER IV

SHOULDER JOINT POSITION SENSE BETWEEN ATHLETES AND NON-ATHLETES, AS

WELL AS FEMALES AND MALES IN VIRTUAL REALITY ENVIRONMENT

This work is currently in preparation for submission to the Journal of Human Movement Science
and is co-authored by Motoki Sakurai and Dr. Andrew R. Karduna. Motoki Sakurai contributed
to study design, experimental work including data collection and analysis, and writing.

Dr. Andrew R. Karduna contributed to study design, research mentorship, and editorial

assistance.

1. Introduction

Vision and proprioception are the primary senses that the central nervous system (CNS)
uses to execute arm reaching movements, such as picking up a coffee cup (Apker et al., 2011;
Goodman & Tremblay, 2018). The optimal integration theory suggests that the two senses are
weighted optimally to maximize arm reaching accuracy, where one is prioritized over the other
depending on its availability and quality (Block & Bastian, 2011a; Ernst & Banks, 2002). While
vision is the dominant sense in most arm reaching situations, including active shoulder joint
position sense (JPS) testing (Morehead et al., 2017; Spitzley & Karduna, 2022), humans can
increase their reliance on proprioception relative to vision when necessary (Goodman &
Tremblay, 2018; Sakurai et al., 2024).

The shoulder JPS test is traditionally used to assess proprioceptive accuracy with eyes
closed (Dover et al., 2003; Vafadar et al., 2015). In this test, individuals actively move their arm

or have their arm passively moved to a target position, return to the starting position, and then



attempt to reposition their arm to the target position without visual feedback. Previous studies
have examined proprioceptive differences across populations, including throwing athletes (i.e.,
baseball and softball) compared to their sex-matched non-athletic controls (Badagliacco &
Karduna, 2018; Dover et al., 2003; Nodehi-Moghadam et al., 2012), as well as non-athletic
females compared to males (Echalier et al., 2019; Vafadar et al., 2015). While findings have
been mixed, most studies indicate that throwing athletes may have worse shoulder
proprioception than non-athletes due to increased glenohumeral joint laxity (Safran et al., 2001),
whereas no significant sex differences in proprioception have been consistently observed
(Echalier et al., 2019; Vafadar et al., 2015).

Visual functions in professional baseball athletes have been reported to be superior to that
of non-athletes (Chen et al., 2021). Baseball athletes demonstrated better eye tracking ability and
faster initiation of the eye movement, and those with superior visual function tend to have more
successful athletic careers (Kirschen & Laby, 2021). Given that throwing athletes may have
poorer proprioception but better visual function, their joint repositioning accuracy may be
comparable to that of non-athletic controls. In contrast, sex differences in visual function remain
inconclusive, despite findings suggesting differential brain activation patterns between females
and males in response to detection of object motion (Liu et al., 2024; Vanston & Strother, 2017).
Current literature suggests that healthy females and males possess comparable visual and
proprioceptive abilities.

Virtual reality (VR) provides an innovative approach to assessing vision-proprioception
integration in the shoulder JPS test by manipulating the visual field in VR while the individual’s
eyes remain open. “Visual offset” in VR environment presents inaccurate visual feedback,
creating visuo-proprioceptive incongruency where individuals see their hand offset from its
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actual position. Previous studies from our lab implemented a visual offset during the active
shoulder JPS test and found that physically healthy individuals tend to reposition their hand
based on visual input rather than proprioception (Sakurai et al., 2024; Spitzley & Karduna,

2022). This VR-based JPS test design allows researchers to examine vision-proprioception

integration mechanisms in different populations.

The purpose of the present study was to investigate the effect of inaccurate visual
feedback (i.e., offset vision) on shoulder JPS, focusing on population differences in a VR
environment. Baseball and softball athletes were compared to their respective control group, and
female controls were compared to male controls. It was hypothesized that no significant
difference in JPS performance would be observed between athletes and non-athletes or between

females and males, both with and without the visual offset.

2. Methods
2.1. Participants

A total of one-hundred-twenty-three participants were recruited and all participants
provided informed consent as approved by the University of Oregon Institutional Review Board.
Participants were categorized into four groups—baseball, softball, male control, and female
control (Table 4.1). Handedness was determined using the Edinburgh Handedness Inventory
(Oldfield, 1971). Control group participants were included only if they had no history of upper
limb injuries, pain, neurological disorders, uncorrected impaired vision, or competitive
baseball/softball experience within the past three years. They were matched with a corresponding
athlete group based on age, sex, and throwing arm dominance. The third question, "throwing",
from the Edinburgh Handedness Inventory was used to determine the control participant’s
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throwing dominance. Additionally, all ten questions from the inventory were utilized to

determine dominant side for the female-to-male comparison analysis.

2.1.1. Sex Difference Comparison

Thirty-seven females (Age: 19.6 £ 1.6 years, Height: 1.6 = 0.1 m, Weight: 63.7 + 11.3
kg, 7 left-handed dominant, 6 left-handed throwers) and thirty-seven males (Age: 20.0 + 1.6
years, Height: 1.8 + 0.1 m, Weight: 80.3 + 14.0 kg, 7 left-handed dominant and throwers) were
recruited. All participants in this analysis scored below —40 or above +40 on the handedness
questionnaire, indicating a relatively strong dominance for either the left or right hand (Dragovic,

2004).

2.1.2. Sport Experience Comparison

The softball group included eleven collegiate softball athletes competing at varying
levels, including National Collegiate Athletic Association (NCAA) Division I, National
Association of Intercollegiate Athletics (NAIA), and National Club Softball Association (NCSA)
(Age: 19.6 = 1.2 years, Height: 1.7 + 0.1 m, Weight: 70.4 + 10.6 kg, 1 left-handed thrower). The
baseball group consisted of thirty-seven NCAA Division I baseball athletes (Age: 19.6 + 1.3
years, Height: 1.9 £ 0.1 m, Weight: 95.0 + 9.3 kg, 7 left-handed throwers). The female and male
control groups consisted of the same subject pools in the sex comparison analyses, who were

matched with the respective athlete group by their sex, age, and throwing arm.

Table 4.1. Mean + standard deviation of demographic information of participants in each group.

Control groups for baseball and softball groups were matched based on age, sex, and throwing
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arm. “Dominant Hand” in the table is the throwing arm for the athlete groups and the dominant
hand for the control groups. Age difference between the groups was not significant (p = 0.49).
Softball Baseball Female Control Male Control

Sample Size (n) 11 37 37 37
Age (years) 196+1.2 19.6+1.3 19.6+1.5 20.0+ 1.6
Sex (F/M) F M F M
Dominant Hand (R/L) 10/1 30/7 30/7 30/7
Height (m) 1.7+£0.1 1.9+0.1 1.6 £0.1 1.8+0.1
Weight (kg) 70.4+£10.6 95.0+9.3 63.7+11.3 80.3 +14.0
Baseball / Softball Experience Yes Yes No No

2.2. Experimental Setup

Participants were outfitted with an HTC VIVE VR headset (2160 x 1200 resolution,
PenTile OLED display) with headphones attached (HTC VIVE, Xindian District, New Taipei
City, Taiwan) (HTC VIVE Tracker (3.0) Developer Guideline Ver 1.1,2021). A wrist brace was
fitted to their dominant arm and an HTC VIVE tracker (version 3.0) with Velcro tape was
attached to the bottom of the tracker. Auditory instructions and cueing were delivered through
the headphones. A 3D VR environment including a visual representation of the tested side wrist
position in the space was displayed to the participant through the headset. Wrist position was
projected as a baseball size black ball that matched the wrist tracker position in accurate vision
block (AB) trials. In offset vision bock (OB) trials, this black ball position shifted +8° in the
vertical axis for part of each trial using the arm length of each participant for this calculation.
Wrist position was determined using output from the VIVE tracker, serving as the source of
kinematic data for the current study (Spitzley & Karduna, 2019). All computations of wrist
tracker projection with or without visual offset and data extraction during the JPS test were
performed using C# scripts attached to a customized Unity program (Unity Technologies, San

Francisco, CA).
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2.3. Experimental Procedures

One trial of the JPS test consisted of two phases, the presentation phase and the
replication phase. In the presentation phase, auditory cues guided participants to a target shoulder
flexion angle. A low tone sound was emitted from the headphones when the arm was more than
5° below a target, and a high tone sound was emitted when the arm was more than 5° above a
target. No sound was heard when the arm was within a 5° range of a target. The participant kept
their arm at a target angle for 3 consecutive seconds and then moved it back to their side when
the audible cue “relax” was emitted. The replication phase started 3 seconds after the end of the
presentation phase. No auditory guidance regarding the arm angles was provided during this
phase. Participants moved their arm to the remembered target and kept it at the target angle for 3
consecutive seconds until another “relax” cue was emitted. A visual representation of the wrist
was displayed throughout the entire JPS trial. Further details of the JPS test paradigm can be
found in a previous study from our lab (Spitzley & Karduna, 2022).

Two blocks (AB and OB) of 6 JPS trials were performed per upper limb in the
randomized order across all participants. Within each block, the target angles 85, 90, and 95°
were tested in a randomized order. In AB, the wrist position displayed in the VR environment
was always congruent with the actual wrist position in the real-world space throughout this
block. In OB, + 8° visual offset was introduced in the replication phase wherein the participant
saw their wrist at 98° of shoulder flexion position when they flexed their shoulder to 90°. Both

limbs were tested separately for each participant with a randomized order of AB and OB.

2.4. Data Extraction
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Shoulder flexion angles were calculated with respect to vertical (the 0° starting position
of the tracker). Mean shoulder flexion angles in the presentation and replication phases were
calculated by averaging 100 data points prior to each “relax” cue. The following equations were

used for each trial (i):

Constant Error (CE) = 6, = (%) 106 (Eq4.1)

Variable Error (VE) = \/(l) 06, —6,)? (Eq.4.2)

n

6, is the repositioning error between the presentation angle and the replication angle, and n is the
number of trials performed within a block. Absolute Error (AE) is the mean of the absolute
repositioning errors, which reflects the magnitude of the repositioning errors. Vision-

Proprioception Reliance Score (VPRS) was estimated using the following equation:

VPRS = — (£Eoethan) (Eq.4.3)

The difference in CE between OB and AB was divided by 8, which was the magnitude of the
visual offset introduced in OB, to scale the ratio of CE between the blocks to a range of zero to
one. A VPRS of 0 indicates complete reliance on proprioception, with no influence of vision,

while a VPRS of 1 indicates complete reliance on vision.

2.5. Statistical Analyses
The effect of block (AB vs. OB), tested arm side (dominant vs. non-dominant), and
participant groups (athletes vs. non-athletes, female vs. male) on the repositioning error variables

(CE, AE, and VE) were examined using three-way ANOVAs. For VPRS, the effects of arm side
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and group were examined using a two-way ANOVA. If a significant main effect or interaction
was observed, pairwise t-tests with a Tukey correction were performed for post-hoc testing. For
all the statistical tests, the alpha level was set at 0.05. Effect size n? was calculated for each of
main effects and interactions in ANOVAs. n?0f 0.01, 0.06, and 0.14 indicate small, medium, and

large effect, respectively. All statistical analyses were performed using R 4.5.0 (R Core Team).

3. Results

For CE, a large main effect of the block were found (F(1,118) = 1354.1, p < 0.001, n>=
0.9), where the participants significantly undershot a target shoulder flexion angle and exhibited
worse repositioning errors in OB than AB. No other interaction or main effect was found (Fs <
2.9, ps > 0.1). The mean and standard deviation of CE across all the groups and both arms were

—0.9 £1.8°in AB and -7.9 £ 2.7° in OB (Figure 4.1).
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Figure 4.1. Constant errors (CEs). A large effect of the block was found (p < 0.001) without any
other effect or interaction. *** denotes p < 0.001.

For AE, a medium three-way interaction among group, block, and side was found (F, 118)
=2.9, p=10.04, n*=0.07). Post-hoc pairwise comparisons identified that AE in the non-
dominant arm of baseball athletes was significantly larger in OB compared to male controls (p =
0.02). Similar to CE, a large main effect of block was observed (F(, 118y = 890.9, p <0.001, n*> =
0.9), with participants consistently showing greater AE in OB than in AB. No other significant
main effects or interactions were detected (Fs < 2.3, ps > 0.1). The mean and standard deviation

of AE across all groups and arms was 2.3 = 1.2° in AB and 8.1 + 2.2° in OB (Figure 4.2).
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Figure 4.2. Absolute errors (AEs). Baseball athletes had a larger AE in their non-dominant arm
and OB than male controls (p = 0.02). A large effect of the block was also found (p < 0.001). ***
denotes p < 0.001. * denotes p < 0.05.
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For VE and VPRS, no significant interaction or main effect was found across all
conditions (Fs < 2.4, ps > 0.07 and Fs < 1.9, ps > 0.1, respectively). The mean and standard
deviation of VE across all the groups and both arms were 2.24 + 1.14° in AB and 2.32 + 1.32° in
OB (Figure 4.3). The mean and standard deviation of VPRS across all the groups and both arms

were 0.88 £ 0.32 (Figure 4.4).
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Figure 4.3. Variable errors (VEs). No significant main effect or interaction was found (p > 0.05).
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Figure 4.4. Vision-Proprioception Reliance scores (VPRSs) in 0-1 scale. No significant main
effect or interaction was found (p > 0.05). All groups and both arms relied more on vision than
proprioception in the current study (VPRS > 0.5).
4. Discussion

The purpose of this study was to investigate the effect of inaccurate visual feedback on
shoulder JPS, focusing on population differences. The results largely supported our hypothesis,
showing no difference between groups, except that baseball athletes exhibited greater AE
compared to male controls during the OB when performed with the non-dominant arm. This
study is the first to comprehensively evaluate shoulder joint repositioning accuracy and vision-
proprioception integration across various populations and limb sides using immersive 3D VR
technology.

Previous studies have reported inconsistent findings in the shoulder JPS accuracy with

between overhead athletes and non-athletes, as well as between females and males, particularly
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under eyes-closed conditions (Badagliacco & Karduna, 2018; Dover et al., 2003, 2003; Echalier
et al., 2019). The current study found that such differences largely disappeared when visual
feedback was provided, except for AE. Specifically, a previous study reported overshooting
(more positive CE) in females, and greater VEs in males during eyes-closed active shoulder JPS
tasks (Vafadar et al., 2015). In contrast, these trends were not observed in the current study with
eyes-open conditions in VR, as all groups consistently undershot the target angle (negative CE),
and no increased VE was found in male controls. These results extend the current literature by
demonstrating that different demographic groups (athletes vs. non-athletes, females vs. males)
achieve comparable JPS accuracy in both limbs when provided with visual feedback, whether
accurate or offset. This outcome likely results from the vision-dominant nature of the active
shoulder JPS task used here, indicated by vision-proprioception reliance scores (VPRS)
consistently above 0.5 across all groups and limbs (mean VPRS: 0.9). The strong visual
dominance observed aligns with findings from prior research (Sakurai et al., 2024; Spitzley &
Karduna, 2022). The strong reliance on vision may have masked potential proprioceptive
differences among individuals and between limbs previously reported in the literature. However,
the absence of a no-vision block (NB) that does not provide vision about hand in our protocol
limits conclusions regarding whether the participants in the current study possessed inherent
differences in their proprioceptive function.

Although most of the repositioning errors were not different between the demographic
groups, AE was significantly greater in baseball athletes compared to male controls during the
OB condition when the JPS test was performed with the non-dominant arm. However, no
significant differences in AE were observed between groups in AB for the non-dominant arm,
nor in either block for the dominant arm. This suggests that the visual offset introduced in the
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OB condition may have had a more pronounced impact on baseball athletes specifically,
particularly in their non-dominant arms used for catching the baseball. Previous research has
indicated that motor control is adaptable, with elite athletes demonstrating unique motor control
strategies in tasks requiring postural control (Paillard, 2017). Baseball athletes may develop
specialized motor strategies in their non-dominant arm, enhancing flexibility and visual
compliance to optimize ball-catching accuracy, as they frequently adjust hand positioning based
on visual cues about ball location and trajectory. Furthermore, baseball athletes have been shown
to possess superior visual function for accurate object tracking compared to non-athletes (Chen
et al., 2021). The observed greater AE in baseball athletes under this specific condition might
result from unique motor strategies related to vision, proprioception, or an interaction of both.
Notably, this trend was not observed in softball athletes, possibly due to inconsistent playing
levels or the smaller sample size of this group. Future studies should include larger size of
softball athletes from elite level teams (e.g., Division I college players) to further elucidate these
observations.

Future studies are encouraged to examine if different populations show varied
repositioning errors and vision-proprioception integration patterns under alternative test
modalities. For instance, shoulder JPS tasks involving horizontal abduction and adduction might
uniquely influence the different populations as such movements require more proprioception
reliance than shoulder flexion and extension (Klein et al., 2018). Conscious effort to ignore
visual offset could cause different results between the limbs as right and left arms integrate
visual feedback differently due to the functionality differences between right and left
hemispheres of the brain executing the arm movements (Apker et al., 2011). According to the
optimal integration theory, many factors are known to influence the reliance on vision and
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proprioception (Block & Bastian, 2010), and VR is capable of projecting any visual field that
researchers wish to have for their research. Expanding multisensory integration research using
VR will further deepen our understanding of human motor control mechanisms.

Baseball and softball athletes regularly perform arm reaching to catch a ball, demanding
precise integration of visual and proprioceptive information. However, existing literature
indicates that motor cortex adaptations are generally specific to the trained tasks and might not
transfer to different types of reaching tasks (Paillard, 2017; Proteau & Isabelle, 2002). Therefore,
investigating whether overhead athletes differ from non-athletes in arm-reaching accuracy and
sensory reliance during tasks closely resembling ball-catching scenarios is important. Although
our JPS findings provide fundamental insights into motor control patterns, sport-specific tests
simulating realistic ball-catching situations may yield additional valuable insights. VR
technology can replicate these dynamic scenarios and accurately measure arm-reaching
performance. Ultimately, such assessments could aid scouting and talent identification processes
by determining if successful athletes demonstrate superior multisensory integration compared to
their less successful counterparts. Currently available motor assessments typically evaluate
isolated visual functions or utilize two-dimensional ball interception tasks on screens, lacking
specificity to realistic ball-catching or hitting actions (Chen et al., 2021; Kirschen & Laby, 2021;
Laby et al., 2018).

The current study is not without limitations. Due to a time restriction with the athlete
group data collections, we were not able to include NB besides AB and OB. NB would have
been able to provide proprioceptive accuracy of each group and provide a baseline value without
influence of vision on JPS test performance. However, it has been reported that CE in AB and
NB were not different in the dataset containing both male and female participants in one of the
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our previous work using the same JPS protocol (Spitzley & Karduna, 2022). The sample size of
the softball group (N = 11) was much smaller than the other three groups due to a difficulty in
recruiting. Their playing level varied between NCAA Division I, NAIA, and NCSA as well,
whereas the baseball athletes all play at NCAA Division I. This might have affected their
performance in the JPS test in the current study. The HTC tracker was placed on the dorsal wrist,
and the hand position was projected based on the tracker position. Although its effect is
considered minimal as the visual offset was in the vertical direction, the participant saw their
hand representation 1-2 cm lateral from their actual hand position.

In conclusion, the current study investigated the effect of visual offset on repositioning
accuracy and vision-proprioception integration at an active shoulder JPS test in a 3D VR
environment. It was found that both dominant and non-dominant upper limbs of the overhead
athletes and non-athletes all showed similar results that vision was the dominant sense over
proprioception while most of the repositioning errors were also not significantly different
between groups and limb sides. Future studies are warranted to investigate whether this trend
stays true when the multi-sensory integration is examined with baseball/softball specific

situations mimicking catching or hitting a moving ball.

S. Bridge

The study outlined in this chapter investigated the effect of offset vision at the shoulder
JPS test on different populations and limb sides. All repositioning error variables and VPRS
were not statistically different between the groups including baseball/softball athletes and
male/female controls. The results in the current chapter serve as a benchmark for each population
of individuals. In Chapter V and VI, a revised novel dynamic reaching test is performed by the
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same participants. The dynamic reaching test in Chapter III will be updated based on its findings
to better answer research questions in the following chapters. Chapter V focuses on sex
difference between female and male controls, while Chapter VI focuses on differences between

the athletes and the controls.
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CHAPTER V

SEX DIFFERENCE IN DYNAMIC REACHING PERFORMANCE IN VIRUTAL REALITY

This work is currently in preparation for submission to the Journal of Human Movement Science
and is co-authored by Motoki Sakurai and Dr. Andrew R. Karduna. Motoki Sakurai contributed
to study design, experimental work including data collection and analysis, and writing.

Dr. Andrew R. Karduna contributed to study design, research mentorship, and editorial

assistance.

1. Introduction

Optimal integration theory proposes that the relative reliance on these sensory inputs are
context-dependent and weighted optimally to maximize reaching accuracy for a given situation
(Ernst & Banks, 2002), with vision typically dominating in “static” reaching tasks such as
picking up a coffee cup on a table (Goodman & Tremblay, 2018; Spitzley & Karduna, 2022).
One of our previous works using a “dynamic” reaching test, however, identified that
proprioception is a dominant sense to track reaching hand movements when reaching for a ball
coming at research participants in a three-dimensional (3D) virtual reality (VR) environment
(Chapter III). Given that vision-proprioception reliance changes flexibly, it would be interesting
to further investigate whether it differs between females and males, as well as dominant and non-
dominant hand.

Although no sex or limb side differences were found in our static reaching test with the
shoulder joint position sense (JPS) test (Chapter IV), previous studies have identified differences

in arm-reaching performance in dynamic reaching tests (Apker et al., 2015; McGivern et al.,



2012; Xiao et al., 2019). Females exhibited larger reaching errors than males in a task requiring
participants to predictively point to the endpoint of a moving ball whose trajectory was occluded
for the last 100 milliseconds (McGivern et al., 2012). Another study found no significant sex
differences in reaction times in a single-arm reaching task (Mickeviciené¢ et al., 2011). These
findings suggest sex-based differences in brain activation patterns and visual perception during
object motion detection (Liu et al., 2024; Vanston & Strother, 2017). However, it is still unclear
whether sex difference exists in the relative reliance on vision and proprioception, besides
reaching accuracy and temporal parameters such as reaction time or arm moving velocity.
Furthermore, limb dominance has been shown to influence reaching accuracy and sensory
reliance. In right-handed individuals, the dominant hand exhibited greater reliance on vision and
demonstrated worse reaching accuracy compared to the non-dominant hand (Apker et al., 2015;
Xiao et al., 2019). The potential interaction between sex and dominant hand warrants further
exploration, as previous studies have not fully examined this factor in the context of VR or ball-
catching movements. By using a VR dynamic reaching test, the present study aims to determine
whether prior findings on sex and handedness can be generalized to this dynamic reaching
modality.

VR has emerged as a powerful tool for rehabilitation, training, and entertainment,
offering immersive experiences that can enhance motor learning and movement performance.
Understanding how different populations interact with VR environments is crucial, particularly
when the goal is to improve motor function in patients, athletes, or the general population. The
HTC VIVE VR system used in this study provides reliable kinematic data with its tracker
attached to an upper limb (Spitzley & Karduna, 2019). The findings from this study could inform
the development of targeted rehabilitation and training protocols using VR for diverse
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populations. Notably, this study is the first to examine whether vision and proprioception are
integrated differently between sexes and limb dominance in a 3D dynamic reaching task,
expanding upon our prior work on static reaching (Chapter IV).

The purpose of the present study was to identify whether vision-proprioception
integration mechanisms during a dynamic reaching test differs between sexes and limb
dominance. It was hypothesized that males would exhibit lower reaching errors than females,
while reaction times would not be significantly different between sexes or limb sides.
Additionally, it was hypothesized that the dominant arm would rely more on vision compared to

the non-dominant arm.

2. Methods
2.1. Participants

Thirty-seven females (Age: 19.6 £ 1.6 years, Height: 1.6 = 0.1 m, Weight: 63.7 £ 11.3
kg, 7 left-handed dominant) and thirty-seven males (Age: 20.0 £ 1.6 years, Height: 1.8 = 0.1 m,
Weight: 80.3 + 14.0 kg, 7 left-handed dominant) without a history of upper limb injuries, pain,
neurological disorders, uncorrected impaired vision, or competitive baseball/softball experience
within the past five years participated in the current study. The two groups were matched by their
age and dominant hand. All participants provided informed consent as approved by the
University of Oregon Institutional Review Board and their handedness was determined using the
Edinburgh Handedness Inventory (Oldfield, 1971). All participants scored below -40 or above
+40 on the handedness questionnaire, indicating a relatively strong dominance for either the left
or right hand (Dragovic, 2004). Individuals scoring between +40 were classified as ambidextrous
and excluded from the study.
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2.2. Experimental Setup

Participants were outfitted with an HTC VIVE VR headset (2160 x 1200 resolution,
PenTile OLED display) with headphones attached (HTC VIVE, Xindian District, New Taipei
City, Taiwan). An HTC VIVE tracker (version 3.0) was placed on a wrist brace and a chest band
to track dominant wrist and sternum kinematics, respectively. The wrist tracker was placed on
the dorsal wrist, and the trunk tracker was placed on the approximate center of the xiphoid
process. Auditory instructions and cueing were delivered through the headphones.

A custom 3D VR environment containing a room with plain walls and a visual
representation of the participant’s dominant hand were displayed to the participant through the
headset. Hand position was projected as a baseball size black sphere positioned at the center of
the wrist tracker. It served as a visual representation of the participant’s hand in VR and the
source of kinematic data for analysis. Although not visually projected in VR, the trunk tracker
also provided kinematic data. A baseball size red sphere was also projected as a reaching target,
which moved towards participants at their shoulder height at 5 m/s from 5 meters distance in
front without a gravitational effect (no vertical displacement in ball trajectory) or curvature in its
trajectory (Figure 5.1). All computations of target movements and data extraction were
performed using custom C# scripts attached to a Unity program (Unity Technologies, San

Francisco, CA).
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Figure 5.1. Reaching test setup. Participant is seated on a kneeling chair, wearing the headset
with over-ear headphones. Trackers affixed to the dominant wrist and the sternum. The reaching
target moves from five meters in front of the participant’s dominant shoulder at five meters per
second.
2.3. Experimental Procedure

For both the dynamic reaching and the JPS test, the participant was seated on a kneeling
chair, allowing for full range arm motion while keeping an upright posture and minimizing chair
oscillation during the experiments. The participant always started the trials with their tested arm
relaxed at their side, the palmar side of the hand facing the medial direction, and the elbow fully
extended. All shoulder elevation movements were a single joint shoulder elevation with the
elbow fully extended. The participant’s tested arm length from the top of the acromion process to

the center of the wrist tracker was measured by placing another HTC VIVE tracker on top of the

acromion process before the experiments began. In the meantime, the dominant shoulder position
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was computed in a customized Unity program (Unity Technologies, San Francisco, CA) using
the shoulder tracker position data to determine reaching target trajectories.

While the reaching target’s initial position in VR was consistent at 5 meters in front of
the dominant shoulder position in all trials, the reaching target trajectories varied between three
different endpoints among 0° or £16° in the horizontal plane around the dominant shoulder
position between trials (Figure 5.2). The 0° endpoint was in front of the dominant shoulder
position, and reaching towards it would result in pure shoulder flexion. Endpoints were defined
as the interception point where the participant’s hand (wrist tracker center) would contact the ball
if the participant moved their hand to the reaching target at the correct timing (Su et al., 2014).
However, the reaching target became invisible 0.1 seconds before the hand reached the target
endpoints in order to prevent providing the participant knowledge about their reaching accuracy
in each trial. Hiding the target right before the hand-target contact enabled us to test the reaching

accuracy over trials while limiting learning effect from previous trials.

Target
. t 00
160" 16°...
Endpoints
Xﬂj
Z

Shoulder
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Figure 5.2. Coordinate system and spatial error in VR environment. Spatial error in each trial
was angle difference between wrist tracker and target endpoint at a frame where the target
reached to its endpoint. Endpoint in each trial was estimated from the participant’s shoulder
position and tested limb length.

The dynamic reaching test consisted of 30 trials in each of two blocks: accurate vision
block (AB) and offset vision block (OB). Within each block, the first 21 trials were adaptation
trials, and the last 9 trials were post-adaptation trials (Figure 5.3). Visual conditions differed
between the blocks only in the adaptation trials, while the post-adaptation trials in each block
were all performed with no visual information about the reaching hand position in VR. In AB,
the tested hand position displayed in the VR environment was always congruent with the actual
hand position in the real-world. In OB, the hand position was medially shifted by 8° with the
participant’s arm length taken into account. The task involved accurately hitting the moving

target with a shoulder elevation movement. The order of target endpoints, block, and tested limb

side were randomized across participants.

Block Adaptation Post-adaptation
Accurate vision block _ Accurate o ..
> . . » No vision
(AB) vision
Offset vision block » Offset vision p=———p No vision
(OB)

Block order randomized 21 trials with 9 trials with no vision
between participants corresponding

visual condition

Figure 5.3. Flow of the dynamic reaching test. Visual representation of the reaching hand was
projected at the accurate position in AB and was projected at the inaccurate position by 8° in
OBbp during adaptation trials. In post-adaptation trials, the virtual hand position was not projected
consistently regardless of what block the participant was performing.
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2.4. Data Extraction

Kinematic data were sampled from the VIVE trackers at 90 Hz and collected using a
customized Unity program during the dynamic reaching test. The 3D coordinate system for left
hand trials were flipped and adjusted to be consistent with right hand trials. In the dynamic
reaching test, hit rate was defined as the percentage of trials in which participants successfully hit
the target with their reaching hand for each condition (block x tested limb X target endpoint).
This metric was calculated to assess each participant’s reaching accuracy. A hit was recorded
when the target altered its trajectory as a result of a collision with the participant’s visual hand in
the VR environment. The constant spatial error (CSE) were calculated using the Eq. 5.1 (King et

al., 2013).
Constant Spatial Error (CSE) = 6, = (%) .06, (Eq.5.1)

The spatial reaching error, 6,, was the difference between the wrist tracker position and
the target endpoint in degrees. (n) is the number of trials performed within a block and (i) is each
trial. CSE defines the mean spatial reaching errors over the trials with directions, either positive
or negative with respect to the target endpoint in the horizontal plane (mediolateral) (Morehead
et al., 2017; Schroeger et al., 2021). Positive CSE values indicate that the reaching hand landed
to the left of the target and negative values indicate it landed to the right, based on our VR
environment’s coordinate system (Figure 5.2). For left arm trials, the coordinate system was

mirrored to align with that of the right arm, allowing for direct comparison across arms.

Absolute Spatial Error (ASE) = (1> t.36.D)  (Eq.5.2)

n
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Absolute spatial error (ASE) was calculated in the same way as CSE, except 8, (spatial
reaching error in each trial) was converted to absolute value for each trial. ASE defines the
magnitude of the mean repositioning errors over the trials without taking the directions of errors

into account.

Variable Spatial Error (VSE) = \[(3) *.6,—-6,)? (Eq.53)

n

0, is CSE calculated using Eq. 5.1, and VSE defines the consistency of the magnitudes of the
repositioning errors around the target angles, rather than the accuracy of the repositioning.
Vision-proprioception reliance score (VPRS) was estimated using Eq. 5.4 (Spitzley &

Karduna, 2022).

Vision — Proprioception Reliance Score (VPRS) = — (%) (Eq.5.4)

VPRS quantifies the participant’s sensory reliance in the zero to one scale. In Eq. 5.4, CSEos is
CSE in OB, CSEas is CSE in AB. A score of 1 indicated that participants placed their arm 8°
towards the negative direction in X axis (to the right) in OB than AB, indicating that participants
only used vision as 8° visual offset was seen in OB. A score of 0 indicated that participants
placed their arm at the same position in X axis in both AB and OB, indicating participants only
used proprioception.

Two temporal variables were included in the current study: response time and peak wrist
velocity. Response time was the time difference between the initiation of the target movement
and that of the arm. Target movement initiation was defined as the first frame that the Z

coordinate of the target (anterior-posterior axis) differed from the previous frame. The initial arm
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movement was defined as the first frame that the wrist tracker was detected moving at above 0.2
m/s as its resultant velocity. Peak wrist velocity was defined as the peak resultant velocity of the

wrist tracker once the tracker was detected moving at above 0.2 m/s.

2.5. Statistical Analyses

Four-way ANOV As were performed for the dynamic reaching errors (CSE, ASE, VSE,
response time, and peak wrist velocity) only in the post-adaptation trials to examine the main
effects and interactions of group, limb side, block, and endpoint. Post-hoc pair-wise t-tests with
Tukey correction were performed if the reaching errors were found statistically different between
the conditions. For VPRS, three-way measures ANOV As were performed on the last 10 trials of
the adaptation trials as well as the post-adaptation trials by excluding the blocks from the
independent variables, as VPRS was a ratio of CSE between AB and OB. This provided the data
whether the adaptation occurred differently between groups or sides and whether the adaptation
effect persisted during post-adaptation trials.

For all the statistical tests, the alpha level was set at 0.05. Effect size n? was calculated for
each of main effects and interactions in ANOVAs. n20f 0.01, 0.06, and 0.14 indicate small,
medium, and large effect, respectively (Adams & Conway, 2014). All statistical analyses were

performed using R 4.5.0 (R Core Team).

3. Results
Mean and standard deviations of hit rate (%) were 93.5 £ 18.9 % in female control and
96.5 + 13.2 % in male control. A main effect of endpoint was found (p < 0.001), while no other

significant main effect or interaction was (p > 0.1). Post-hoc testing found that hit rate was
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significantly lower at the endpoints of = 16° compared to 0° endpoint while no significant

difference was found between +16° and -16° endpoints.

For CSE, participants had positive values at the lateral endpoint (—16°; mean = 4.8°) and
negative values at the medial endpoint (16°; mean = —4.7°), indicating that they consistently hit
the inner portion of the target at both endpoints (Figure 5.4). Statistically, a significant group-
endpoint interaction was found (p = 0.002), requiring post-hoc pairwise comparisons. These
identified that females had more positive CSE at —16° endpoint compared to males (p < 0.001),
while no group differences were found at the endpoints 0° and 16° (ps = 0.2 and 1.0,
respectively). In addition, significant main effects were found for block (p < 0.001) and side (p <
0.001). The main effects of block and side indicates that CSE was more positive in AB than in
OB, and in the non-dominant arm than in the dominant arm. Although main effects of group (p =
0.05) and endpoint (p < 0.001) were found, the post-hoc testing for their interaction already
described their relationships with CSE. Overall, more positive CSEs —indicating that the hand
landed further to the left of the target—were observed in female participants for —16° (lateral)

reaching, in AB, and with the non-dominant arm, relative to their respective counterparts.
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Figure 5.4. Constant spatial error (CSE). Main effect of group, block, endpoint, and tested arm
and interaction between group and endpoint were found (all p < 0.05).

For VSE (Figure 5.6), no interactions or main effects reached significance (all ps > .20),
except main effect of endpoint (p <.001). Post-hoc comparisons showed that VSE was
significantly lower at the middle target (0°) compared to both endpoint —16° (p = .002) and
endpoint 16° (p = .005), with no difference between the two outer targets (p = .94). This
indicates that the magnitude of reaching errors was more variable at the medial and lateral

endpoints across trials, whereas reaching to the middle endpoint was performed with greater

reaching error consistency.
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Figure 5.5. Variable spatial error (VSE). Reaching to middle (0° endpoint) had less variable
(more consistent) reaching errors between trials compared to reaching to side targets (£16°) (p <
0.005).

For VPRS, no significant interactions or main effects were observed (Figure 5.7). The
main effects of group (p = 0.8), limb side (p = 0.2), and endpoint (p = 0.9) were all non-
significant. Likewise, no significant interactions were observed, including group-side, group-
endpoint, side-endpoint, or group-side-endpoint (all ps > 0.3). Across all conditions, VPRS
values remained below 0.5 in a zero to one scale, suggesting that participants were, on average,
more reliant on proprioception than vision when tracking the position and movement of their
reaching arm. However, between-participants variability was large relative to the mean value
(mean * standard deviation = 0.4 £ 0.5), indicating some of the participants were very strongly

vision or proprioception dominant than others.
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Figure 5.6. Vision-proprioception reliance score (VPRS). No significant difference was found (p
> (0.05). Mean and standard deviation of VPRS across conditions were 0.4 £ 0.5.

For response time (Figure 5.8), no interactions reached significance (all ps > 0.1).
Significant main effects were found for limb side (p <.001) and endpoint (p = .001). Participants
initiated their arm movement quicker with their non-dominant side compared to their dominant
side (0.33 vs. 0.36 seconds). Post-hoc comparisons also revealed that response time for the 16°

endpoint was significantly faster than 0° endpoint (0.34 vs. 0.35 seconds; p = 0.001).
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Figure 5.7. Response time. Non-dominant arm had a faster response time than dominant arm (p
< 0.001). Reaching for the endpoint 16° had a faster response time than reaching for the endpoint

0° (p=10.001).

For peak wrist linear velocity (Figure 5.9), no interactions reached significance (all ps >
0.2). A significant main effect of endpoint was found (p < .001), and post-hoc comparisons
indicated that peak velocity was greater at endpoint 16° (3.0 m/s) compared to —16° endpoint
(2.7 m/s; p <.001). P-values for the comparisons between 0° (2.6 m/s) and -16°, and between
endpoints —16° and 0° were slightly above the set alpha level (both ps = 0.06). Combining the
result with the response time, participants neither reacted quicker nor moved faster when
reaching for the middle target at 0°, likely due to shorter distance to travel required for the

middle endpoint compared to the medial and lateral endpoints.
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Figure 5.8. Peak resultant linear wrist velocity (m/s) was greater when reaching for the medial
target (16°) than other two endpoints (p < 0.001).

In Figure 5.10, changes in spatial reaching error during the twenty-one adaptation trials
in each group and limb are summarized. VPRSs from the last ten adaptation trials are also
provided in Figure 5.11. Although statistic tests were not performed, the data visualized in the
figures ensures that reaching error trended differently between AB and OB and indicates that
different adaptation patterns have occurred between the two visual conditions before the
participants started post-adaptation trials without vision of their reaching hand. In both limbs and
groups (male and female), VPRS exceeded over 0.5 across all conditions (mean VPRS 0.7 for
both males and females between limbs), indicating that participants relied more on visual hand
than their perceived hand position from proprioception that are different from the post-adaptation
trials (Figure 5.7).
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Figure 5.9. Spatial reaching errors in each adaptation trial 1-21. Top: female group. Bottom:
male group.
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Figure 5.10. Vision-Proprioception Reliance Score (VPRS) from the last 10 trials of adaptation
trials. The means for males and females across both limbs were 0.7, indicating vision dominant
reaching.
4. Discussion

The purpose of the present study was to determine whether vision-proprioception
integration mechanisms during a dynamic reaching test differ by sex and limb dominance. Our
findings partially support the hypotheses, revealing complex relationships. Males exhibited more
accurate reaching, noted by closer-to-zero CSEs, than females at the lateral endpoints (-16°),
while hit rate and response times did not significantly differ between sexes. Furthermore, relative
reliance on vision versus proprioception did not differ significantly by sex or limb dominance.
Overall, significant sex difference only appeared in a small part of the current study design while

males and females performed the task quite similarly across many variables of interest.
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Results from CSEs suggest females made larger reaching errors than males when
reaching for their lateral endpoint, while no sex difference was found at the other two endpoints.
Smaller errors for males in this dynamic reaching task align with previous research emphasizing
sex differences in spatiotemporal hand-eye coordination (McGivern et al., 2012). Sex-specific
differences in visual information processing have been reported, with females more reliant on the
ventral stream responsible for object recognition (e.g., shape and color), and males on the dorsal
stream specialized in analyzing object movement (e.g., velocity and direction) (Goodale &
Milner, 1992). Consequently, male participants may have benefited from enhanced movement
analysis capability, particularly noticeable when reaching tasks became more complex at medial
or lateral endpoints. Unlike middle endpoint reaches, diagonal arm movements to the lateral
endpoint posed greater challenges, potentially amplifying male advantages in spatial processing.
Additionally, although competitive baseball/softball experience within five years was an
exclusion criterion, numerous participants had varied sport backgrounds. Previous literature
suggests ball sport experience enhances upper limb motor control (Dalecki et al., 2019; Wei et
al., 2024). More male participants reported experience in sports requiring dynamic upper limb
movements, such as basketball, hockey, and water polo (n = 34 males vs. n = 23 females).
Although a follow-up analysis did not find significant effects of such experiences on hit rate and
CSE, previous exposure to dynamic arm-reaching sports among males might still partially
explain their lower errors.

VSE was larger at the medial and lateral endpoints than the middle endpoint without
significant differences between groups and limbs. Participants were more accurate and consistent
(high hit rate and low VSE) when reaching for the middle endpoint, while the two side endpoints
may have been more challenging to make accurate ball-hand contact for them. It was reported
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that both reaching accuracy and consistency lowers as task gets more difficult (Schroeger et al.,
2021). Unlike previous reports identifying greater reaching variability among males during static
tasks (Barral & Debii, 2004; Vafadar et al., 2015), our study showed no sex-related differences in
dynamic reaching variability. It is likely that male participants were able to compensate their less
consistent reaching accuracy by their superior analytic skill for moving object location and
movement (Goodale & Milner, 1992).

VPRS, on the other hand, showed no significant difference across all conditions. These
results were somewhat surprising but suggest that the influence of a visual offset on reaching
errors were comparable across the sexes, limb sides, and endpoints. Participants consistently
showed slight proprioception dominance over vision during post-adaptation trials (mean VPRS
of 0.4), aligning with the findings from our previous study (Chapter III). In contrast, visual
information about the hand was not integrated as strongly as in static reaching tasks described by
earlier research, where vision typically dominates proprioception (Apker et al., 2011; Sakurai et
al., 2024; Spitzley & Karduna, 2022). No sex differences emerged in VPRS, despite males
demonstrating superior spatial reaching accuracy compared to females, as observed through
CSE. Consistent with our previous findings from joint position sense tests (Chapter IV), both
female and male participants exhibited similar VPRS patterns across limbs and endpoints.
Although prior research suggests sex-related differences in visual information processing
mechanisms or preferences (Goodale & Milner, 1992; Liu et al., 2024; Vanston & Strother,
2017), relative reliance on vision and proprioception were comparable between sexes. Limb
differences were also not observed in VPRS, indicating that limb dominance did not influence
relative sensory reliance and the other spatial accuracy measures (hit rate, CSE, and VSE). Limb
dominance differences were primarily evident in timing-related variables, likely due to afferent
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signaling from the left hemisphere of the brain reaching the left arm faster compared to the right
arm (Barral & Debi, 2004; Carson et al., 1995). This neurological timing difference did not
appear to affect spatial reaching performance. Additionally, considerable between-participant
variability in VPRS suggested individual differences in sensory reliance, with some participants
entirely dependent on vision (VPRS of 1) and others completely reliant on proprioception (VPRS
of 0). This variability likely reflects inherited sensory preferences independent of sex or limb
dominance.

Response time was not different between females and males, which supports one of our
hypotheses and aligns with previous studies testing with arm reaching tasks (Barral & Debi,
2004; Mickeviciené et al., 2011). One study that reported slower response time in female
involved pressing a key in response to an object projection on a screen, which does not require
accuracy of spatiotemporal movement coordination like arm reaching tasks (Der & Deary, 2006).
However, response time was significantly faster in the non-dominant arm (left arms for 60 right-
handed participants out of 74) than non-dominant arm in the current study. Advantage of left arm
in response time has been the consistent finding across many studies (Barral & Debt, 2004;
Carson et al., 1995; Mickeviciené et al., 2011) most likely due to the fact that the right
hemisphere of the brain are specialized for vision-proprioception processing and body movement
organization (Mickevicien¢ et al., 2011). In addition, response time was quicker and peak wrist
velocity was faster when reaching for the two side endpoints than the middle endpoint without
effect of sex. This makes sense as participants needed to move their arm longer distance to get to
the side endpoints on time and faster reaction time and wrist velocity were required. However, it
contradicts the results from a previous study that reported faster arm velocity only reaching for
lateral targets (Barral & Debii, 2004). This could be due to a difference in movement planes as
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the reaching test was set up on a table in front of participants that are 2D while our dynamic
reaching test was set up in 3D environment. Also, previous research report that movement
crossing the middle line of the body require different arm joint coordination (Barral & Debd,
2004; Carson et al., 1995), causing slower response and arm velocity for medial target reaching.
The medial target in the current study was not located across the midline as the three endpoints
were spread around the shoulder position.

One of the limitations for the current study was the sample size. Although a fairy large
number of participants were recruited for a human movement study, many more sample size
would be required to maintain higher statistical power for four-way ANOVAs. However, it is
worth mentioning that many of our findings had very large effect sizes. If more time was allowed
for each participant, it would have been ideal to evaluate the effect of visual offset in both medial
and lateral directions as very interesting endpoint-limb interaction was found. With only one-
directional visual offset tested in the current study, we are not able to determine whether this
interaction is caused by the computational limitation explained above or physiological responses
from participants.

In conclusion, trivial sex and limb side differences were found in the current study.
Females had larger reaching errors in CSE only at the lateral reaching target and slower response
time potentially due to differences in the information processing mechanisms and/or
unfamiliarity with ball catching movements compared to their male counterpart. Limb side
differences were observed in response time, while differences in reaching errors were trivial. VR
technologies enable to study vision-proprioception integration mechanisms and differences
between the limbs and the sexes in 3D environment, while such motor control skills have been
typically studied in 2D environment. Sex and limb differences in 3D reaching movements were
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found overlapped with 2D movements, whereas some of the findings in the current study provide
unique findings that were different form 2D reaching studies. Future studies are encouraged to
use VR to expand the scope of motor control studies and explore areas that are not investigated

well.

5. Bridge

The study outlined in this chapter examined sensory integration patterns in a dynamic
reaching test in virtual reality environment with the focus on sex difference and the limb side.
Spatial reaching accuracy was greater in males than females, while no sex difference was
observed in relative reliance on vision and proprioception. Both side of the limbs showed similar
spatial reaching accuracy and relative sensory reliance. In temporal variables consisting of
response time and peak wrist velocity, no sex difference was found, while non-dominant limb
showed faster response time than dominant limb. Since non-dominant limb for most of the
participants were left handed, the results indicate the advantage of sensory input processing for
the left arm likely due to the brain function.

In Chapter VI, this dynamic reaching test is performed by baseball and softball athletes
and compare their sensory integration patterns with male and female non-athletes. Limb side
specific difference between athletes and non-athletes will also be examined to identify whether
baseball and softball-athletes have unique motor control developed after extensive ball catching

and hitting training through their sports.
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CHAPTER VI
DYNAMIC REACHING PERFORMANCE IN VIRUTAL REALITY BETWEEN ATHLETES

AND NON-ATHLETES

This work is currently in preparation for submission to the Journal of Human Movement Science
and is co-authored by Motoki Sakurai and Dr. Andrew R. Karduna. Motoki Sakurai contributed
to study design, experimental work including data collection and analysis, and writing.

Dr. Andrew R. Karduna contributed to study design, research mentorship, and editorial

assistance.

1. Introduction

Baseball and softball involve reaching for a dynamically moving ball when athletes catch
or hit a ball. Elite athletes need to integrate vision and proprioception in their central nervous
system precisely to execute such ball reaching movements at high accuracy. Optimal integration
theory proposes that relative reliance on vision and proprioception are weighted optimally to
maximize reaching accuracy for a given situation, while vision is typically a dominant sense over
proprioception (Block & Bastian, 2011a; Goodman & Tremblay, 2018; Morehead et al., 2017).
However, an environment that the baseball and softball athletes perform the arm reaching is in a
3D space and a ball typically is thrown or hit from their front. Only one of the previous works
from our lab implemented this 3D AP reaching with dynamically moving reaching targets,
“dynamic reaching test”, using a VR system (Chapter III). No previous study has investigated the
arm reaching accuracy of the baseball or softball players in an environment close to on-field ball
reaching.
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The current literature provides insights into how potentially the baseball and softball
athletes perform the dynamic reaching test. Baseball players showed superior eye tracking ability
than non-athletes (Chen et al., 2021). Successful baseball athletes are more likely to have better
eye function (e.g., depth cue, eye tracking, etc.) than less successful baseball athletes (Kirschen
& Laby, 2021). Moreover, position players showed better eye function than pitchers (Chen et al.,
2021; Laby et al., 2018). On the other hand, the athletes’ shoulder proprioceptive accuracy could
potentially be altered due to accumulated microtrauma to proprioceptive receptors (joint
capsules) at the throwing side shoulder joint (Myers et al., 2006; Safran et al., 2001). Studies
comparing proprioception in shoulder JPS tests performed with eyes closed indeed identified
worse joint repositioning accuracy in baseball and softball athletes than non-athletes
(Badagliacco & Karduna, 2018; Dover et al., 2003). However, a previous work in our lab found
no significant difference between the baseball and softball athletes and non-athletes in the
shoulder JPS test performed with eyes open (Chapter V). This indicates that altered
proprioception in the athletes may be corrected by vision.

Such findings lead to another research question whether the vision-proprioception
integration is not different even in more dynamic reaching movements involving ball catching
like arm movements. In addition, multisensory integration mechanisms could show an
interaction between the populations and the limb side as the baseball and softball athletes catch a
moving ball with their non-throwing hand in their sports. Our previous work also found sex and
limb side differences in some of the spatiotemporal variables in the dynamic reaching test
(Chapter V). The current study further expands the investigation to the athlete versus non-athlete
comparison. The purpose of this study was to investigate whether baseball and softball athletes
possess different multisensory integration patterns than their controls in the dynamic reaching
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test in VR environment. It was hypothesized that the baseball and softball athlete groups would
show smaller spatial reaching errors in their non-throwing arm, more sensory reliance on vision
in their throwing arm, faster response time, and faster peak wrist velocity than the control

groups.

2. Methods
2.1. Participants

A total of ninety-six participants were recruited and all participants provided informed
consent as approved by the University of Oregon Institutional Review Board. Participants were
categorized into four groups—baseball (n = 37), softball (n = 11), male control (n = 37), and
female control (n = 11). Handedness was determined using the Edinburgh Handedness Inventory
(Oldfield, 1971). Control group participants were included only if they had no history of upper
limb injuries, pain, neurological disorders, uncorrected impaired vision, or competitive
baseball/softball experience within the past three years. They were matched with a corresponding
athlete group based on age, sex, and throwing arm dominance. The third question, "throwing",
from the Edinburgh Handedness Inventory was used to determine the participant’s throwing
dominance.

The baseball group consisted of thirty-seven NCAA Division I baseball athletes (Age:
19.6 £ 1.3 years, Height: 1.9 £ 0.1 m, Weight: 95.0 + 9.3 kg, 7 left-handed throwers). The
softball group included eleven collegiate softball athletes competing at varying levels, including
National Collegiate Athletic Association (NCAA) Division I, National Association of
Intercollegiate Athletics (NAIA), and National Club Softball Association (NCSA) (Age: 19.6 £
1.2 years, Height: 1.7 + 0.1 m, Weight: 70.4 + 10.6 kg, 1 left-handed thrower). As control
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samples, thirty-seven males (Age: 20.0 + 1.6 years, Height: 1.8 £ 0.1 m, Weight: 80.3 + 14.0 kg,
7 left-handed dominant) and eleven females (Age: 19.6 = 1.6 years, Height: 1.6 = 0.1 m, Weight:

61.0 £11.0 kg, 1 left-handed dominant) were recruited as control samples.

2.2. Experimental Setup

Participants were outfitted with an HTC VIVE VR headset (2160 x 1200 resolution,
PenTile OLED display) with headphones attached (HTC VIVE, Xindian District, New Taipei
City, Taiwan). An HTC VIVE tracker (version 3.0) was placed on a wrist brace and a chest band
to track dominant wrist and sternum kinematics, respectively. The wrist tracker was placed on
the dorsal wrist, and the trunk tracker was placed on the approximate center of the xiphoid
process. Auditory instructions and cueing were delivered through the headphones.

A 3D VR environment with customized Unity program (Unity Technologies, San
Francisco, CA) containing a room with plain walls and a visual representation of the
participant’s dominant hand were displayed to the participant through the headset. Hand position
was projected as a baseball size black sphere positioned at the center of the wrist tracker. It
served as a visual representation of the participant’s hand in VR and the source of kinematic data
for analysis. Although not visually projected in VR, the trunk tracker also provided kinematic
data. A baseball size red sphere was also projected as a reaching target, which moved towards
participants at their shoulder height at 5 m/s from 5 meters distance in front without a
gravitational effect (no vertical displacement in ball trajectory) or curvature in its trajectory
(Figure 6.1). All computations of target movements and data extraction were performed using

C# scripts attached to a customized Unity program.
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Figure 6.1. Reaching test setup. Participant is seated on a kneeling chair, wearing the headset
with over-ear headphones. Trackers affixed to the dominant wrist and the sternum. The reaching
target moves from five meters in front of the participant’s dominant shoulder at five meters per
second.
2.3. Experimental Procedure

The participant was seated on a kneeling chair, allowing for full range arm motion while
keeping an upright posture and minimizing chair oscillation during the experiments. The
participant always started the trials with their tested arm relaxed at their side, the palmar side of
the hand facing the medial direction, and the elbow fully extended. All shoulder elevation
movements were a single joint shoulder elevation with the elbow fully extended. The
participant’s tested arm length from the top of the acromion process to the center of the wrist

tracker was measured by placing another HTC VIVE tracker on top of the acromion process

before the experiments began. In the meantime, the dominant shoulder position was computed in

119



a customized Unity program using the shoulder tracker position data to determine reaching target
trajectories.

While the reaching target’s initial position in VR was consistent at 5 meters in front of
the dominant shoulder position in all trials, the reaching target trajectories varied between three
different endpoints among 0° or £16° in the horizontal plane around the dominant shoulder
position between trials (Figure 6.2). The 0° endpoint was in front of the dominant shoulder
position, and reaching towards it would result in pure shoulder flexion. Endpoints were defined
as the interception point where the participant’s hand (wrist tracker center) would contact the ball
if the participant moved their hand to the reaching target at the correct timing (Su et al., 2014).
However, the reaching target became invisible 0.1 seconds before the hand reached the target
endpoints in order to prevent providing the participant with knowledge about their reaching
accuracy in each trial. Hiding the target right before the hand-target contact enabled us to test the

reaching accuracy over trials while limiting learning effect from previous trials.
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Figure 6.2. Coordinate system and spatial error in VR environment. Spatial error in each trial
was angle difference between wrist tracker and target endpoint at a frame where the target
reached to its endpoint. Endpoint in each trial was estimated from the participant’s shoulder
position and tested limb length.

The dynamic reaching test consisted of 30 trials in each of two blocks: accurate vision
block (AB) and offset vision block (OB). Within each block, the first 21 trials were adaptation
trials, and the last 9 trials were post-adaptation trials (Figure 6.3). Visual conditions differed
between the blocks only in the adaptation trials, while the post-adaptation trials in each block
were all performed with no visual information about the reaching hand position in VR. In AB,
the tested hand position displayed in the VR environment was always congruent with the actual
hand position in the real-world. In OB, the hand position was medially shifted by 8° with the
participant’s arm length taken into account. The task involved accurately hitting the moving

target with a shoulder elevation movement. The order of target endpoints, block, and tested limb

side were randomized across participants.

Block Adaptation Post-adaptation
Accurate vision block _ Accurate o ..
> . . » No vision
(AB) vision
Offset vision block » Offset vision p=———p No vision
(OB)

Block order randomized 21 trials with 9 trials with no vision
between participants corresponding

visual condition

Figure 6.3. Flow of the dynamic reaching test. Visual representation of the reaching hand was
projected at the accurate position in AB and was projected at the inaccurate position by 8° in
OBbp during adaptation trials. In post-adaptation trials, the virtual hand position was not projected
consistently regardless of what block the participant was performing.
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2.4. Data Extraction

Kinematic data were sampled from the VIVE trackers at 90 Hz and collected using a
customized Unity program during the dynamic reaching test. The 3D coordinate system for left
hand trials were flipped and adjusted to be consistent with right hand trials. In the dynamic
reaching test, hit rate was defined as the percentage of trials in which participants successfully hit
the target with their reaching hand for each condition (block x tested limb x target endpoint).
This metric was calculated to assess each participant’s reaching accuracy. A hit was recorded
when the target altered its trajectory as a result of a collision with the participant’s visual hand in
the VR environment.

The constant spatial error (CSE) were calculated using the Eq. 6.1 (King et al., 2013).
Constant Spatial Error (CSE) = 6, = (%) .06, (Eq.6.1)

The spatial reaching error, 8,, was the difference between the wrist tracker position and
the target endpoint in degrees. (n) is the number of trials performed within a block and (i) is each
trial. CSE defines the mean spatial reaching errors over the trials with directions, either positive
or negative with respect to the target endpoint in the horizontal plane (mediolateral) (Morehead
et al., 2017; Schroeger et al., 2021). Positive CSE values indicate that the reaching hand landed
to the left of the target and negative values indicate it landed to the right, based on our VR
environment’s coordinate system (Figure 6.2). For left arm trials, the coordinate system was

mirrored to align with that of the right arm, allowing for direct comparison across arms.

Variable Spatial Error (VSE) = \/(l) r,06,—-6,)? (Eq.6.2)

n

122



0, is CSE calculated using Eq. 6.1, and VSE defines the consistency of the magnitudes of the
repositioning errors around the target angles, rather than the accuracy of the repositioning.
Vision-proprioception reliance score (VPRS) was estimated using Eq. 6.3 (Spitzley &

Karduna, 2022).

CSEpop—CSE B

Vision — Proprioception Reliance Score (VPRS) = — ( " ) (Eq. 6.3)

VPRS quantifies the participant’s sensory reliance in the zero to one scale. In Eq. 6.3, CSEos is
CSE in OB, CSEas is CSE in AB. A score of 1 indicated that participants placed their arm 8°
towards the negative direction in the X axis (to the right) in OB than AB, indicating that
participants only used vision as 8° visual offset was seen in OB. A score of 0 indicated that
participants placed their arm at the same position in the X axis in both AB and OB, indicating

participants only used proprioception.

2.5. Statistical Analyses

Four-way ANOV As were performed for the dynamic reaching errors (hit rate, CSE, VSE,
response time, and peak wrist velocity) only in the post-adaptation trials to examine the main
effects and interactions of group, limb side, block, and endpoint. Post-hoc pair-wise t-tests with
Tukey correction were performed if the reaching errors were found statistically different between
the conditions. For VPRS, three-way measures ANOV As were performed on the last 10 trials of
the adaptation trials as well as the post-adaptation trials by excluding the blocks from the
independent variables, as VPRS was a ratio of CSE between AB and OB. This provided the data
whether the adaptation occurred differently between groups or sides and whether the adaptation

effect persisted during post-adaptation trials.
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For all the statistical tests, the alpha level was set at 0.05. Effect size n? was calculated for
each of main effects and interactions in ANOVAs. n20f 0.01, 0.06, and 0.14 indicate small,
medium, and large effect, respectively (Adams & Conway, 2014). All statistical analyses were

performed using R 4.5.0 (R Core Team).

3. Results
3.1. Hit Rate

Mean and standard deviations of hit rate (%) in each group were 93.1 + 20.1 in baseball,
96.5 £+ 13.2 in male control, 96.5 + 14.4 in softball, and 93.4 + 18.6 in female control. No
significant difference in group was found in both baseball-male control comparison and softball-
female control comparison (p = 0.1 and 0.7, respectively). Main effect of endpoint was found for
both group comparisons (p < 0.001 for baseball-male control and p = 0.04 for softball-female
control). In baseball-male control comparison, hit rate was significantly lower at side endpoints
(£ 16°) than the middle endpoint (0°), while softball-female control comparison showed only

+16° endpoint had a lower endpoint than 0° endpoint.

3.2. CSE

For the comparison between the baseball and male control groups (Figure 6.4), the mean
and standard deviation of CSE in the baseball group were 0.6° + 5.6°, and in the male control
group were —0.7° &+ 5.4°. A significant two-way interaction between block and limb side was
found (p = 0.04), suggesting CSE shifted differently from AB to OB depending on the limb side.
CSE shifted negatively by 3.6° from AB to OB on the dominant side while that shift was 2.6° on

the non-dominant side, suggesting a stronger influence of the visual offset on the dominant limb.
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Main effects revealed a significant difference between groups (p = 0.046), where CSEs in
baseball athletes biased towards the positive than male controls. The result infers that the
reaching hand was positioned more medial with respect to target endpoint in baseball group
compared to male control group. Additionally, a significant main effect of endpoint was
observed (p < 0.001), indicating directional biases across the three endpoints. Post-hoc
comparisons showed that CSE at —16° was significantly more positive than at 0° (p < 0.001), and
CSE at 0° was significantly more positive than at 16° (p <0.001). These findings indicate a
consistent medial reaching movement, where male participants tended to reach toward the inner
portion of the target. For example, positive CSEs at —16° (lateral endpoint) reflect the hand
landing more to the left of the target for right-arm reaches, while negative CSEs at 16° (medial
endpoint) reflect the hand positioned more to the right, both consistent with the hand landing on
the inner side of the target.

For the comparison between the softball and female control groups, the mean and
standard deviation of CSE in the softball group were —1.4° + 5.5°, and in the female control
group were 0.9° = 7.3°. A significant interaction between group and endpoint was observed (p <
0.001), indicating that CSEs differed between groups at certain endpoints. Specifically, female
controls exhibited larger errors (far from zero either in positive or negative direction) at —16° and
16°, whereas the CSEs among softball players were less pronounced. Main effects revealed a
significant effect of block (p < 0.001), with CSEs shifting laterally from 1.3° in AB to —1.8° in
OB in response to the visual offset introduced in the medial direction. A significant main effect
of limb side was also found (p < 0.001), with more positive CSEs on the non-dominant side,
suggesting a more pronounced medial reaching bias compared to the dominant side. The same
medially biased reaching errors observed in male participants were also seen in female
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participants. Significant differences in CSEs involving the group were found only in softball-

female control comparison.
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Figure 6.4. Constant spatial error (CSE). Significant group difference was only observed in
softball-female control comparison (p < 0.001), where the female control group had a larger
(more far from zero) CSE at £16° endpoints than the softball group.
3.3. VPRS

For VPRS, all groups exhibited comparable means and standard deviations (baseball: 0.4
+ 0.5; male control: 0.4 &+ (.5; softball: 0.4 £ 0.5; female control: 0.4 + 0.7; Figure 6.5). A
significant main effect of limb side was found in the baseball-male control comparison (p =
0.04), with the dominant limb showing greater reliance on vision (higher VPRS) than the non-
dominant limb. No other main effects or interactions reached statistical significance (p > 0.05).

Individual variability in VPRS was notable across all groups, with some participants showing

exceptionally high or low values.
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Figure 6.5. Vision-proprioception reliance score (VPRS). No group difference was found (p >
.05). VPRS was higher in dominant limb in baseball-male control comparison (p = .04),
indicating male participants (both athletes and non-athletes) relied on vision slightly more in
dominant limb reaching than non-dominant.
3.4. VSE

For the comparison between the baseball and male control groups, the mean and standard
deviation of VSE in the baseball group were 1.7° £+ 1.3° and in the male control group were 2.0°
+ 1.7°. A significant main effect of group was observed (p = 0.04), indicating a smaller
variability of spatial errors in baseball athletes than male controls. A significant interaction
between block and side was found (p = 0.049). Post-hoc comparisons of limb side effects within
each block revealed no significant difference between dominant and non-dominant sides in the

AB (p =0.7), but a significant difference in the OB, with higher VSE on the non-dominant side

(p = 0.02). A significant main effect of endpoint was observed (p < 0.001), with post-hoc
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comparisons indicating that VSE at —16° was significantly greater than at 0° (p <0.001) and 16°
(» <0.001). The difference between 0° and 16° was not significant (p = 0.4).

For the comparison between the softball and female control groups, the mean and
standard deviation of VSE in the softball group were 2.2° + 1.8°, and in the female control group
were 2.2° £ 1.6°. No significant main effect of group was observed (p = 0.8). A significant main
effect of endpoint was found (p < 0.001), with greater VSE observed at -16° endpoints compared
to the middle endpoint, consistent with baseball-male control analysis. All remaining main

effects and interactions were not statistically significant (all p > 0.05).
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Figure 6.6. Variable spatial error (VSE). Baseball athletes had significantly smaller VSE than
male controls (p = 0.04), while no group difference was found between softball athletes and
female controls (p > 0.05).

3.5. Response Time

For the comparison between the baseball and male control groups, the mean and standard
deviation of response time (ms) in the baseball group were 284.1 + 107.3, and in the male control
group were 349.2 £ 110.3. A significant main effect of group was observed (p = 0.002) where
significantly smaller (faster) response time was seen in baseball group than male control group.
No other significant interactions or main effects were found (p > 0.05).

For the comparison between the softball and female control groups, the mean and
standard deviation of response time (ms) in the softball group were 309.2 + 132.8, and in the
female control group were 348.3 + 108.2. No significant interactions or main effects among
conditions were found (p > 0.05), although softball group had smaller response time than female

control group across all conditions at non-significant level.
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Figure 6.7. Response time was faster in baseball athletes than male controls (p = 0.002). Softball
athletes also showed faster response time than female controls at statistically non-significant
level (p = 0.4).

3.6. Peak Wrist Velocity

For the comparison between the baseball and male control groups, the mean and standard
deviation of peak wrist velocity in the baseball group were 2.6 & 0.8 meter per second, and in the
male control group were 2.5 £ 0.7 meter per second. A significant main effect of endpoint was
observed (p < 0.001). Post-hoc comparisons indicated that peak velocity at 16° was significantly
greater than at —16° (p <0.001) and 0° (p = 0.02), and that peak velocity at 0° was also greater
than at —16° (p = 0.01).

For the comparison between the softball and female control groups, the mean and
standard deviation of peak wrist velocity in the softball group were 2.3 + 0.6 meter per second,
and in the female control group were 2.2 + 0.6 meter per second. A significant main effect of
endpoint was also observed (p < 0.01), with post hoc comparisons showing significantly higher
peak velocity at 16° compared to —16° (p < 0.0001) and 0° (p = 0.003). In both baseball-male
control and softball-female control comparisons, peak wrist velocity was the fastest when

reaching for 16° (medial) endpoint.
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Figure 6.8. Peak resultant linear wrist velocity (m/s). No group difference was found (p > 0.05),
while the peak wrist velocity was faster when reaching for side endpoints (£16°) than the middle
endpoint (0°) (p < 0.02).
3.7. Adaptation Trials

In Figure 6., changes in spatial reaching error during the twenty-one adaptation trials in
each group and limb are summarized. VPRSs from the last ten adaptation trials are also provided
in Figure 6.. Although statistic tests were not performed, the data visualized in the figures
ensures that spatial reaching error trended differently between AB and OB. The results indicate
that different adaptation patterns have occurred between the two visual conditions before the
participants started post-adaptation trials without vision of their reaching hand. In both limbs and
groups (baseball, male control, softball, and female control), VPRS exceeded over 0.5 across all
conditions, indicating that participants relied more on visual hand than their perceived hand

position from proprioception that are different from the post-adaptation trials (Figure 6.).
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Figure 6.9. Spatial reaching errors in each adaptation trial 1-21. Top: baseball/male control
group. Bottom: softball/female control group.
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Figure 6.10. Vision-Proprioception Reliance Score (VPRS) from the last 10 trials of adaptation
trials. It was above 0.5 in all groups, indicating visual offset caused some changes in the reaching
hand endpoint for all groups.
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4. Discussion

The current study investigated differences in motor control patterns in upper limb
reaching movements in baseball/softball athletes and non-athletes. The hypotheses in the current
study were partially supported as differences between the athletes and non-athletes were
observed in some of the spatial and temporal variables. Hit rate was not significantly different
between the athletes and non-athletes, which suggests that reaching accuracy in the dynamic
reaching test was comparable among groups.

For CSE, the only condition involving group differences was between softball athletes
and female controls when reaching for medial and lateral endpoints. Hit rates were lower across
all groups at these endpoints, suggesting increased difficulty when the target moved to medial or
lateral endpoints. Softball athletes likely maintained their reaching accuracy at these endpoints
due to their greater experience in catching softballs thrown or hit toward them compared to
female controls. However, this pattern was not observed in the baseball versus male control
comparison, possibly due to differences in their sport experiences. In the self-reported sport
experience questionnaire included in this study, more male control participants indicated
experience in sports involving unilateral ball catching, such as basketball and water polo,
compared to female control participants. Conversely, soccer and running, which do not typically
involve arm reaching, were the most common sports among female controls. Previous literature
suggests males may possess better motor control for ball-catching tasks due to differences in
brain function (McGivern et al., 2012). Females reportedly rely more on the ventral stream
responsible for object recognition (e.g., shape and color), whereas males depend more on the
dorsal stream, specialized in analyzing object movement (e.g., velocity and direction) (Goodale

& Milner, 1992). However, softball athletes in this study may have enhanced their motor control
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capabilities beyond typical female controls through extensive training in ball catching and
hitting. Baseball athletes might also exhibit better motor control compared to male controls,
however, the dynamic reaching test in the current study may not have been sufficiently
challenging to highlight these differences. Previous research indicates task difficulty can
influence the outcomes of arm-reaching tests (McGivern et al., 2012; Schroeger et al., 2021).
VPRS indicates relative reliance between vision and proprioception by calculating the
ratio of CSEs between visual conditions (AB and OB). There was no significant difference
among the groups, though proprioception was slightly more relied on in the non-dominant limb
compared to the dominant limb across all groups. These results do not support our hypothesis,
which predicted higher reliance on proprioception in the non-dominant arm only in athlete
groups. Baseball and softball athletes were expected to exhibit greater reliance on proprioception
in their non-dominant (glove side) limb due to extensive ball-catching experiences, allowing
them to perform catching-like movements without heavily relying on vision in the current
experiments. Instead, the results suggest that higher reliance on proprioception in the non-
dominant arm is not athlete-specific but rather reflects fundamental motor control patterns
commonly observed in physically healthy young individuals. Previous research has indicated that
proprioception is more accurate in the left arm because the right hemisphere of the brain
predominantly manages proprioceptive signal processing, with efferent motor signals from the
brain executed to contralateral limbs (Mickeviciené et al., 2011; Strong et al., 2023). Since over
85% of participants in this study were right-hand throwers (80 right-handed vs. 16 left-handed
across all groups), most non-dominant arm reaching trials involved the left arm. An interesting
finding from the current study is that participants appeared to rely more on proprioception in
their non-dominant limb even when vision was provided, rather than performing accurately in
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their non-dominant limb under proprioception-only conditions without vision as observed in
prior research (Goble & Brown, 2008; Schmidt et al., 2013; Strong et al., 2023). This aligns with
multisensory optimization theory, which proposes that sensory signal reliance depends on the
quality and availability of those signals (Block & Bastian, 2011a). Participants likely relied more
on proprioception in left arm reaching because their body, either at the CNS or peripheral limbs,
recognized enhanced proprioception quality compared to the right arm.

Unlike CSE, VSE differed only between the baseball and male control groups, while no
differences were observed between softball and female control groups. VSE measures reaching
consistency across trials rather than accuracy and was assessed during post-adaptation trials
without visual feedback about hand position. Baseball athletes demonstrated greater consistency
in spatial reaching error compared to male controls in this context. VSE reflects the amount of
noise in the CNS, which typically increases with greater visual uncertainty (Goble & Brown,
2008; Sarlegna & Mutha, 2015). Examples of such uncertainty include when reaching targets
disappear, appear blurry, or are small in size. The observed group difference in VSE suggests
that baseball athletes had lower noise in their motor system and greater certainty in their reaching
movements compared to male controls. Similar to the smaller CSE observed in softball athletes
compared to female controls, extensive experience in reaching for dynamically moving balls
likely enhanced baseball athletes' ability to process visual input and execute arm movements
with reduced noise, even under conditions of uncertainty and lack of visual hand position
feedback, despite having adaptation trials with vision prior to the post-adaptation phase.
However, the absence of group differences in VSE between softball and female controls could be
attributed to the small sample size (n = 11 per group) and varied playing levels within the
softball group, which included one Division I player, eight NAIA players, and two club-level
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players. Interestingly, softball players exhibited CSE values closer to zero than female controls,
while their VSE levels remained comparable to their counterparts.

Response time was consistently faster in athlete groups compared to their respective
control groups, whereas peak wrist velocity, another temporal measure, showed no significant
differences among groups. The faster response time observed in the athlete groups aligns with
previous research findings (Kida et al., 2005; Yamashiro et al., 2013), which also demonstrated
quicker reaction times in baseball players compared to controls. Additionally, these studies
identified quicker reaction times and somatosensory processing in baseball athletes compared to
track athletes through electroencephalogram analysis during finger-tapping tasks. Baseball and
softball require rapid responses for successful catching or hitting, with hitting demanding precise
bat movements to contact the ball within approximately 0.4 seconds after its release from the
pitcher. This intensive training likely enhanced athletes' visual processing speed, contributing to
their quicker response times. Peak wrist velocity was slightly but consistently higher in the
athlete groups compared to the control groups at statistically non-significant level in the current
study. While previous research suggested a potential trade-off between hand velocity and
reaching accuracy (Xiao et al., 2019), the athletes in this study did not exhibit such a trade-off.
They achieved faster response times and greater wrist velocity without compromising spatial
accuracy as indicated by hit rate, CSE and VSE. Overall, combining spatial and temporal
reaching outcomes, baseball and softball athletes displayed somewhat unique motor control
patterns compared to age-, sex-, and throwing hand-matched controls.

Although some notable group differences emerged in spatial and temporal variables,
these differences were not as pronounced or consistent between baseball and softball athletes as
hypothesized. Notably, most significant main effects and interactions involved target endpoint,
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suggesting motor control differences appeared more prominently when reaching toward medial
and lateral (£16°) targets. This observation may relate to task difficulty, as hit rates were
significantly lower at these lateral endpoints, and these endpoints showed significantly larger
CSE and VSE than the middle endpoint (0°). Researchers should carefully set task difficulty
depending on their research questions, as the task that is too easy or difficult could mask unique
motor control patterns of individuals. Controlling task difficulty by changing target’s velocity,
trajectories, or even making targets occluded could influence reaching performance significantly.
To contextualize the current task difficulty, the target took about one second to reach endpoints,
moving from 5 meters away at 5 m/s. In comparison, a baseball pitched at 90 mph reaches the
catcher in less than 0.4 seconds. Thus, the dynamic reaching task in this study was relatively
easy, especially compared to more complex tasks such as baseball or softball hitting.
Limitations of the current study includes the sample size in the softball-female control
comparison, as only 11 participants in each group were recruited compared to 37 participants per
group in baseball-male control comparison. Furthermore, the softball group consisted of the
players from multiple playing levels including NCAA Division I, NAIA, and club softball.
Relatively small sample size with varying softball playing levels may have influenced some of
the results that were different from the baseball-male control comparison. The reaching target
was a baseball size sphere to resemble ball catching situations in baseball while softballs are
much bigger than baseballs. For the softball athletes, the current experiment may not accurately
represent their ball catching situations in softball and previous studies suggest that the motor
control develops specific to situations including target size (Proteau & Isabelle, 2002;
Reichenthal et al., 2016). Lastly, this experiment did not include a no vision block where only
proprioception is available without projecting a visual hand during adaptation trials due to time
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restriction that we were able to take for each participant to perform the experiments. No vision
condition would have provided the fundamental proprioceptive accuracy between the athletes
and non-athletes on both sides of the limbs.

In conclusion, the current study examined motor control patterns on dominant and non-
dominant arm of baseball and softball athletes compared to their control participants. The
athletes exhibited superior reaching accuracy in a few variables (CSE and VSE) with
significantly faster response time while results in these reaching errors were not consistent
between baseball-male control and softball-female control comparisons. Task difficulty may be a
factor that future studies need to consider carefully as the current study had more pronounced

differences in reaching performance in trials with greater difficulty (side endpoints).
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CHAPTER VII
CONCLUDING SUMMARY
1. Summary of Results and Findings

This dissertation aims to understand sensory integration mechanisms for upper limb
movements in a VR environment, with a focus on effect of intention, population, and limb side.
The recent advancement of VR technologies has significantly widened the scope of motor
control research, as the currently available VR systems enable researchers to design upper limb
reaching tasks in a 3D environment and answer research questions that were difficult to
investigate previously. Since motor control patterns change and adapt specific to given
situations, it is important to understand whether movement intention and population/limb-
specific movement patterns appear in different types of reaching movements that we perform in
daily life.

The body of work presented in this dissertation contributes to that understanding in
several keyways. First, it examines whether vision dominates proprioception in a joint
repositioning task (static reaching test) and whether a conscious effort to ignore vision could
increase relative reliance on proprioception. Second, it explores whether the dominance of vision
remains in a dynamic reaching task where a reaching target is moving toward participants rather
than fixed at a certain location. Lastly, it examines population and limb-side differences in
sensory integration patterns in both static and dynamic reaching tests. As a whole, the studies
outlined in this dissertation contribute to the broader base of motor control, offering insights into
situation-specific motor control and adaptation patterns, including the effect of movement

intention, type of movement (joint repositioning vs. ball catching), side of the upper limbs, and
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population (male vs. female, athlete vs. non-athlete). The sections below provide an overview of

the main outcomes from each topic area.

1.1. Movement Intention

Chapter II of this dissertation provides evidence that vision is a dominant sense relied on
to perform the active shoulder JPS test in VR, while humans may be able to ignore it and rely
more on proprioception through conscious effort. In the offset vision block with the intention to
ignore vision, participants were able to downscale their relative reliance on vision from 0.8 to 0.5
in the vision-proprioception reliance score. Reduction in the constant error and the vision-
proprioception reliance score suggests that participants reduced their reliance on vision by about
40% when they tried to ignore it. Interestingly, they were not able to completely shut down the
visual input and still integrated vision, as the reliance score remained at 0.5, indicating equal

reliance on vision and proprioception.

1.2. Types of Movement

Chapter 111 of this dissertation explored changes in sensory reliance in two different
upper limb tasks, JPS and the dynamic reaching test. The dynamic reaching test was developed
to better understand whether sensory reliance differs depending on the type of movement. JPS
served as a benchmark test, and VPRS was compared between the two tests. It was found that
VPRS was lower in the dynamic reaching test than in JPS, potentially because vision was used to
track a target approaching the participants, while proprioception played the main role in tracking
where the reaching hand was at a given moment and guiding it to the interception point. This was

an exploratory study to further understand the role of vision and proprioception in ball-catching-
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like movements, and baseball and softball athletes were recruited for the studies in the following

chapters.

1.3. Population Difference

Chapters IV through VI of this dissertation focused on population differences in sensory
integration mechanisms by recruiting baseball and softball athletes, as well as female and male
non-athletes. Both sides of the upper limbs across different populations were tested in JPS and
the dynamic reaching test used in the prior chapters. Male non-athletes were found to have better
spatial reaching accuracy without a significant difference in relative reliance on vision and
proprioception compared to female non-athletes. Baseball and softball athletes also showed
better spatial reaching accuracy or consistency without differences in VPRS compared to their
sex-matched control groups. Response time was also faster in the athlete groups than in the
control groups. These results suggest that motor control patterns may differ due to differences in
sex and long term ball-catching and hitting experiences, which require very quick and accurate
upper limb reaching movements.

Interestingly, the non-dominant limb (mostly the left arm for most participants in the
current study) showed better response time with greater reliance on proprioception compared to
the dominant limb, regardless of population. These results suggest the inherent advantage of the
left arm for reaching movements, potentially because the right hemisphere of the brain
predominantly functions to process sensory inputs and execute reaching movements, and the left

arm receives signals from the right hemisphere.

2. Recommendations for Future Work
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Vision and proprioception are the primary senses involved in planning and executing
upper limb reaching movements. However, motor control is specific to each situation, and
relative reliance on vision and proprioception can be optimally adjusted, according to optimal
integration theory. While the JPS test can be used to quantify how much individuals depend on
vision and proprioception in joint repositioning movements, it may not be sufficient to
understand how baseball and softball athletes integrate these sensory inputs in their CNS and
execute quick and accurate upper limb movements to catch or hit the ball. This work examined
the sensory integration and movement execution of athletes compared to non-athlete controls
using the HTC VIVE VR system, which offers an immersive 3D environment resembling the
ball-catching situations that athletes experience on the field.

Future work is encouraged to take advantage of VR systems to further examine sensory
integration mechanisms in different populations under various conditions. VR technologies could
be a strong tool for training or rehabilitation, as they offer a more engaging and realistic
environment for those who need to learn or recover body movements. Patients recovering from
stroke could use VR to restore upper limb functions, such as picking up a mug of coffee—
movements that become very safe if patients perform them using a “virtual mug” to practice.
Nowadays, baseball athletes use VR systems to practice their hitting skills, as they can project
realistic pitcher throws in a virtual field. However, very limited amount of research has been
done to identify the effect of VR training and rehabilitation.

Dynamic reaching tests could be modified in a variety of ways depending on the research
questions. Eye-tracking function is another feature that the HTC VIVE offers, but it was not
integrated in the current work. Given that the influence of vision differed depending on
movement intention, type of movement, and limb side, future studies are encouraged to examine
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whether gaze point or saccades (rapid eye movements) change in these situations or protocols.
Additionally, the task difficulty of the dynamic reaching test can be controlled using target
velocity, trajectory, and occlusion. These variables were consistent within the current work, but
it would be interesting to see how task difficulty, modified by these variables, influences sensory

integration mechanisms and reaching performance.

147



REFERENCE CITED

Adams, M. A., & Conway, T. L. (2014). Eta Squared. In A. C. Michalos (Ed.), Encyclopedia of
Quality of Life and Well-Being Research (pp. 1965-1966). Springer Netherlands.
https://doi.org/10.1007/978-94-007-0753-5 918

Ager, A. L., Roy, J.-S., Roos, M., Belley, A. F., Cools, A., & Hébert, L. J. (2017). Shoulder
proprioception: How is it measured and is it reliable? A systematic review. Journal of
Hand Therapy: Official Journal of the American Society of Hand Therapists, 30(2), 221—
231. https://doi.org/10.1016/j.jht.2017.05.003

Apker, G. A., Dyson, K., Frantz, G., & Buneo, C. A. (2015). Efficiency of visual feedback
integration differs between dominant and non-dominant arms during a reaching task.
Experimental Brain Research, 233(1), 317-327. https://doi.org/10.1007/s00221-014-
4116-5

Apker, G. A., Karimi, C. P., & Buneo, C. A. (2011). Contributions of vision and proprioception
to arm movement planning in the vertical plane. Neuroscience Letters, 503(3), 186—190.
https://doi.org/10.1016/j.neulet.2011.08.032

Badagliacco, J. A., & Karduna, A. (2018). College Pitchers Demonstrate Directional Differences
in Shoulder Joint Position Sense Compared With Controls. Journal of Sport
Rehabilitation, 27(4), 301-305. https://doi.org/10.1123/jsr.2017-0007

Barral, J., & Debt, B. (2004). Aiming in adults: Sex and laterality effects. Laterality, 9(3), 299—
312. https://doi.org/10.1080/13576500342000158

Bayramova, R., Valori, I., McKenna-Plumley, P. E., Callegher, C. Z., & Farroni, T. (2021). The

role of vision and proprioception in self-motion encoding: An immersive virtual reality

148



study. Attention, Perception & Psychophysics, 83(7), 2865-2878.
https://doi.org/10.3758/s13414-021-02344-8

Berger, D. R., & Biilthoff, H. H. (2009). The role of attention on the integration of visual and
inertial cues. Experimental Brain Research, 198(2), 287-300.
https://doi.org/10.1007/s00221-009-1767-8

Block, H. J., & Bastian, A. J. (2010). Sensory Reweighting in Targeted Reaching: Effects of
Conscious Effort, Error History, and Target Salience. Journal of Neurophysiology,
103(1),206-217. https://doi.org/10.1152/jn.90961.2008

Block, H. J., & Bastian, A. J. (2011a). Sensory weighting and realignment: Independent
compensatory processes. Journal of Neurophysiology, 106(1), 59-70.
https://doi.org/10.1152/jn.00641.2010

Block, H. J., & Bastian, A. J. (2011b). Sensory weighting and realignment: Independent
compensatory processes. Journal of Neurophysiology, 106(1), 59-70.
https://doi.org/10.1152/jn.00641.2010

Brouwer, A.-M., Brenner, E., & Smeets, J. B. J. (2002). Hitting moving objects: Is target speed
used in guiding the hand? Experimental Brain Research, 143(2), 198-211.
https://doi.org/10.1007/s00221-001-0980-x

Brouwer, A.-M., Smeets, J. B. J., & Brenner, E. (2005). Hitting moving targets: Effects of target
speed and dimensions on movement time. Experimental Brain Research, 165(1), 28-36.
https://doi.org/10.1007/s00221-005-2277-y

Camponogara, 1. (2023). The integration of action-oriented multisensory information from target
and limb within the movement planning and execution. Neuroscience & Biobehavioral
Reviews, 151, 105228. https://doi.org/10.1016/j.neubiorev.2023.105228

149



Carson, R. G., Chua, R., Goodman, D., Byblow, W. D., & Elliott, D. (1995). The preparation of
aiming movements. Brain and Cognition, 28(2), 133—154.
https://doi.org/10.1006/brcg.1995.1161

Cesqui, B., Mezzetti, M., Lacquaniti, F., & d’Avella, A. (2015). Gaze Behavior in One-Handed
Catching and Its Relation with Interceptive Performance: What the Eyes Can’t Tell. PLoS
ONE, 10(3), e0119445. https://doi.org/10.1371/journal.pone.0119445

Chaput, S., & Proteau, L. (1996). Modifications with aging in the role played by vision and
proprioception for movement control. Experimental Aging Research, 22(1), 1-21.
https://doi.org/10.1080/03610739608253994

Chen, J., Or, C. K., & Chen, T. (2022). Effectiveness of Using Virtual Reality-Supported
Exercise Therapy for Upper Extremity Motor Rehabilitation in Patients With Stroke:
Systematic Review and Meta-analysis of Randomized Controlled Trials. Journal of
Medical Internet Research, 24(6), e24111. https://doi.org/10.2196/24111

Chen, R., Stone, L. S., & Li, L. (2021). Visuomotor predictors of batting performance in baseball
players. Journal of Vision, 21(3), 3. https://doi.org/10.1167/jov.21.3.3

Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155-159.
https://doi.org/10.1037/0033-2909.112.1.155

Dalecki, M., Gorbet, D. J., Macpherson, A., & Sergio, L. E. (2019). Sport experience is
correlated with complex motor skill recovery in youth following concussion. European
Journal of Sport Science, 19(9), 1257-1266.

https://doi.org/10.1080/17461391.2019.1584249

150



Der, G., & Deary, L. J. (2006). Age and sex differences in reaction time in adulthood: Results
from the United Kingdom Health and Lifestyle Survey. Psychology and Aging, 21(1),
62-73. https://doi.org/10.1037/0882-7974.21.1.62

Dover, G. C., Kaminski, T. W., Meister, K., Powers, M. E., & Horodyski, M. (2003).
Assessment of shoulder proprioception in the female softball athlete. The American
Journal of Sports Medicine, 31(3), 431-437.
https://doi.org/10.1177/03635465030310031801

Dragovic, M. (2004). Categorization and validation of handedness using latent class analysis.
Acta Neuropsychiatrica, 16(4), 212-218. https://doi.org/10.1111/5.0924-
2708.2004.00087.x

Echalier, C., Uhring, J., Ritter, J., Rey, P.-B., Jardin, E., Rochet, S., Obert, L., & Loisel, F.
(2019). Variability of shoulder girdle proprioception in 44 healthy volunteers.
Orthopaedics & Traumatology: Surgery & Research, 105(5), 825-829.
https://doi.org/10.1016/j.0tsr.2019.01.019

Edwards, E., Lin, Y.-L., King, J., & Karduna, A. (2016). Joint position sense — There’s an app for
that. Journal of Biomechanics, 49(14), 3529-3533.
https://doi.org/10.1016/j.jbiomech.2016.07.033

Ernst, M. O., & Banks, M. S. (2002). Humans integrate visual and haptic information in a
statistically optimal fashion. Nature, 415(6870), 429—433.
https://doi.org/10.1038/415429a

Ettinger, L. R., Shapiro, M., & Karduna, A. (2017). Subacromial Anesthetics Increase

Proprioceptive Deficit in the Shoulder and Elbow in Patients With Subacromial

151



Impingement Syndrome. Clinical Medicine Insights. Arthritis and Musculoskeletal
Disorders, 10, 1179544117713196. https://doi.org/10.1177/1179544117713196

Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical power analyses using
G*Power 3.1: Tests for correlation and regression analyses. Behavior Research Methods,
41(4), 1149-1160. https://doi.org/10.3758/BRM.41.4.1149

Fialho, J. V. A. P., & Tresilian, J. R. (2017). Intercepting accelerated moving targets: Effects of
practice on movement performance. Experimental Brain Research, 235(4), 1257-1268.
https://doi.org/10.1007/s00221-017-4895-6

Freeston, J., Adams, R. D., & Rooney, K. (2015). Shoulder proprioception is not related to
throwing speed or accuracy in elite adolescent male baseball players. Journal of Strength
and Conditioning Research, 29(1), 181-187.
https://doi.org/10.1519/JSC.0000000000000507

Goble, D. J., & Brown, S. H. (2008). Upper Limb Asymmetries in the Matching of
Proprioceptive Versus Visual Targets. Journal of Neurophysiology, 99(6), 3063-3074.
https://doi.org/10.1152/jn.90259.2008

Goodale, M. A., & Milner, A. D. (1992). Separate visual pathways for perception and action.
Trends in Neurosciences, 15(1), 20-25. https://doi.org/10.1016/0166-2236(92)90344-8

Goodman, R., & Tremblay, L. (2018). Using proprioception to control ongoing actions:
Dominance of vision or altered proprioceptive weighing? Experimental Brain Research,
236(7), 1897—-1910. https://doi.org/10.1007/s00221-018-5258-7

Goodman, R., & Tremblay, L. (2021). Older adults rely on somatosensory information from the
effector limb in the planning of discrete movements to somatosensory cues. Experimental
Gerontology, 150, 111310. https://doi.org/10.1016/j.exger.2021.111310

152



Gupta, M., Ireland, A. C., & Bordoni, B. (2025). Neuroanatomy, Visual Pathway. In StatPearls.
StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/NBK 553189/

Han, J., Waddington, G., Adams, R., Anson, J., & Liu, Y. (2016). Assessing proprioception: A
critical review of methods. Journal of Sport and Health Science, 5(1), 80-90.
https://doi.org/10.1016/j.jshs.2014.10.004

Hansen, S., Elliott, D., & Tremblay, L. (2007). Online Control of Discrete Action following
Visual Perturbation. Perception, 36(2), 268—287. https://doi.org/10.1068/p5629

Hayashi, T., Kato, Y., & Nozaki, D. (2020). Divisively Normalized Integration of Multisensory
Error Information Develops Motor Memories Specific to Vision and Proprioception. The
Journal of Neuroscience, 40(7), 1560—1570. https://doi.org/10.1523/INEUROSCI.1745-
19.2019

Henry, M., & Baudry, S. (2019). Age-related changes in leg proprioception: Implications for
postural control. Journal of Neurophysiology, 122(2), 525-538.
https://doi.org/10.1152/jn.00067.2019

Herter, T. M., Scott, S. H., & Dukelow, S. P. (2019). Vision does not always help stroke
survivors compensate for impaired limb position sense. Journal of Neuroengineering and
Rehabilitation, 16(1), 129. https://doi.org/10.1186/s12984-019-0596-7

Hsiao, A., Lee-Miller, T., & Block, H. J. (2022). Conscious awareness of a visuo-proprioceptive
mismatch: Effect on cross-sensory recalibration. Frontiers in Neuroscience, 16, 958513.
https://doi.org/10.3389/fnins.2022.958513

HTC VIVE Tracker (3.0) Developer Guideline ver 1.1. (2021, June 2). VIVE Developers.

https://developer.vive.com/resources/hardware-guides/vive-tracker-developer-guidelines/

153



Huff, T., Mahabadi, N., & Tadji, P. (2025). Neuroanatomy, Visual Cortex. In StatPearls.
StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/NBK482504/

Ida, H., Fukuhara, K., & Ogata, T. (2022). Virtual reality modulates the control of upper limb
motion in one-handed ball catching. Frontiers in Sports and Active Living, 4, 926542.
https://doi.org/10.3389/fspor.2022.926542

Ives, J. C. (2013). Motor Behavior: Connecting Mind and Body for Optimal Performance.
Lippincott Williams & Wilkins.

Kida, N., Oda, S., & Matsumura, M. (2005). Intensive baseball practice improves the Go/Nogo
reaction time, but not the simple reaction time. Brain Research. Cognitive Brain
Research, 22(2), 257-264. https://doi.org/10.1016/j.cogbrainres.2004.09.003

King, J., Harding, E., & Karduna, A. (2013). The Shoulder and Elbow Joints and Right and Left
Sides Demonstrate Similar Joint Position Sense. Journal of Motor Behavior, 45(6), 479—
486. https://doi.org/10.1080/00222895.2013.832136

Kirschen, D. G., & Laby, D. M. (2021). The Uses of Vision Data in Selecting Players for the
Major League Baseball Draft. Optometry and Vision Science, 98(7), 809-814.
https://doi.org/10.1097/0PX.0000000000001736

Klein, J., Whitsell, B., Artemiadis, P. K., & Buneo, C. A. (2018). Perception of Arm Position in
Three-Dimensional Space. Frontiers in Human Neuroscience, 12, 331.
https://doi.org/10.3389/fnhum.2018.00331

Klemish, D., Ramger, B., Vittetoe, K., Reiter, J. P., Tokdar, S. T., & Appelbaum, L. G. (2018).
Visual abilities distinguish pitchers from hitters in professional baseball. Journal of

Sports Sciences, 36(2), 171-179. https://doi.org/10.1080/02640414.2017.1288296

154



Kumawat, A. S., Manson, G. A., Welsh, T. N., & Tremblay, L. (2022). Detecting Endpoint Error
of an Ongoing Reaching Movement: The Role of Vision, Proprioception, and Efference.
Journal of Motor Behavior, 54(4), 457-465.
https://doi.org/10.1080/00222895.2021.2013767

Kyaw, B. M., Saxena, N., Posadzki, P., Vseteckova, J., Nikolaou, C. K., George, P. P., Divakar,
U., Masiello, 1., Kononowicz, A. A., Zary, N., & Tudor Car, L. (2019). Virtual Reality
for Health Professions Education: Systematic Review and Meta-Analysis by the Digital
Health Education Collaboration. Journal of Medical Internet Research, 21(1), €12959.
https://doi.org/10.2196/12959

Laby, D. M., Kirschen, D. G., Govindarajulu, U., & DeLand, P. (2018). The Hand-eye
Coordination of Professional Baseball Players: The Relationship to Batting. Optometry
and Vision Science: Olfficial Publication of the American Academy of Optometry, 95(7),
557-567. https://doi.org/10.1097/0OPX.0000000000001239

Lateiner, J. E., & Sainburg, R. L. (2003). Differential contributions of vision and proprioception
to movement accuracy. Experimental Brain Research, 151(4), 446-454.
https://doi.org/10.1007/s00221-003-1503-8

Limanowski, J., & Blankenburg, F. (2016). Integration of Visual and Proprioceptive Limb
Position Information in Human Posterior Parietal, Premotor, and Extrastriate Cortex. The
Journal of Neuroscience, 36(9), 2582-2589. https://doi.org/10.1523/INEUROSCI.3987-
15.2016

Lipps, D. B., Eckner, J. T., Richardson, J. K., & Ashton-Miller, J. A. (2013). How gender and
task difficulty affect a sport-protective response in young adults. Journal of Sports
Sciences, 31(7), 723-730. https://doi.org/10.1080/02640414.2012.746726

155



Liu, D.-Y., Li, M., Yu, J., Gao, Y., Zhang, X., Hu, D., Northoff, G., Song, X. M., & Zhu, J.
(2024). Sex differences in the human brain related to visual motion perception. Biology of
Sex Differences, 15(1), 92. https://doi.org/10.1186/s13293-024-00668-2

Ma, H.-I., Hwang, W.-J., Wang, C.-Y., Fang, J.-J., Leong, [.-F., & Wang, T.-Y. (2012). Trunk-
arm coordination in reaching for moving targets in people with Parkinson’s disease:
Comparison between virtual and physical reality. Human Movement Science, 31(5),
1340-1352. https://doi.org/10.1016/j.humov.2011.11.004

Marsh, D. W., Richard, L. A., Williams, L. A., & Lynch, K. J. (2004). The relationship between
balance and pitching error in college baseball pitchers. Journal of Strength and
Conditioning Research, 18(3), 441-446. https://doi.org/10.1519/R-13433.1

McGivern, R. F., Adams, B., Handa, R. J., & Pineda, J. A. (2012). Men and Women Exhibit a
Differential Bias for Processing Movement versus Objects. PLOS ONE, 7(3), €32238.
https://doi.org/10.1371/journal.pone.0032238

Medina, J., Jax, S. A., Brown, M. J., & Coslett, H. B. (2010). Contributions of efference copy to
limb localization: Evidence from deafferentation. Brain Research, 1355, 104—111.
https://doi.org/10.1016/j.brainres.2010.07.063

Meta Quest 3: New Mixed Reality VR Headset - Shop Now. (n.d.). Retrieved October 12, 2023,
from https://www.meta.com/quest/quest-3/

Mickeviciene, D., Motiejunaité, K., Karanauskien¢, D., Skurvydas, A., Vizbaraite, D., Krutulyte,
G., & Rimdeikieng, I. (2011). Gender-dependent bimanual task performance. Medicina

(Kaunas, Lithuania), 47(9), 497-503.

156



Morehead, J. R., Taylor, J. A., Parvin, D. E., & Ivry, R. B. (2017). Characteristics of Implicit
Sensorimotor Adaptation Revealed by Task-irrelevant Clamped Feedback. Journal of
Cognitive Neuroscience, 29(6), 1061-1074. https://doi.org/10.1162/jocn_a 01108

Myers, J. B., Wassinger, C. A., & Lephart, S. M. (2006). Sensorimotor contribution to shoulder
stability: Effect of injury and rehabilitation. Manual Therapy, 11(3), 197-201.
https://doi.org/10.1016/j.math.2006.04.002

Mpyrick, K. M., Pallone, A. S., Feinn, R. S., Ford, K. M., & Garbalosa, J. C. (2019). Trunk
Muscle Endurance, Flexibility, Stride Foot Balance, and Contralateral Trunk Lean in
Collegiate Baseball Pitchers. Journal of Strength and Conditioning Research, 33(10),
2641-2647. https://doi.org/10.1519/JSC.0000000000003292

Nodehi-Moghadam, A., Nasrin, N., Kharazmi, A., & Eskandari, Z. (2013). A Comparative Study
on Shoulder Rotational Strength, Range of Motion and Proprioception between the
Throwing Athletes and Non-athletic Persons. 4sian Journal of Sports Medicine, 4(1), 34—
40. https://doi.org/10.5812/asjsm.34528

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory.
Neuropsychologia, 9(1), 97—-113. https://doi.org/10.1016/0028-3932(71)90067-4

Orban de Xivry, J.-J., Legrain, V., & Lefévre, P. (2017). Overlap of movement planning and
movement execution reduces reaction time. Journal of Neurophysiology, 117(1), 117—
122. https://doi.org/10.1152/jn.00728.2016

Paillard, T. (2017). Plasticity of the postural function to sport and/or motor experience.
Neuroscience & Biobehavioral Reviews, 72, 129—152.

https://doi.org/10.1016/j.neubiorev.2016.11.015

157



Proske, U., & Gandevia, S. C. (2009). The kinaesthetic senses. The Journal of Physiology,
587(Pt 17), 4139-4146. https://doi.org/10.1113/jphysiol.2009.175372

Proteau, L., & Isabelle, G. (2002). On the Role of Visual Afferent Information for the Control of
Aiming Movements Toward Targets of Different Sizes. Journal of Motor Behavior,
34(4), 367-384. https://doi.org/10.1080/00222890209601954

Raju, H., & Tadi, P. (2025). Neuroanatomy, Somatosensory Cortex. In StatPearls. StatPearls
Publishing. http://www.ncbi.nlm.nih.gov/books/NBK555915/

Rand, M. K., Wang, L., Miisseler, J., & Heuer, H. (2013). Vision and proprioception in action
monitoring by young and older adults. Neurobiology of Aging, 34(7), 1864—1872.
https://doi.org/10.1016/j.neurobiolaging.2013.01.021

Reichenthal, M., Avraham, G., Karniel, A., & Shmuelof, L. (2016). Target size matters: Target
errors contribute to the generalization of implicit visuomotor learning. Journal of
Neurophysiology, 116(2), 411-424. https://doi.org/10.1152/jn.00830.2015

Roach, C., Love, C., Allen, T., & Proske, U. (2023). The contribution of muscle spindles to
position sense measured with three different methods. Experimental Brain Research,
241(10), 2433-2450. https://doi.org/10.1007/s00221-023-06689-4

Safran, M. R., Borsa, P. A., Lephart, S. M., Fu, F. H., & Warner, J. J. (2001). Shoulder
proprioception in baseball pitchers. Journal of Shoulder and Elbow Surgery, 10(5), 438—
444, https://doi.org/10.1067/mse.2001.118004

Sakurai, M., Spitzley, K. A., & Karduna, A. R. (2024). Awareness of Visual Offset Reduces but
Does Not Eliminate Joint Repositioning Errors in Virtual Reality. Journal of Motor

Behavior, 1-8. https://doi.org/10.1080/00222895.2024.2368120

158



Sarlegna, F. R., & Mutha, P. K. (2015). The influence of visual target information on the online
control of movements. Vision Research, 110, 144—154.
https://doi.org/10.1016/j.visres.2014.07.001

Schmidt, L., Depper, L., & Kerkhoff, G. (2013). Effects of age, sex and arm on the precision of
arm position sense-left-arm superiority in healthy right-handers. Frontiers in Human
Neuroscience, 7, 915. https://doi.org/10.3389/fnhum.2013.00915

Schroeger, A., Tolentino-Castro, J. W., Raab, M., & Canal-Bruland, R. (2021). Effects of visual
blur and contrast on spatial and temporal precision in manual interception. Experimental
Brain Research, 239(11), 3343-3358. https://doi.org/10.1007/s00221-021-06184-8

Singh, Y., Prado, A., Martelli, D., Petros, F. E., A1, X., Mukherjee, S., Lalwani, A. K., Vashista,
V., & Agrawal, S. K. (2020). Dual-Motor-Task of Catching and Throwing a Ball During
Overground Walking in Virtual Reality. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 28(7), 1661-1667. IEEE Transactions on Neural Systems
and Rehabilitation Engineering. https://doi.org/10.1109/TNSRE.2020.2999352

Spitzley, K. A., & Karduna, A. R. (2019). Feasibility of using a fully immersive virtual reality
system for kinematic data collection. Journal of Biomechanics, 87, 172—176.
https://doi.org/10.1016/j.jbiomech.2019.02.015

Spitzley, K. A., & Karduna, A. R. (2022). Joint Position Accuracy Is Influenced by
Visuoproprioceptive Congruency in Virtual Reality. Journal of Motor Behavior, 54(1),
92—-101. https://doi.org/10.1080/00222895.2021.1916425

Strong, A., Grip, H., Arumugam, A., Boraxbekk, C.-J., Selling, J., & Hager, C. K. (2023). Right

hemisphere brain lateralization for knee proprioception among right-limb dominant

159



individuals. Frontiers in Human Neuroscience, 17,969101.
https://doi.org/10.3389/fnhum.2023.969101

Su, K.-J., Hwang, W.-J., Wu, C., Fang, J.-J., Leong, 1.-F., & Ma, H.-1. (2014). Increasing speed
to improve arm movement and standing postural control in Parkinson’s disease patients
when catching virtual moving balls. Gait & Posture, 39(1), 65-69.
https://doi.org/10.1016/j.gaitpost.2013.05.029

Tsay, J. S., Chandy, A. M., Chua, R., Miall, R. C., Cole, J., Farn¢, A., Ivry, R. B., & Sarlegna, F.
R. (2023). Implicit motor adaptation and perceived hand position without proprioception:
A kinesthetic error may be derived from efferent signals. bioRxiv: The Preprint Server
for Biology, 2023.01.19.524726. https://doi.org/10.1101/2023.01.19.524726

Vafadar, A. K., Coté, J. N., & Archambault, P. S. (2015). Sex differences in the shoulder joint
position sense acuity: A cross-sectional study. BMC Musculoskeletal Disorders, 16(1),
273. https://doi.org/10.1186/s12891-015-0731-y

Valori, I., McKenna-Plumley, P. E., Bayramova, R., Zandonella Callegher, C., Altoe, G., &
Farroni, T. (2020). Proprioceptive accuracy in Immersive Virtual Reality: A
developmental perspective. PloS One, 15(1), €0222253.
https://doi.org/10.1371/journal.pone.0222253

van Beers, R. J., Wolpert, D. M., & Haggard, P. (2002). When Feeling Is More Important Than
Seeing in Sensorimotor Adaptation. Current Biology, 12(10), 834—837.
https://doi.org/10.1016/S0960-9822(02)00836-9

Vanston, J. E., & Strother, L. (2017). Sex differences in the human visual system. Journal of

Neuroscience Research, 95(1-2), 617-625. https://doi.org/10.1002/jnr.23895

160



VIVE XR Elite—Convertible, All-in-One XR Headset. (n.d.). Retrieved October 12, 2023, from
https://www.vive.com/us/product/vive-xr-elite/overview/

Wang, C.-Y., Hwang, W.-J., Fang, J.-J., Sheu, C.-F., Leong, I.-F., & Ma, H.-1. (2011).
Comparison of Virtual Reality Versus Physical Reality on Movement Characteristics of
Persons With Parkinson’s Disease: Effects of Moving Targets. Archives of Physical
Medicine and Rehabilitation, 92(8), 1238—1245.
https://doi.org/10.1016/j.apmr.2011.03.014

Wei, J.-N., Zhang, M.-K., Wang, Z., Liu, Y., & Zhang, J. (2024). Table tennis experience
enhances motor control in older adults: Insights into sensorimotor-related cortical
connectivity. International Journal of Clinical and Health Psychology, 24(2), 100464.
https://doi.org/10.1016/j.1jchp.2024.100464

Wohlgenannt, 1., Simons, A., & Stieglitz, S. (2020). Virtual Reality. Business & Information
Systems Engineering, 62(5), 455-461. https://doi.org/10.1007/s12599-020-00658-9

Xiao, X., Hu, H., Li, L., & Li, L. (2019). Comparison of dominant hand to non-dominant hand in
conduction of reaching task from 3D kinematic data: Trade-off between successful rate
and movement efficiency. Mathematical Biosciences and Engineering, 16(3), 1611—
1624. https://doi.org/10.3934/mbe.2019077

Yamashiro, K., Sato, D., Onishi, H., Yoshida, T., Horiuchi, Y., Nakazawa, S., & Maruyama, A.
(2013). Skill-specific changes in somatosensory-evoked potentials and reaction times in
baseball players. Experimental Brain Research, 225(2), 197-203.

https://doi.org/10.1007/s00221-012-3361-8

161



	CURRICULUM VITAE
	NAME OF AUTHOR:  Motoki Sakurai
	GRADUATE AND UNDERGRADUATE SCHOOLS ATTENDED:
	University of Oregon, Eugene, OR, USA
	DEGREES AWARDED:
	AREAS OF SPECIAL INTEREST:
	PROFESSIONAL EXPERIENCE:
	GRANTS, AWARDS, AND HONORS:
	PUBLICATIONS:
	ACKNOWLEDGMENTS
	I am truly thankful to my supervisor, Dr. Andy Karduna, for providing tremendous support and guidance throughout my PhD journey. The opportunities I had to work on this dissertation, the PAC-12 baseball pitching project, and with the Department of Ath...
	I also want to thank the undergrad and grad students I worked with in the Orthopaedic Biomechanics Lab. Running studies with nearly 200 participants would have been impossible without all the amazing undergrad assistants. I cannot list everyone, but I...
	Lastly, my deepest thanks go to my family, especially my parents back in Japan. I never imagined myself moving overseas and earning graduate degrees, and it would not have been possible without their unconditional support. Japan is not always supporti...
	This investigation was partially supported by the Wu Tsai Performance Alliance. Our research team also appreciates the support and participation from Oregon baseball, Oregon softball, Oregon club softball, Bushnell softball, and all others who took pa...
	TABLE OF CONTENTS
	Motor Control Patterns Among Populations  18
	LIST OF FIGURES
	2.1. Flow of JPS Test     35
	2.2. Constant Error in JPS Test     38
	LIST OF TABLES
	3.1. Descriptive Statistics of Constant Repositioning and Reaching Errors in Dynamic
	Reaching Test and JPS Test  58
	3.2. Descriptive Statistics of Absolute and Variable Repositioning and Reaching
	Errors in Dynamic Reaching Test and JPS Test  69

