Vibrotactile Sensory Augmentation and Machine
Learning Based Approaches for Balance
Rehabilitation

by

Tian Bao

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Mechanical Engineering)
in the University of Michigan
2018

Doctoral Committee:

Associate Professor Kathleen H. Sienko, Chair
Professor Noel C. Perkins

Professor Susan L. Whitney, University of Pittsburgh
Assistant Professor Jenna Wiens



Tian Bao
baotian@umich.edu

ORCID iD: 0000-0002-7310-3436

© Tian Bao, 2018



To my family



Acknowledgments

First and foremost, | would like to express my special appreciation to my advisor Dr.
Kathleen Sienko for her gentle guidance and continuous support over the last five years, and for
encouraging me to explore new interdisciplinary opportunities at the University of Michigan. |
am grateful for all her contributions to make my doctoral research productive, enjoyable, and
meaningful. It has been a privilege to work with her. | would also like to thank all my
dissertation committee members. | would like to thank Dr. Susan Whitney for her help and
support from the perspective of physical therapy, Dr. Jenna Wiens for her guidance and support
from the perspective of machine learning, and Dr. Noel Perkins for his advice and feedback from
the perspective of biomechanics. Thank you all for serving on my dissertation committee, and for
your insightful comments.

My work has been enriched by the contributions and vital support I received from the
members of the Sienko Research Group including Catherine Kinnaird, Vincent Barone, Beom
Chan Lee, Victor Le, Ibrahim Mohedas, Michael Deininger, Marianna Coulentianos, llka
Rodriguez-Calero, and Amir Sabet Sarvestani. | would like to thank Catherine Kinnaird
especially for her meticulous support and for recruiting participants over the last five years, and

Vincent Barone for our lively chats and wide-ranging discussions.



In pursuit of my doctoral degree, | have been extremely fortunate to receive valuable
support from Wendy Carender, Mohammed Kabeto, Geeta Peethambaran, and Dr. Rachael
Seidler from the University of Michigan; Dr. Brooke Klatt, Dr. James Lin, Dr. Patrick Sparto,
Dr. Saud Alsubaie, and Dr. Kathy Brown from the University of Pittsburgh; and Dr. Peter Shull,
Junkai Xu, Bo Yu, and Yangjian Huang from the Shanghai Jiao Tong University. Your
collaboration has been invaluable.

My thanks also go to the students I have worked with over the past five years: Lydia Su,
Christina Ma, Jonathan Zwier, Ruoxi Hao, Xingjian Lai, and Cole Zingas. | am grateful for your
help with various studies in my dissertation.

| also thank all my great friends at the University of Michigan and in Ann Arbor. | will
remember the times when we played games on the sleepless Friday nights, watched college
football games at the Michigan Stadium (the Big House), kayaked on the Huron River, traveled
across the country, and of course, discussed about research.

Last but not least, | would like to thank my family. | would like to thank my parents
Xiaobin Bao and Xian Li for their endless patience, career guidance, unwavering support, and
unconditional love. | would like to thank my girlfriend Yiming Qiang for her support and love.
Without their boundless support, | surely would not have done this work.

This research has been supported by the NSF CAREER (RAPD-0846471), NSF GARDE
(1159635), NIH (1R21DC012410-01A1, 5R21DC012410-02), the University of Michigan
Pepper Center (NIH RCDC/KL2 2P30AG024824-11), the University of Michigan-Shanghai Jiao
Tong University Collaboration on Nanotechnology for Energy and Biomedical Applications
(14X120010006), the Michigan Brain Initiative Working Group, the University of Michigan’s

Rackham Conference Travel Grants, and its Rackham Graduate Student Research Grant.



Table of Contents

D LTo [ o7 o] o TSRS P PP TRURPRON i
ACKNOWIEAGMENTS ...ttt et e e sbeeeesreesteenaeaneenneas iii
LISE OF FIQUIES ...t bbbttt bbbttt nnas IX
I ES 0 N 1= o] LRSS xii
N 0L - Tod SRR Xiv
Chapter 1 Introduction and Background..............ccoueieiiiniiiiiiieseeee s 1
1.1, HUMAN BAIANCE .......oiiiieiieiieeee ettt e 1
1.1.1. VeStiDUIAr DISOIUEIS .....ccueeuieriiieiiesie sttt 2

IO O AN | o SO PR 3
1.1.3. Balance MOUEIS ......ccoiiiiiieieee et 3
1.1.4. Balance Performance Evaluation.............ccoccovveireiiiieiiee e 4

1.2.  Balance Rehabilitation ..........cccoeiieiieiiiieiiee e 7
1.2.1. Vestibular Rehabilitation Therapy for People with Vestibular Disorders......... 8
1.2.2. Exercise-based Rehabilitation for Older Adults..........ccovvveviveieiieniee e, 9
1.2.3. Balance Rehabilitation Research Gaps..........cccocevviiiinininiiieiesc e 10

1.3.  Sensory Augmentation in Balance Training ...........ccccoevveveiiiiiciic s 10
1.3.1. Vibrotactile Sensory AUgMENtation ............cccccevvevieiiiieie e 12
1.3.2. REAIFIME ARG ..o s 14
1.3.3.  Rehabilitation TOOl ..o 15
134, MECRANISM ..ot re e nreete s 17

1.4, MACKING LEAIMING ...ovitiitiiiiitieieie ettt bbbttt 17
1.4.1.  SUPEIVISEA LEAIMING ..cveiuiiiieieieiie ittt 19
1.4.2.  Applications of Machine Learning in Balance and Gait ............cccccocevervnienne. 20

1.5, DISSErtAtiON ATMS.....c.eiiiiitiiieiieiie ettt sttt sbe et et sbe et snee e 21



1.6, Chapter OVEIVIEW .......coiiiicie ettt sttt te e sba e te e sreenneenee e 24

1.7, RETEIBINCES ..ttt bbbttt 25
Chapter 2  Effects of Long-term Vestibular Rehabilitation Therapy with Vibrotactile
Sensory Augmentation for People with Unilateral Vestibular Disorders...................... 49
20 I |01 oo [0 Tox 1 To] o USRS 49
2.2, MEENOGS. ...t ae s 51
2.2. 1. PArtICIPANTS ..ottt 51
2.2.2. PIOTOCOL.... .ottt sttt ne s 53
2.2.3. INSTUMENTALION .....ovitiitiiiiiiee e bbb 57
2.2.4.  Statistical ANAIYSIS .......coveiiiiee et 58
2.3, RESUIES...eeee et 59
2.4, DISCUSSION ..cuvititestietesiee ettt sttt b et et e bt e st s be et e e bt e b e ese et et e sbesbesbeabeanenneas 63
S O ) Tod [1E] o] o ISR 67
2.6, RETBIBNCES.....iiii ettt re et re e 67

Chapter 3 Effects of Long-term Balance Training with Vibrotactile Sensory
Augmentation among Community-dwelling Healthy Older Adults: A Randomized

PrElimMINAry STUAY ......cooiiieiiieie et 77
3.1, BACKGIOUND ...t 77
K B0 |V =11 T o PSR RTPRN 80

32,1, PArtiCIPANTS ....oveeiiicie ettt ettt reere s 80

3.2.2. PIOLOCOL.c..c ittt 82

3.2.3.  Smart Phone BalanCe TraiNer ..........ccocviiiieieieiee e 86

3.2.4.  Statistical ANAIYSIS .......coviiiiice et 88
3i3.  RESUIS .ttt b e ns 89
KB I 1S 1 -] (o] o USRS 93
K TR T O] o [1] o] 1SRRI 99
KB o (=] £ 001 SR 100

Chapter 4  Vibrotactile Display Design: Quantifying the Importance of Age and Various

Factors 0N REACTION THMES.......cueiieieeieieeie e seesee e ste e e e see e sneeee e sneeneenee e 111
I 101 (oo [FTox [0 o DRSPS PR TR 111
4.2, MEINOUS. ... .o ettt 114

4.2.1. Part I: Effects of Frequency and Tactor TYPE .....ccccceevvviviievie i 115

4.2.2. Part Il: Effects of Stimuli Locations and Auditory Cues from Vibration ..... 117

vi



4.2.3. Part lll; Effects of Number of Tactors in the Same Location .............cc........ 118

4.2.4. Part IV: Effects of Secondary TasK .........ccccveviieiveieiieeneee e 119
4.2.5.  Datad ANAIYSIS......ciieieiiesieeie e 120
A3, RESUIS ..o et ne e 121
4.3.1. Effects of Frequency and Types of Tactors (Part 1) ........ccccceeveviinviiinnennnnns 122
4.3.2. Effects of Tactor Locations and ACV (Part ) .......cccocevviiiiiniinienieieens 122
4.3.3. Effects of Number of Tactors in the Same Location (Part HI)..........c..c........ 124
4.3.4. Effects of the Secondary Task (Part IV).......cccccevveiiiieniiie e 124
4.3.5. Effects of the Number of Tactor LOCAtioNnS...........ccocvvvvieiininnene e 125
4.3.6.  SUMMAry Of RESUILS.......ccoeiiiieii e 126
A4, DISCUSSION ...eeviiuiiieite st siesieeteas ettt sttt se st e st et e b sbe st e st e s b e e s e se e e e sbesbenbesbenbenneas 127
4.4.1. Young and Older AQUILS..........ccoiiiiiiiiiee s 127
4.4.2.  Stimulus Frequency and Number of Tactors in the Same Location.............. 128
4.4.3.  TYPE OF TACIOIS.....eiuiiiieiieieie ettt 128
444, SHMUIUS LOCALION ......iiiiiiiieie ettt esre e 129
4.4.5.  Auditory Cue from Vibration ..........cccccovveiiiieiicie e 129
4.4.6.  SECONUANY TASK......eeiiiirieiteeieeee sttt seeste et e re et e e e e e sta e e e sraesreeneeas 130
4.4.7. Number of Possible Stimulus LOCAtIONS ...........cccccvriviininiiniiiene e 132
4.4.8.  APPHCALIONS.....c.oiiiieie et 132
A.4.9.  LIMITALIONS ...c.eiiieieeie e ee e sae et esteeseesseesreeseesreenreeneeas 134
O ] (=] £ 0001 SR 135
Chapter5 A Machine Leaning Approach to Automatically Evaluate the Performance of
Standing BalanCe EXEICISES .......cvoiiiiiiiiiiieseeee s 143
5.1, BACKGIOUNG ..ottt bbb 143
T Y/ )13 To T LSS 146
ST B B 7 | ;OSSO 146
0.2.2.  DaAta FRALUIES ...ttt 148
5.2.3. CIASSIFICALION ..ot e 149
5.2.4. Validation & Evaluation ...t 150
5.2.5.  Feature IMPOrtanCe .........cooiiiiiiieice e 151
5.2.6.  Additional ClasSifICAtION ...........ceviiieiiieieeie e 152
5.2.7.  StatiStical ANAIYSIS .....cc.oiviiiiiiiiiicee e 152
ST N o (=TS | S 152



B DUSCUSSION ...ttt e e e e e e e e ettt eee e e e e e et e e e e e e e e aae e aeeeeeens 156

5.5, CONCIUSION ..ottt ettt bbb ene s 158
5.6, RETEIENCES ..ot et 159
Chapter 6 DISCUSSION........eitiiiiitieiieiieiie ettt bbbt ne bt 167
6.1. Effects of Training with Vibrotactile Sensory Augmentation ............ccccceevvvenee. 167
6.2.  Mechanism of Sensory AUgmeNtation............ccccoeeriririneniinieeese e 170
6.3. Machine Learning for Balance Rehabilitation...........cccccoovviininiiiniiciie e, 171
6.3.1. Machine Learning for Unsupervised Balance Rehabilitation........................ 171

6.3.2.  Sensory Augmentation for Gait Tasks with Machine Learning Techniques. 174

6.4. Optimizing the Design of Vibrotactile Sensory Augmentation.............cccccceue.... 176
6.4.1. Scheduling Sensory AUgMENtation .............cccovvevieeieiieve e 176
6.4.2. Vibrotactile Activation Thresholds for Sensory Augmentation .................... 177
6.4.3. Reaction Time to Vibrotactile Sensory Augmentation.............ccccoccvevrvnnnnns 179

6.5, IMPHCAIIONS. ...c.eiitiiiiiiicicee e 180

B.6.  LIMITATIONS ...eeitieiecie et sae e eneenrs 182

B.7.  FULUIE WOTK ...ttt et 182
6.7.1. Balance Training with Sensory Augmentation.............ccccceevieeiesieeseeseeenenn 182
6.7.2. Design of Vibrotactile Sensory Augmentation.............ccccceeviveieiiieieesie e 184
6.7.3.  Smart Balance TraiNiNg .........ccccoveiiiieiieie e 185

GRS N o (= =T 1=] T LSS 187

viii



List of Figures

Figure 1.1: The two research gaps are shown in orange and khaki. The two proposed approaches
are indicated With the DIUE IrTOWS. .........cviiiiiee e 21

Figure 2.1: Study protocol consists of five assessment sessions (highlighted in green) and two
nine-session rehabilitation balance training blocks (highlighted in orange). ........ccccccoeevvieiienens 53

Figure 2.2: The customized sensory augmentation device included an inertial measurement unit
(IMU), four C-2 tactors, a tactor controller unit, a belt, a laptop, and customized software......... 58

Figure 2.3: Results of clinical outcome measures for eight participants with UVD. Horizontal
lines and shaded areas denote the mean pre-training assessment values and standard errors of the
means, respectively. Columns and error bars denote the mean mid-training (Mid), 1-week (1wk),
1-month (1mo), and 6-month (6mo) post-training assessment values and standard error of mean.
An asterisk denotes the significant main session effects, and a hash mark denotes the significant
interaction effects between groups and SESSIONS. ..........oiiriiirieierere et 60

Figure 2.4: Results of five standing balance exercise performance for eight participants with
UVD. Horizontal lines and shaded areas denote the mean pre-training assessment values and
standard errors of the means, respectively. Columns and error bars denote the mean mid-training
(Mid), 1-week (1wk), 1-month (1mo), and 6-month (6mo) post-training assessment values and
standard error of mean, respectively. An asterisk denotes the significant main session effects, and
a hash mark denotes the significant interaction effects between groups and sessions. Lower
RMS, lower EA, and higher PZ indicate better balance performance............cccocoveviieiciieieenns 62

Figure 3.1: Study protocol includes three clinical balance testing (CBT) sessions and eight weeks
Of IN-NOMe balanCe traINING. .......ooiiiie e e e e srae e re e 82

Figure 3.2 Visual analog scale used by participants to rate their stability when performing the

DAIANCE BXEITISES. ... ettt ettt sttt ettt e et et e s b e e te e bt e beebesneenbeenbenneenaeenee s 86
Figure 3.3: Smart phone balance traiNer...........ccoocieiii e 87
Figure 3.4: Software schematics for the user interface and sensing UNItS. ........ccccceveevieiieeinen, 88



Figure 3.5: Bird’s-eye view of the body tilt trajectory in the anterior-posterior (AP) and medio-
lateral (ML) directions for a sample exercise (tandem Romberg stance on firm surface with eyes
open) performed by participant 6 with and without vibrotactile SA. ..........cc.cccoveieiiiceccecee, 90

Figure 4.1: Experimental illustration for Part I: Bird’s eye view (triangle represents the
participant’s nose) of the Part I tactor configurations; three tactors were placed on the torso
(possible locations included the navel, spine, left and right side). .........cccccceeveiiieii i, 117

Figure 4.2: Experimental illustration for Part 11: Five C-2 tactors were placed at five body
[T [0 3 TR 118

Figure 4.3: Experimental illustration for Part I11: Four C-2 tactors grouped in a 2x2 array formed
four patterns; the solid dots indicate the tactors that were activated in the corresponding patterns.
..................................................................................................................................................... 119

Figure 4.4: RTs to four different types of vibrotactile stimuli at torso locations; error bars present
standard errors of means across PArtiCIPANTS. ......cc.ooeririririeiiieiere e 122

Figure 4.5: RTs to vibrotactile stimuli at five different body locations for both YA and OA and
with or without ACV; error bars present standard errors of the means across participants. ...... 123

Figure 4.6: RTs to the four stimulation patterns for both YA and OA; error bars present standard
errors of means across PArtiCIPANTS. ........ccviieerie i e e sre e s e e e e 124

Figure 4.7: RTs to the vibrotactile stimuli at five different body locations with or without the
secondary task; error bars present standard errors of means across participants................c....... 125

Figure 4.8: RTs for the common tactor located at the navel for three experimental parts; Part I:
three tactors at four locations around the torso; Part I1: five tactors at five locations across the
body; Part 111 four tactors in a cluster at the navel. Error bars present standard errors of means
ACTOSS PATICIPANTS. .. veeviieie ittt ettt et e e st e e beeseesaeesbeeseeeteeabeesaesseesraesnesreenteeneens 126

Figure 5.1: An example of trunk sway recorded during an exercise trial (feet apart stance on
foam surface with eyes closed). In this particular example, the participant demonstrates more
sway (i.e., variation) in the pitch direction relative to the roll direction..............ccccoevviieinennnnn 147

Figure 5.2: Distribution of rating levels provided by the physical therapist and participants. ... 148

Figure 5.3: We used 61 features to represent each set of six trials. These features are based on ten
commonly used metrics and statistical descriptors to summarize performance across the different
L1 = 1SS PSSSRSSN 149

Figure 5.4: Validation and evaluation of the classifier using the leave-one-participant-out cross
validation. For visualization, only the first cross-validation is shown. .........c.ccccoccvvveiiviieiennee. 151



Figure 6.1: The Mini-BESTest and SOT scores for both the EG and CG at the pre-, mid- and
post-training assessments. The scores were offset based on the averaged pre-training
R It 11T TP PR PSP 169

Xi



List of Tables

Table 2.1: Demographic information of the participants with UVD who completed the study... 52
Table 2.2: Five standing balance exercises were selected to measure postural stability [16]. ..... 55

Table 2.3: Exercise pool adapted from a recently published conceptual progression framework
[16]. (* exercises where EG received vibrotactile SA; T weight shifting limits were pre-
determined, the maximum limits were 6 deg., 3 deg., 3.5 deg. and 3.5 deg. in the forward,
backward, rightward, and leftward directions, respectively; the medium limit was half of
MAXIMUM TIMIL) Lot e e st e et e e e e s be e beareesbeeeesneenreeneens 56

Table 2.4: Balance performance scale adapted from the Functional Independence Measure [53]

Table 3.1: Exercise pool modified from a recently published conceptual progression framework
[64]. *indicates the exercises for which vibrotactile SA was provided for the EG. ..................... 84

Table 3.2: Participants’ demographic information and results of a subset of clinical outcomes
TTIBASUIES. ...ttt sttt e e et et e st oo e R e oo e Rt e Rt e e Rt e e e e Re e e e e nRe e e e e n e e n e e 90

Table 3.3: Clinical outcome measure results for pre-, mid- and post-training CBT and the
changes from pre-training CBT for the EG and CG. Average values with standard error of the
mean are shown. Superscripts indicate ®significant main effects, Psignificant interaction effects
from the linear mixed model (p<0.05), and ‘significant differences from the group-paired t-tests
(S TR0 20 1 TSRS 92

Table 4.1: The major differences among three different tactors. *: C-2 tactor vibrated at both 250
and 200 Hz; **: The contactor area is 0.5 cm2, while the contact area is 6.2 cm2.)................... 116

Table 4.2: Summary of various factors’ effects on RTs for YA and OA (* secondary cognitive
task was only tested on older @dUILS) .........ooviiiiiiii i 127

Table 5.1: Rating guidelines for the physical therapist (adapted from Functional Independence
Measure [36]) and participants (adapted from Espy et al. [38]) .....cccccevvviiieiiiiiiiiiiiciece i 147

Xii



Table 5.2: Results for the five-level and three-level classification models. Standard deviations are
reported and the symbol * indicates statistical significance (p<0.05). ......cccoocevererinieninennnne 153

Table 5.3: Confusion matrix for (A) participants’ self-assessments versus the physical therapist’s
assessments and (B) SVM predictions versus physical therapist’s assessments. ............cceeueee.. 154

Table 5.4: (A) The top ten features and their relative importance; (B) The relative importance of
each metric; (C) The relative importance of each statistical descriptor............cccccveveviiiieieenns 155

Xiii



Abstract

Vestibular disorders and aging can negatively impact balance performance. Currently, the
most effective approach for improving balance is exercise-based balance rehabilitation. Despite
its effectiveness, balance rehabilitation does not always result in a full recovery of balance
function. In this dissertation, vibrotactile sensory augmentation (SA) and machine learning (ML)
were studied as approaches for further improving balance rehabilitation outcomes.

Vibrotactile SA provides a form of haptic cues to complement and/or replace sensory
information from the somatosensory, visual and vestibular sensory systems. Previous studies
have shown that people can reduce their body sway when vibrotactile SA is provided; however,
limited controlled studies have investigated the retention of balance improvements after training
with SA has ceased. The primary aim of this research was to examine the effects of supervised
balance rehabilitation with vibrotactile SA. Two studies were conducted among people with
unilateral vestibular disorders and healthy older adults to explore the use of vibrotactile SA for
therapeutic and preventative purposes, respectively. The study among people with unilateral
vestibular disorders provided six weeks of supervised in-clinic balance training. The findings
indicated that training with vibrotactile SA led to additional body sway reduction for balance
exercises with head movements, and the improvements were retained for up to six months.

Training with vibrotactile SA did not lead to significant additional improvements in the majority

Xiv



of the clinical outcomes except for the Activities-specific Balance Confidence scale. The study
among older adults provided semi-supervised in-home balance rehabilitation training using a
novel smartphone balance trainer. After completing eight weeks of balance training, participants
who trained with vibrotactile SA showed significantly greater improvements in standing-related
clinical outcomes, but not in gait-related clinical outcomes, compared with those who trained
without SA.

In addition to investigating the effects of long-term balance training with SA, we sought
to study the effects of vibrotactile display design on people’s reaction times to vibrational cues.
Among the various factors tested, the vibration frequency and tactor type had relatively small
effects on reaction times, while stimulus location and secondary cognitive task had relatively
large effects. Factors affected young and older adults’ reaction times in a similar manner, but
with different magnitudes.

Lastly, we explored the potential for ML to inform balance exercise progression for
future applications of unsupervised balance training. We mapped body motion data measured by
wearable inertial measurement units to balance assessment ratings provided by physical
therapists. By training a multi-class classifier using the leave-one-participant-out cross-validation
method, we found approximately 82% agreement among trained classifier and physical therapist
assessments.

The findings of this dissertation suggest that vibrotactile SA can be used as a
rehabilitation tool to further improve a subset of clinical outcomes resulting from supervised
balance rehabilitation training. Specifically, individuals who train with a SA device may have
additional confidence in performing balance activities and greater postural stability, which could

decrease their fear of falling and fall risk, and subsequently increase their quality of life. This

XV



research provides preliminary support for the hypothesized mechanism that SA promotes the
central nervous system to reweight sensory inputs. The preliminary outcomes of this research
also provide novel insights for unsupervised balance training that leverage wearable technology
and ML techniques. By providing both SA and ML-based balance assessment ratings, the smart
wearable device has the potential to improve individuals’ compliance and motivation for in-

home balance training.

XVi



Chapter 1 Introduction and Background

1.1. Human Balance

Balance describes the dynamics of body posture to prevent falls, standing balance
describes the dynamics to maintain the body’s center of mass (COM) over its base of support and
to prevent falls, and gait balance describes the dynamics to move outside the base of support
without falling during locomotor activities [1], [2]. Sensory inputs from the three major sensory
systems, including somatosensory, visual, and vestibular systems, are conveyed to the central
nervous system (CNS) to control balance during standing and gait [1], [3], [4]. The
somatosensory system uses receptors in the skin, muscles, and joints to collect information about
the position and velocity of body segments and their contacts with surrounding objects [1]. The
visual system uses receptors in the retina to collect information about the body’s orientation
relative to surrounding objects and to plan locomotion [1], [5]. The vestibular system uses two
otolith organs and three semicircular canals in the inner ears to collect information about the
head’s translational and rotational movements [1], [6]. The two small, sack-shaped otolith organs
known as the utricle and saccule sense the horizontal and vertical accelerations, respectively [6].
The three semicircular canals (two vertical, one horizontal), positioned approximately on three
orthogonal planes, sense the angular velocities of the head along three axes [6]. These signals are

conveyed to the CNS via the eighth cranial nerve.



In addition to some types of injuries and infections, vestibular, neurological, orthopedic,
and vascular disorders and aging can also disrupt or permanently damage the body’s ability to
maintain balance. Falls caused by balance disorders lead to loss of mobility, high levels of
anxiety and depression, reduced quality of life, and even death [7]-[15]. This dissertation focuses
on two populations: people with unilateral vestibular disorders and community-dwelling healthy

older adults.

1.1.1. Vestibular Disorders

Vestibular disorders can result from head trauma (vehicle accidents, tripping and falling
on uneven ground), drug toxicity, illness (meningitis), and aging. Common causes of vestibular
disorders include benign paroxysmal positional vertigo (BPPV), labyrinthitis or vestibular
neuritis, Méniére’s disease, and abnormalities of the eighth cranial nerve [16]. Based on the
National Health and Nutrition Examination Survey for 2001 to 2004, around 35% of American
adults aged 40 years or older experienced some type of vestibular dysfunctions, and
approximately 16 million new vestibular patients were diagnosed annually [17]. Vestibular
disorders also affect children and younger adults [18]. Approximately 50% of older adults
experience dizziness due to BPPV [19]. People with vestibular disorders usually have trouble
maintaining straight posture, walking straight, walking with head turns, and walking in the dark
[16]. People with unilateral vestibular disorders tend to fall toward the affected side during
balance and gait exercises [7]. While falling is the primary concern expressed by people with
vestibular disorders, they also report disruption of daily activities, the need for sick leave or
medical consultation, and greater than expected anxiety, discouragement, and depression [8],

[20].



1.1.2. Aging

Aging reduces sensory acuity, causes abnormal sensory weighting, and alters an
individual’s ability to quickly modify relative sensory weightings [21]-[23]. Older adults can
experience decreased balance performance due to the combination of deteriorated sensory
functions and reduced muscle strength [24]-[26]. Balance disorders increase an individual’s risk
of falling [10]-[12], [27] and fear of falling [13], and decrease mobility and confidence in
performing daily activities, which in turn affect quality of life [14], [15]. Balance disorders are a
major cause of falls [28], [29] for adults aged 65 and older. More than 30% of people aged 65
and older fall, and more than 50% of people aged 80 years and older fall at least once per year
[12]. Older adults who have suffered recent falls tend to “sway” more than those who have not
fallen in the past year [30]. Each year, emergency departments treat 2.5 million older people for
fall injuries. The US Centers for Disease Control and Prevention estimated that the direct

medical costs related to falls totaled $19 billion in 2000 [31], [32].

1.1.3. Balance Models

Researchers have built inverted pendulum models to analyze how the central nervous
system (CNS) controls postural balance during standing [1]. The simplest model of quiet
standing stance assumes the body is a single inverted pendulum pivoting at the ankles [1]. A
more general method models the body as multiple segments, e.g., the model assumes that in the
frontal plane, the body is a parallelogram pendulum pivoting about two ankle joints and the hip
joint, and that in the sagittal plane, the body is a pendulum pivoting about two ankle joints and
the hip joint [1]. This model has been used to study ankle and hip strategies employed during

perturbed standing [33]. Researchers have also incorporated sensory inputs and muscle



mechanics into the multiple-segmented models to study the relationship between the use of
sensory inputs and change of stance width [34]. The studies of gait dynamics are more
complicated. In general, for the upper body, researchers use the inverted pendulum model to
study trunk motion, and for the lower body, they analyze the ground reaction force, moments of

ankle, knee, hip, and joint angles within each gait/stride cycle.

1.1.4. Balance Performance Evaluation

To evaluate balance performance, researchers have developed the following common set
of clinical outcome tests. For some clinical tests, researchers have developed minimal detectable
change (MDC) and minimally clinically important difference (MCID) metrics to measure the
effectiveness of balance training. The MDC is a statistical estimate of the smallest amount of
change that is due to the rehabilitation training instead of a measurement error [35]. The MCID
is the smallest amount of change considered important by the patient or the clinician [35]. The
most common clinical tests used are listed below.

Activity-specific Balance Confidence (ABC) Scale: Identifies an individual’s subjective
measure of confidence when performing various ambulatory activities [36]. It contains 16 items,
and the total score is 100 points. A higher score indicates stronger confidence, and scores less
than 67 points indicate risk of falling [37].

Dizziness Handicap Inventory (DHI): Evaluates the self-perceived handicapping effects
imposed by dizziness. A 25-item self-assessment inventory covers functional, emotional and
physical domains (36, 36, 28 points, respectively). The total score is 100 points, and lower scores
indicate less dizziness. For people with vestibular disorders, scores higher than 60 points indicate

severe dizziness, and scores between 30 points and 61 points indicate moderate dizziness [38].



Computerized Dynamic Posturography (CDP): Quantitatively assesses the sensory,
motor, and central adaptive impairments to standing balance control based on measured body
sway responses to visual and mechanical (moving platform) perturbations. Within CDP, the
Sensory Organization Test (SOT) protocol assesses the individual’s ability to use somatosensory,
visual, and vestibular systems to maintain postural stability during static standing as measured by
SOT composite scores [39]. The six conditions for SOT are: 1) eyes open while standing on firm
surface, 2) eyes closed while standing on firm surface, 3) eyes open with sway referenced visual
surround, 4) eyes open while standing on sway referenced support surface, 5) eyes closed while
standing on sway referenced support surface, and 6) eyes open while standing on sway
referenced support surface and with sway referenced visual surround. For healthy young adults,
the MDC of SOT is 8 points [40]. Somatosensory, visual, and vestibular reliance are calculated

based on the SOT conditions shown in Equations 1-1, 1-2, and 1-3.

SOT condition 2

Somatosensory Reliance = — Equation 1-1
SOT condition 1
. . SOT condition 4 .
Visual Reliance = ————01% Equation 1-2
SOT condition 1
. . SOT condition 5 .
Vestibular Reliance = ————°"> Equation 1-3

SOT condition 1

Mini Balance Evaluation Systems Test (Mini-BESTest): Captures anticipatory postural
adjustments, reactive postural control, sensory orientation, and dynamic gait performance based
on 14 items [41]. There are two scoring systems: a total score of 28 points uses the lower score
of the left and right sides of the body, and a total score of 32 points uses the total score of both
sides. For people with balance disorders, the MDC is 3.5 points, and the MCID is 4 points [42].

Five Times Sit to Stand Test (5xSST): Evaluates the dynamic activity of functional lower
limb muscle strength and change of transitional movements by measuring the time needed by the
individual to complete the sit-to-stand task five times [43]. If the 5XSST duration is equal to or
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longer than 12 seconds for older adults [44], further assessment for fall risk is needed. For people
with vestibular disorders, the MCID is 2.3 seconds.

Four Square Step Test (FSST): Measures the individual’s ability to step over objects
forward, sideways, and backwards in seconds [45]. If the FSST duration is longer than 15
seconds for older adults, or 12 seconds for people with vestibular disorders, they are at risk for
falls [45], [46].

Functional Reach Test (FRT): Assesses the individual’s stability while standing in a fixed
position and reaching forward. The maximum distance that an individual can reach forward is
recorded in centimeters as the measure outcome [47]. An FRT less than 18 cm indicates limited
mobility skills for older adults [48].

Ten-meter Walk Test: Measures gait speed in meters per second. For older adults, the
MCID is 0.13 m/s [49].

Timed Up and Go (TUG): Measures the time (in seconds) needed by the individual to
stand up from a chair and walk three meters quickly and safely [50]. The TUG with dual-task
(cognitive task or motor task) adds a secondary task to the regular TUG to identify the
individuals most at risk for falls. For older adults, a TUG-DT score above 15 seconds indicates a
risk of fall [51].

Dynamic Gait Index (DGI): Assesses the individual’s ability to modify balance while
walking without external demands [2]. There are six walking tasks: steady state walking,
walking with changing speeds, walking with head turns both horizontally and vertically, walking
while stepping over and around obstacles, pivoting while walking, and stair climbing. The total
score is 24 points (four points per task). For people with vestibular disorders, the MDC is 3.2

points [52]. Individuals with scores lower than 19 seconds are 2.6 times more likely to have



reported a fall than individuals with scores above 19 seconds [53]. For older adults, the MDC is
2.9 points [54] and the MCID is 1.9 points [55].

Functional Gait Assessment (FGA): Assesses the individual’s stability of postural
balance during walking [56]. FGA is a modification of the DGI to improve reliability. There are
ten items measured using an ordinal scale from zero to three, and the total score is 30. For people
with vestibular disorders, the MCID is 8 points.

Besides clinical tests, body sway while performing standing balance tasks is also used to
assess balance performance. COP measured by a force plate, or COM measured by inertial
measurement units (IMU) can be used to capture body sway. Force plates directly measure COP
in the forward/backward and left/right directions, and IMUs measure body or body segment
accelerations in the anterior/posterior (A/P) and medio-lateral (M/L) directions. Some common
metrics used to quantify COP and IMU based balance performance include the Root-Mean-
Square (RMS) of body sway, Elliptical fit Area (EA) of the body sway trajectory, and Percentage

time in a one-degree Zone (PZ) [57].

1.2. Balance Rehabilitation

To retrain the individual’s postural balance, balance rehabilitation is commonly
prescribed or recommended. The hypothesized mechanism underlying balance rehabilitation is to
leverage the ability of CNS to reweight the sensory inputs from intact sensory functions (i.e.,
somatosensory, visual, and vestibular sensory inputs) [58]. Generally, balance rehabilitation
consists of various exercises designed to recover, retrain, or develop new sensorimotor strategies
and facilitate the individual’s functional mobility, decrease dizziness, and re-establish effective

coordination [59]-[61]. Physical therapists can customize or adapt the exercises to the individual



(e.g., individuals with vestibular disorders, older adults) to optimize the efficacy [62]. By
incorporating motor and sensory systems as well as cognitive and psychological processes,
balance rehabilitation programs have proven more effective for reducing balance impairment and

improving coordination than strength training alone [27], [63].

1.2.1. Vestibular Rehabilitation Therapy for People with Vestibular Disorders

Vestibular rehabilitation therapy (VRT) is commonly prescribed or recommended for
individuals whose impairments are caused by vestibular disorders [64]-[66]. The therapy is
designed to reduce the individual’s degree of handicap and improve the individual’s ability to
perform daily activities [67]. VRT is most effective when vestibular symptoms first manifest
themselves [68]. Researchers have assigned the exercises in VRT to various categories [69], e.g.,
Alsalaheen et al. use the categories of eye-head coordination, sitting balance, standing static
balance, standing dynamic balance, and ambulation [70], and Hall et al. use the categories of
gaze stability exercises, habituation exercises, standing and gait balance training, and walking
exercises for endurance [71]. Klatt et al. categorized exercises into static standing, compliant
surface standing, weight shifting, modified center of gravity, gait, and vestibulo-ocular reflex
exercises [72].

Evidence of VRT’s effectiveness has increased in the past two decades [66], [73].
Vestibular rehabilitation improves both subjective measures (e.g., DHI, ABC) and objective
measures (e.g., SOT, DGI) [66], [67], [74], [75]. Symptoms that have been reduced include
dysregulated gait, fear of falling, falls, body sway in standing, blurred vision, and muscle

weakness [73].



1.2.2. Exercise-based Rehabilitation for Older Adults

For community-dwelling older adults, typical interventions for improving balance
performance include mobility aids, environmental modifications, medication modifications, and
exercise programs [27]. Exercise-based rehabilitation programs, which have proven effective for
improving balance performance [76], typically include strength and stamina training to
counteract musculoskeletal degeneration, and balance training to isolate and challenge the
individual’s somatosensory, visual, and vestibular systems to improve overall balance [76], [77].
Clinicians or physical therapists demonstrate the exercise, give verbal feedback to the individual,
and assess the short-term and long-term changes in performance throughout rehabilitation.
Balance training lasting four to twelve weeks can yield significant improvements in clinical or
functional outcome measures (e.g., SOT, TUG) corresponding to the reductions in fall rate,
occurrence, and risk, and the prevention of declines in social and physical activities [27], [78]-
[80]. A comparison of Tai Chi and balance training as a means to improve postural stability in
older adults found that while Tai Chi can delay the onset of falling, it does not reduce body sway
[81].

The exercises prescribed in clinical treatment can be performed at home. Campbell et al.
reported that a six-month physiotherapist-recommended, customized strength and balance
program reduced falls and improved functional performance in a group of women 80 years of
age and older [82]. Miller et al., who conducted a pilot study with 14 older adults, found that
debilitated, ambulatory, community-dwelling older adults significantly improved balance
confidence, balance performance, and gait following participation in an in-home balance training

program supervised by a therapist and family members [83].



1.2.3. Balance Rehabilitation Research Gaps

Although balance rehabilitation can improve balance performance, VRT does not
necessarily result in the individual’s full recovery of function or resolution of symptoms. In fact,
many individuals reach a functional plateau or fail to achieve complete compensation [84]-[89].
Researchers have also noted that in-home balance training without direct clinical guidance is not
as effective as in-clinic balance training due to the lack of supervision and consequent loss of
motivation [63], [90]. For instance, Kao et al. reported that more participants in a supervised
exercise program showed significantly improved clinical outcomes compared to participants who

performed the same program at home without supervision [90].

1.3. Sensory Augmentation in Balance Training

Sensory augmentation (SA) provides additional information to complement and/or
replace native sensory information from somatosensory, visual, and/or vestibular systems [91]. A
typical SA system comprises a sensor or network of sensors (motion capture, force plate, inertial
measurement unit (IMU), goniometer, etc.) to measure body motion, and a display to show body
motions and/or provide instructional cues. Typical passive motion capture systems (e.g., Vicon
[92]) comprise a set of cameras that measure the relative locations of a set of reflective markers
in three-dimensional space. The measures are accurate, and the errors are within millimeters.
After the markers are attached to the body, the motion capture system measures the
biomechanics of whole body motion such as joint angles and walking speed using a model (e.g,
Plug-in Gait model). However, the system only works in a space covered by the cameras and in
lighting conditions that allow the cameras to capture the reflective markers. Force plates (e.g.,

AMTI [93]) measure the three-axis forces applied to them. In balance-related applications, force
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plates measure the COP of body movements. When mounted on the ground, they measure
standing balance, and when mounted on treadmills, they measure gait balance. Compared to the
Vicon system, AMT]I has a more flexible space requirement, but it only measures the pressures
projected on the ground in two-dimensional space. Force plates are difficult to use during over-
ground walking, and their weight and installation requirements impede their use outside the
laboratory. IMUs (e.g., Xsens [94], APDM [95]) use accelerometers to measure three-axis
acceleration, gyroscopes to measure three-axis angular velocity, and magnetometers to measure
three-axis magnetism. In balance-related applications, an IMU can measure the angular
movements of one body segment and frequently employ an extended Kalman Filter [57];
multiple IMUs are used to measure multiple body segments. IMUs are lightweight, easily
transported, and have fewer space requirements than motion capture systems and force plates.
However, the sample frequencies of IMUs are usually less than 150 Hz, whereas both motion
capture systems and force plates can collect data at rates exceeding 500 Hz. The wires used to
connect computers and IMUs limit applications to studies involving outdoor measures or
multiple IMUs. Wireless IMUs have been developed, but the sampling frequency declines when
multiple wireless IMUs are connected. This dissertation used a wired IMU (Xsens [94]) and an
IMU embedded in the iPod Touch (Apple) to measure body sway.

Different SA modalities provide auditory, visual, electrotactile, vibrotactile, and multi-
modal cues about the movements measured by the sensor(s). The correspondences between the
cues and movements are predefined, and easily understood by the exerciser following a short
training period for standing balance-related applications [96], [97]. Auditory SA provides cues
by varying the volumes and the frequencies of the tones delivered to each ear [98], [99]. Visual

SA provides cues by showing a virtual object on a monitor, a projection canvas, or a head-
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mounted monitor in two-dimensional space [100]. Electrotactile SA delivers tactile sensations to
the tongue by passing a local electric current through it (e.g., BrainPort®) [101]-[104].
Vibrotactile SA delivers tactile sensations to the skin by using vibrations generated by small
motors (tactors) typically attached to the head, hand, torso, leg, or foot [105]. Multi-modal SA
combines two or more modalities to further enhance SA [106]. This dissertation used vibrotactile

SA to provide cues about body position and/or sway.

1.3.1. Vibrotactile Sensory Augmentation

Vibrotactile SA is widely used to deliver spatial and temporal information [107], [108].

In driving, vibrotactile displays provide drivers with navigation information [109] and serve as a
warning to help prevent collisions [110], [111]. In flying, they provide pilots with altitude
information and warning signals, and replace or reinforce visual and auditory cues [112], [113].
Vibrotactile displays have also been used to enhance physical sensations in the virtual
environment [114], [115]. Vibrotactile displays have recently been used to provide real-time cues
for specific body movements to individuals performing arm motion, balance, and gait
rehabilitation training [96], [105], [116]-[122].

Vibrotactile stimuli are sensed by mechanoreceptors in the skin. One established theory is
the four-channel theory: glabrous skin has four main types of mechanoreceptors (rapidly
adapting (RA), Pacinian corpuscle (PC), slowly adapting I and slowly adapting I1) [123]. RA and
PC channels govern the vibrotactile sensations. Skin sensitivity changes based on vibration
frequency, contact area, temperature, stimulus location, and age. Mechanoreceptors in the skin
are frequency dependent. The PC, which is the dominant mechanoreceptor for sensing vibration,

is most sensitive to stimuli around 250 Hz [124]-[126]. Skin sensitivity linearly increases when
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the contact area is under 5 cm? [125]. Skin is most sensitive to temperatures around 35 °C at the
vibration frequency of 250 Hz [127]. The anatomical locations of vibrotactile stimuli are also
important (e.g., hands, fingers, and feet are more sensitive to vibration than the forehead and
torso) [128]. Skin sensitivity decreases with aging at the vibration frequency of 250 Hz [129],
[130].

The different vibrotactile actuators that generate vibrotactile stimuli have been
categorized as [107]: linear electromagnetic actuators (e.g., C-2 tactor by EAI [131]), rotary
electromagnetic actuators (e.g., coin-style motor by Precision Microdrives™ [132]), and non-
electromagnetic actuators. In the first two categories, an electromagnet creates the vibration. The
linear actuators contain a voice coil which is a moveable permanent magnet enclosed by an
electrically conductive wire. The electrical signal applied to the voice coil varies over time to
create vibrations. The movement of the voice coil itself is linear. The rotary actuators contain an
off-center mass affixed to the output shaft. This mass continuously rotates with a constant
voltage or current. In the third category, nonelectromagnetic actuators exploit the piezoelectric
effect, where particular materials change their shapes when electrical voltage is provided.

Humans have a limited capacity to process information via each sensory system. The use
of SA to convey additional information can interfere with or become difficult to discern if a
given sensory system is “overloaded” [108]. When an overload occurs, the incidence of errors
increases [108], [133]. Since humans depend heavily on auditory and visual modalities to
perform daily activities, the use of vibrotactile SA to convey additional information is an
appealing modality. In driving, navigational instructions conveyed via tactile information are
effective because drivers depend heavily on their auditory and visual modalities to understand

the surroundings [109]. Vibrotactile displays are particularly well suited for balance and gait
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rehabilitation applications because some balance exercises require closed eyes or head
movements. For these balance exercises, the use of the visual or auditory SA may not be
applicable.

The major disadvantage of vibrotactile SA, however, is the amount of information it
provides, which is usually discrete and only triggered if certain conditions are met. Moreover,
vibrotactile SA can also be less intuitive and require more effort by the individual to learn and
interpret. For example, researchers have explored attractive and repulsive directional cuing
strategies for standing balance applications [134]. For attractive cues, individuals are instructed
to move in the direction of the vibration, and for repulsive cues, they are instructed to move in
the direction opposite from the vibration. Studies have shown that in the absence of instruction,
vibrotactile stimulation induces small (~1°) non-volitional responses in the direction of its
application location (i.e., compatible with an attractive cuing strategy) [135]-[137]. However,
another study has shown that repulsive cues yield better real-time improvements in balance
performance compared to attractive cues during their initial use; however, with additional
training, the rate of balance improvement when using attractive cues may be better than repulsive

cues [138].

1.3.2. Real-time Aid

Various SA modalities (e.g., vibrotactile [96], [119], [139]-[143], visual [100], auditory
[98], [99], electrotactile [91], [144], and multi-modal [106], [145], [146]) have been shown to
improve real-time balance performance by reducing body sway during static, dynamic, and
perturbed standing tasks for healthy young adults, healthy older adults, and in individuals with

balance disorders. Typical standing tasks include varying eye status (open/close), stance (feet
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apart/Romberg/Semi-Romberg/Tandem/Single leg), head movement (none/pitch/yaw) and
supporting surface (firm/foam/perturbed). While use of SA during gait tasks has been shown to
reduce trunk sway, it is less successful compared with the use of SA during standing balance
tasks [99], [146]-[148]. Additionally, stiffening in the coronal plane (i.e., rigid and awkward

gait) has been observed [147].

1.3.3. Rehabilitation Tool

Balance-related SA is considered an effective rehabilitation tool if reduced body sway
resulting from balance training with SA can be carried over to improved clinical outcome
measures (carry-over effects) and the balance improvements (i.e., reduced postural sway and
potential improved clinical outcome measures) can be retained when SA is no longer provided
(retention effects). Studies of individuals with balance disorders have shown that retention
effects lasted hours to days following short-term (i.e., less than 1 week) training with SA [96],
[106], [149]. Retention effects lasting weeks to months have also been demonstrated following
multi-session (i.e., more than 1 week) training with SA [85], [150], [151]. Rossi-lzquierdo et al.
found that after training with vibrotactile SA for two weeks, participants with Parkinson’s
disease had improved clinical outcomes measures (e.g., DHI, SOT) and reduced their number of
fall occurrences as carry-over effects [150]. Basta et al. found that reduced body sway was
retained in a group of people with various balance disorders who trained with vibrotactile SA,
but no such effect was observed in a group trained with erroneous SA signals [85]. Brugnera et
al. noted that after a two-week balance training program, people with vestibular disorders trained
with vibrotactile SA showed improved clinical measures (e.g., SOT, ABC) as carry-over effects,

but the participants trained with standard rehabilitation practices showed no improvement [151].
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However, most of these studies were conducted without a control group or lacked follow-up
assessments to ascertain long-term carry-over or retention effects. In Chapter 2 of this
dissertation, we studied the long-term training and retention effects for people with unilateral
vestibular disorders who trained with vibrotactile SA.

A few studies of healthy older adults have examined the retention effects of longer-term
training with SA. Video game—based in-home balance training has been shown to improve
clinical measures (e.g., maximal muscle strength, Activity-specific Balance Confidence, risk of
falling) after a minimum of five weeks of training [152]-[155]. Video game-based balance
training uses balance platforms (e.g., Wii Fit balance board) and a display screen to provide
visual cues of balance. However, the utility can be limited during balance exercises that require
closed eyes, head movements, and altered stances. Lim et al. used multi-modal SA to investigate
the effects of a two-week balance training program on 36 healthy older adults [156]. Both the
augmented group and the control group wore an SA device (SwayStar™), but only the
augmented group received SA. Participants trained on the same seven standing and gait tasks for
two consecutive weeks (3 sessions per week) and trunk sway was monitored. Both groups
showed reduced body sway during the final training session, but training with SA provided little
benefit compared to training without SA. Moreover, neither group retained sway reduction in the
post-training assessments for most tasks. However, in Lim’s study, all participants performed a
fixed set of exercises and received SA through the training, which may have limited
effectiveness. In Chapter 3 of this dissertation, we investigated the effects of long-term training

with vibrotactile SA among community-dwelling healthy older adults.
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1.3.4. Mechanism

Different hypotheses concerning the potential mechanisms of SA for balance training
applications have been proposed [97]. The dominant hypothesis holds that SA assists the CNS to
reweight the remaining, intact somatosensory, visual, and vestibular system inputs [157]. This
sensory-reweighting hypothesis is in line with the concept underlying traditional balance
rehabilitation [62], [71], [74]. The “sixth sense” hypothesis holds that the CNS incorporates SA
as a new additive input to supplement other sensory information [97]. With continued training,
the CNS learns to use the information provided by SA to control body posture. The “cognition”
hypothesis holds that the CNS processes SA as a cognitive task, which makes the individual
concentrate more on balance, but that the CNS does not adjust the sensory weights from the
intact sensory inputs [97], [142]. The “context-specific adaptation” hypothesis holds that a new
sensorimotor function develops only when SA is presented [97], [158], [159]; the body sway
reduction is a combination of volitional and non-volitional response [160], [161]. In Chapters 2
and 3 of this dissertation, we measured vestibular reliance to preliminarily investigate the

sensory reweighting mechanism.

1.4. Machine Learning

Prior work has shown that the amount of supervision can affect the efficacy of in-clinic
balance rehabilitation and in-home balance rehabilitation [63], [90]. During supervised in-clinic
balance rehabilitation sessions, exercise performance is typically assessed based on the
experience of the physical therapist [62] and/or the clinical outcome tests described in Section
1.1.4. Rating scales such as the ones developed by Keith et al. and Espy et al. can also be used by

physical therapists and patients, respectively, to assess balance performance [162], [163]. For
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example, the Espy et al.’s visual analog scale defines performance characteristics using five
levels and patients self-rate their own balance [163]. In research studies (and sometimes in
clinical treatment settings), balance exercise performance is measured by force plates/pressure
sensitive mats or wearable IMUs [57], [97]. Commonly used kinetic and kinematic metrics
include COP, RMS of body sway, EA of body sway trajectory, and PZ as mentioned in Section
1.1.4 [57], but these metrics can be difficult to interpret with respect to clinical outcome tests and
physical therapist’s subjective ratings. Machine learning (ML) techniques offer the possibility of
mapping quantitative sway parameters to the subjective ratings provided by physical therapists
for the purpose of estimating and providing expert-like assessments of patients’ performance in
the absence of a physical therapist.

ML, an evolving and promising multi-disciplinary field, develops algorithms that can
learn from and make predictions on data [164]. ML theory and methodology arose from the
fields of artificial intelligence, signal processing, and statistics. ML is widely used in computer
vision, natural language processing, economics, investing, marketing, search engines, fraud
detection, and bioinformatics [165], [166]. The techniques can be categorized as supervised
learning, unsupervised learning, and reinforcement learning [167], [168].

The recent growth in the availability of clinically relevant datasets has prompted the use
of ML techniques for clinical tasks [169]-[178]. The idea is to capture the common patterns (i.e.,
trends) in the data that correlate with the clinically relevant outcomes or disease categories.
Compared to traditional low-dimensional statistical approaches, ML uses optimization methods
to understand the complex relationships in high-dimensional settings. For example, physiological
waveform data (e.g., ECG) contain information that potentially can accurately identify an

individual’s current and future pathological states [169]. Beyond physiological signals,
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biomechanical signals captured from wearable sensors (e.g., FitBit) have used ML techniques for
applications ranging from predicting the patient’s mood to determining the types of exercise

performed [179].

1.4.1. Supervised Learning

Supervised learning, one of the most frequently studied ML frameworks, develops
functions/algorithms based on a labeled training dataset to correctly predict or classify the
unseen instances [167]. The training dataset is a set of training pairs. Each pair consists of an
input vector, an object, or a 3D volume to describe the object and assign it a unique label.
Generally, supervised learning includes classification and regression. In classification, labels are
categorical values (e.g., species of flower, classes of animal, and whether an email is a spam).
Based on the number of unique labels, the classification problems are divided into binary or
multi-class classification problems. Multi-class classification is a generalization of a binary
classification setting and as such, multi-class solutions usually use a combination of multiple
binary classifiers. Examples of classifiers include logistic regression, Naive Bayes, Fisher’s
linear discriminant, support vector machines, k-nearest neighbor, decision trees, random forests,
and neural networks. If the categorical value is derived from levels (e.g., ratings of movies on a
scale of 1-5), the labels themselves are sometimes treated as ordinal numbers and an ordinal
transformation is used. When the labels are real numbers, the supervised learning is considered
as a regression problem. The real numbers can be the size of an object, the coordination of an
object, or the miles per gallon of a vehicle. Some categorical values, like ratings, can also be

considered as real values and if so, specific rules apply to the output.
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1.4.2. Applications of Machine Learning in Balance and Gait

The most common applications of ML techniques in the posture and gait fields include
activity identification, gait pattern mining, and gait disorder detection. Given the increasing
availability and low cost of wearable sensors, activity classification (e.g., walking, running,
sitting, and lying down) has become a popular research area. Studies have achieved high
accuracy (>80%) with various supervised algorithms (e.g., support vector machines, hidden
Markov models) [179], [180]. Clustering approaches have been applied to group gait patterns
into meaningful clinical categories. Toro et al. applied hierarchical clustering to kinematic gait
data from children with cerebral palsy, and identified 13 different gait clusters organized into
three gait types [181]. Subgroups have also been identified among healthy subjects. Phinyomark
et al., who identified two distinct running gait patterns among healthy runners, suggested that
care must be taken when investigating gait pathomechanics even in healthy individuals [182].
Using IMUs as inputs to the algorithms, researchers have successfully classified gait patterns for
older adults versus people with stroke and Huntington’s disease [183], and older adults versus
people with Friedreich’s ataxia [184], thus establishing a methodological foundation for mobile-
based gait assessment tools and enhancing diagnostic acuity and the detection of gait alterations
at earlier stages of the disease. Using kinetic and kinematic data from force plates and motion
capture systems, respectively, researchers have successfully distinguished people with vestibular
deficits from healthy adults during coordination and stretching movements [185], older adults

from young adults during gait [186], and fall events ~350 ms in advance of the fall [187].
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1.5. Dissertation Aims

In this dissertation, vibrotactile SA and ML were studied as approaches for further
improving balance rehabilitation outcomes (Figure 1.1). Specifically, SA was studied to
determine whether the addition of cues regarding body orientation with respect to the gravito-
inertial vector during balance training could further enhance balance rehabilitation outcomes
compared to balance training alone among people with unilateral vestibular disorders and
community-dwelling healthy older adults. This approach was used to address the first major
research gap of incomplete recovery of balance function following balance rehabilitation. ML
was investigated as a means of providing supervision for potential in-home balance rehabilitation
in the absence of physical therapists. This approach was used to address the second major

research gap regarding the relative low efficacy of unsupervised in-home balance rehabilitation.
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Figure 1.1: The two research gaps are shown in orange and khaki. The two proposed approaches
are indicated with the blue arrows.
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Based on the two proposed approaches, this dissertation developed four aims.

Aim 1: To study whether vestibular rehabilitation therapy (VRT) with vibrotactile SA produces
added benefits for people with unilateral vestibular disorders compared with VRT alone.

Hypothesis 1.1: All participants, regardless of whether they receive vibrotactile SA or
not, will show significant postural sway reductions in standing exercises and improvements in
clinical outcome measures after completing balance training.

Hypothesis 1.2: Participants who train with vibrotactile SA will show significantly
greater postural sway reduction in standing exercises compared to those who train without
vibrotactile SA in the first week after completing training.

Hypothesis 1.3: Participants who train with vibrotactile SA will show significantly
greater improvements in clinical outcome measures compared to those who train without
vibrotactile SA in the first week after completing training.

Hypothesis 1.4: Participants who train with vibrotactile SA will continue to show
significantly greater improvements in clinical outcome measures compared to those who train
without vibrotactile SA for up to six months after completing training.

Aim 2: To study the effectiveness of long-term, home-based balance training with vibrotactile
SA compared to training without vibrotactile SA among community-dwelling healthy older
adults.

Hypothesis 2.1: Participants can use a smartphone balance trainer independently in their
homes without pain, injury, or falls.

Hypothesis 2.2: Participants can reduce real-time trunk sway by using the vibrotactile

SA provided by the smartphone balance trainer without supervision.
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Hypothesis 2.3: All participants, regardless of whether they receive vibrotactile SA or
not, will show significant improvements in clinical outcome measures after completing training.

Hypothesis 2.4: Participants who use the vibrotactile SA during home-based balance
training will show significantly greater improvements in clinical outcome measures compared to
those who train without vibrotactile SA.

Aim 3: To quantify how various factors affect participants’ reaction times to vibrotactile cues.

Hypothesis 3.1: Young adults will react faster than older adults for the same condition
(i.e., same experimental setup).

Hypothesis 3.2: Reaction times will be faster for vibrotactile stimuli at locations closest
to the cortical area; for stimuli provided by linear actuators than coin-style motors; for stimuli
with ACV generated by the vibration; for stimuli at 250 Hz than 200 Hz stimuli; for larger
contact areas; and for single-task than dual-tasks.

Aim 4: To study whether physical therapists’ assessments of balance performance can be
automatically generated by ML algorithms based on trunk sway.

Hypothesis 4.1: The agreement between predictions by the ML algorithms and physical
therapists’ assessments will be significantly higher than the agreement between participants’
self-assessments and physical therapists’ assessments.

Hypothesis 4.2: A subset of features (e.g., RMS of body sway) extracted from the trunk
sway will best predict the balance performance assessments by physical therapist.

Hypothesis 4.3: Predictions by the ML algorithms can provide accurate balance exercise

assessments in the absence of physical therapists.
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1.6. Chapter Overview

Chapter 2, Vestibular rehabilitation therapy with vibrotactile sensory augmentation for
people with unilateral vestibular disorders, describes a randomized controlled experiment to
understand whether the long-term training with vibrotactile SA produces additional benefits
compared to training without vibrotactile SA. The experiment consists of a six-week training
regimen (3 sessions per week), and five balance performance assessments (prior to the start of
the training, midway through the training, and one week, one month, and six months after the
end of the training). The results suggest that training with vibrotactile SA led to additional body
sway reduction for balance exercises with head movements, and retention of the improvements
for up to six months. Training with vibrotactile SA did not lead to significant additional
improvements in most of the clinical outcomes except for the Activities-specific Balance
Confidence scale.

Chapter 3, Home-based balance training with vibrotactile sensory augmentation for
community-dwelling healthy older adults, describes a randomized controlled experiment to
understand whether long-term, in-home training with vibrotactile SA produces additional
benefits compared to training without vibrotactile SA. This chapter introduces the smartphone
balance trainer developed to support in-home balance training with vibrotactile SA. The
experiment consists of an eight-week training regimen (3 sessions per week) and three balance
performance assessments (prior to the start of the training, midway through the training, and
approximately one week following the end of the training). The results suggest that a subset of
the clinical outcome tests including SOT and Mini-BESTest were further improved by the use of

SA and indicated the feasibility of telerehabilitation therapy with a smartphone balance trainer.
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Chapter 4, Quantitative effects of various factors on reaction time to the vibrotactile
stimuli, describes a study focused on quantifying participants’ reaction times to typical
vibrotactile stimuli parameters and assessing the relative importance of the factors on reaction
time. The results showed that auditory cues generated by the tactors, vibration frequency,
number of tactors in the same location, and tactor type had relatively small effects on reaction
times (<50 ms), whereas stimulus location aging, and secondary cognitive task had relatively
large effects. The results can be used to inform the design of vibrotactile displays.

Chapter 5, Machine learning approach to automatically evaluate the performance of
balance rehabilitation exercises, describes a preliminary study to develop a machine learning
algorithm-based system that maps body sway data to the balance assessment ratings provided by
physical therapists during balance rehabilitation training. The results showed that agreement
attained between the proposed support vector machine classifier and physical therapist ratings
was superior to the agreement attained between the participants’ and physical therapist’ ratings.
The results suggest that ML algorithms may be viable for supporting the exercise progression of
in-home balance training in the absence of a physical therapist.

Chapter 6, Discussion, summarizes the findings, discusses the contributions, implications,

limitations of this research, and recommends future work.
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Chapter 2 Effects of Long-term Vestibular Rehabilitation Therapy with Vibrotactile

Sensory Augmentation for People with Unilateral Vestibular Disorders

2.1. Introduction

From 2001 through 2004, approximately 35% of Americans age 40 years and older
experienced some form of vestibular dysfunction, which is equivalent to approximately 16
million new vestibular patients per year [1]. People with vestibular disorders have increased
dizziness, reduced postural control, increased fall risk and fear of falling, increased interruptions
of daily activities, and the need for additional sick leave or medical consultation [2]-[4]. They
also experience more anxiety and depression than people without vestibular disorders [5]. People
with unilateral vestibular disorders (UVD) tend to fall toward the affected side during balance
and gait exercises [2]. They often experience dizziness and instability while moving their heads
or walking within dark environments. Vestibular rehabilitation therapy (VRT) is widely
prescribed to reduce dizziness and improve balance control [6]-[15]. VRT is an exercise-based
program that includes four major types of exercises to facilitate central compensation: gaze
stability exercises, balance exercises, habituation exercises and walking for endurance [13].
During VRT, physical therapists tailor the exercises to the individual to optimize the

effectiveness of VRT. [16]. However, VRT does not always result in a full recovery of function
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or complete resolution of symptoms; individuals may reach a plateau or fail to achieve complete
compensation [17]-[22].

Sensory augmentation (SA), which has been widely explored in the last few decades,
provides additional cues to augment/substitute with intact sensory inputs from somatosensory,
visual and vestibular systems [23]. Typical SA devices have one or multiple sensors that measure
body motion and a wearable display that provides instructional cues (e.g., vibrotactile [24]-[30],
visual [31], auditory [32], [33], electrotactile [23], [34], and multi-modal [35]-[37]). It has been
demonstrated that body sway during balance tasks can be reduced in a real-time manner when
SA is provided [23]-[37]. It is important to better understand whether the reduction of body
sway with the use of SA is carried over to improved clinical outcomes (carry-over effects) and
whether postural sway reduction and potential clinical outcome improvements are retained
during subsequent long-term assessments (retention effects).

Previous studies found that body sway reductions were retained for hours to days
following short-term (i.e., less than one week) balance training with SA [24], [34], [37], but a
few studies investigated changes in body sway or clinical outcomes following multi-session (i.e.,
more than 1 week) training with SA [18], [19], [22], [38]. Basta et al. demonstrated reduced
body sway and improved clinical outcome measures (e.g., Sensory Organization Test (SOT) and
Dizziness Handicap Inventory (DHI)) in people with vestibular disorder who trained with
vibrotactile SA over a two-week (i.e., ten-session) training program (carry-over effects), but
observed no such effect in their placebo group training with a sham device which generated
random SA cues [18]. Further, the balance improvements were retained at the three-month
follow-up assessment (retention effects) [18]. Similarly, Barros et al. showed improved SOT

scores among people with bilateral vestibular loss following a two-week (i.e., six-session)
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balance training program with electrotactile SA (carry-over effects) [22]. Robinson et al. found
that after 12 months of balance training with electrotactile SA, a participant with bilateral
vestibular disorders improved balance-related outcome measures (SOT, Dynamic Gait Index
(DGI)) after previously completing VRT (carry-over effects) [19]. However, none of these three
studies included a control group that trained without SA. Brugnera et al. found that after a two-
week VRT program people with vestibular disorders who trained with vibrotactile SA had
improved clinical measures (e.g., SOT and Activities-specific Balance Confidence (ABC) scale)
(carry-over effects), but participants who trained without vibrotactile SA showed no significant
improvements [38]. No further assessments were conducted to investigate potential retention
effects after VRT. In summary, previous studies found balance improvements when balance
training was supplemented with SA, but they did not include a control group or conduct follow-
up assessments.

The aims of this study were to investigate whether a course of six-week VRT training
program (including standing, gait and Vestibular Ocular Reflex (VOR) gaze stabilization
exercises) with vibrotactile SA leads to additional body sway reduction and clinical outcome
improvements (carry-over effects) compared with VRT alone among participants with UVD who
had previously completed the VRT program, and whether balance improvements are retained for

up to six months after VRT (retention effects).

2.2. Methods
2.2.1. Participants
Sixteen people with UVD were recruited for study eligibility assessment by physical

therapists and via flyers at the University of Pittsburgh Medical Center. A neurologist diagnosed
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the participants with UVD based on presence of a reduced vestibular response greater than or
equal to 24% on caloric testing. Participants were excluded if they had confounding neurologic
or neuromuscular disorders, known pregnancy, recent lower extremity fractures/severe sprains
(within the last six months), previous lower extremity joint replacement, incapacitating back or
lower extremity pain, were unable to stand for three minutes without rest, if their bodies were too
large for experimental equipment (waist circumference of > 50 inches; 290 pounds), or if they
had a Montreal Cognitive Assessment score of less than 26 points. Seven referrals were excluded
because of low Montreal Cognitive Assessment scores. All participants completed a standard
VRT prior to enrollment. After enrollment, participants were randomly assigned to an
experimental group (EG) or a control group (CG). Participants in the EG received supervised
VRT combined with vibrotactile SA (except for gait exercises), and participants in the CG
received supervised VRT without vibrotactile SA. The study was conducted at the University of
Pittsburgh Medical Center. One participant in the CG dropped out because of an orthopedic
injury unrelated to the study. In total, four participants in the EG (68.1+7.5 yrs, one male) and

four participants in the CG (63.1+11.3 yrs, one male) completed the study as shown in Table 2.1.

Table 2.1: Demographic information of the participants with UVD who completed the study

ID | Age | Gender Time enrolled post 1st course of VRT Group Designation
1 64 M 56 months Control

2 47 F 8 months Control

3 67 F 3 months Control

4 68 F 23 months Experimental

5 63 F 144 months Experimental

6 79 M 3 months Experimental

7 74 F 54 months Control

8 63 F 37 months Experimental
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All participants gave written informed consent and the study was conducted in
accordance with the Declaration of Helsinki. The study protocol was reviewed and approved by

the University of Pittsburgh Institutional Review Board (PR0O13020399).

2.2.2. Protocol

Participants completed a 6-week, 18-session VRT training program with five assessment
sessions as shown in Figure 2.1. The assessments were performed before training, midway
through training, one week after the training, one month after the training, and six months after

the training.

Assessed for eligibility (n = 16)

Not meeting inclusion
3 " criteria (n=7)
Randomized (n=9)

:
' !

Allocated to experimental group (n=4) Allocated to control group (n=5)

v '

Pre-training Assessments (n=9)

! |

Nine-session Balance Training with SA (n=4) Nine-session Balance Training without SA (n=5)

—>| Dropped out (n=1) |

Mid-training Assessments (n=8)

! v

Nine-session Balance Training with SA (n=4) Nine-session Balance Training without SA (n=4)

! !

1-week Post-training Assessments (n=8)

v v

1-month Post-training Assessments (n=8)

! !

6-month Post-training Assessments (n=8)

Figure 2.1: Study protocol consists of five assessment sessions (highlighted in green) and two
nine-session rehabilitation balance training blocks (highlighted in orange).
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A physical therapist, who was blinded to participants’ group assignments, assessed each
participant’s balance. The assessment included a battery of clinical tests and five standing
balance exercises. Clinical tests included 1) ABC Scale [39], [40], 2) DHI [41], 3) Computerized
Dynamic Posturography: SOT [42], 4) Mini Balance Evaluations Systems Test (Mini-BESTest)
[43], 5) Functional Reach Test (FRT) [44], 6) Gait Speed Test [45], 7) Timed Up and Go (TUG)
[46], 8) DGI [47], and 9) Functional Gait Assessment (FGA) [48]. Using the results from the six
SOT conditions, we calculated the individuals’ reliance on the somatosensory input (ratio of
SOT conditions 2 score to the SOT condition 1 score), visual input (ratio of SOT conditions 4
score to the SOT condition 1 score), and vestibular input (ratio of SOT conditions 5 score to the
SOT condition 1 score) to maintain postural stability [15], [49].

The five standing balance exercises, shown in Table 2.2, were selected from a recently
published conceptual progression framework at the easy to moderate difficulty level [16].
Specifically, Exercises 1-4 disturbed or removed one or more of the sensory inputs by varying
visual inputs, stance, head movements and standing surface. Exercise 5 is a VOR gaze
stabilization exercise. Each participant performed each exercise three times (i.e., three trials), and
each trial lasted for 30 seconds or to the point of loss of balance. Trunk sway in anterior/posterior
and medial/lateral directions was recorded. Balance performance was evaluated by three
kinematic metrics including the root-mean-square (RMS) of trunk sway, percentage time within
a one-degree zone (PZ), and the elliptical area fit of trunk sway (EA). Lower RMS, lower EA,

and higher PZ indicate better balance performance [24], [50], [51].
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Table 2.2: Five standing balance exercises were selected to measure postural stability [16].
Exercise 1 | Feet apart stance on firm surface with eyes closed

Exercise 2 | Romberg stance on firm surface with eyes closed and pitch head movements
Exercise 3 | Romberg stance on foam surface with eyes open

Exercise 4 | Semi-tandem Romberg stance on foam surface with eyes open

Feet apart stance on firm surface with VOR gaze stabilization (maintain a clear
and steady gaze on a fixed target while moving their head horizontally)

Exercise 5

Before and after each balance training session, participants performed two normalization
exercises without SA. Each exercise was performed twice. During the training session,
participants performed exercises from the six categories (firm surface standing, compliant
surface standing, weight shifting, modified center of gravity by raising arms, gait, and VOR
exercises) as shown in Table 2.3. For the weight shifting category, all participants were asked to
shift their weight to the target tilt value in either the forward or rightward direction and hold their
position for five seconds. Then, they were asked to shift their weight to the target tilt value in
either the backward or leftward direction and hold their position for five seconds. For the VOR
exercise category, participants completed either VOR x1 or VOR x2 gaze stabilization [13], [16].
For VOR x1, participants were asked to maintain a clear and steady gaze on a target while
moving their head 30 degrees horizontally or vertically at the fastest speed possible. For VOR
x2, they were asked to maintain a clear and steady gaze on a target while moving their head and

the target in opposite directions (30 degrees vertically or horizontally).
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Table 2.3: Exercise pool adapted from a recently published conceptual progression framework
[16]. (* exercises where EG received vibrotactile SA; T weight shifting limits were pre-
determined, the maximum limits were 6 deg., 3 deg., 3.5 deg. and 3.5 deg. in the forward,
backward, rightward, and leftward directions, respectively; the medium limit was half of
maximum limit)

Category Variables
1 Standing on Eyes (open/closed), stance (feet apart/Romberg/semi-tandem-
firm surface* | Romberg/tandem/single leg), head movement (none/yaw/pitch)
5 Standing on Eyes(open/closed), stance (feet apart/Romberg/semi-tandem-
foam surface* | Romberg/tandem), head movement (none/yaw/pitch)
Weidht Eyes (open/closed), standing surface (firm/foam), shifting limit
3 shi ft?n - (medium/max)T, shifting speed (fast/slow), shifting direction
g (forward—backward/right—left)
Modified .
Eyes(open/closed), stance (feet apart/Romberg/semi-tandem Romberg),
center of Sh ) .
4 C weight in hand (none/light/heavy), arm raising speed (fast/slow), surface
gravity* (arm ) A .
. o (firm/foam/ramp inclined 10 degrees/ramp declined 10 degrees
raises to 90°)
5 Gait Eyes (open/closed), type of walking (normal, tandem, backward), head
movement (none/yaw/pitch), walking speed (self-selected, fast slow)
Gaze Type of VOR (x1#/x2#), stance (feet apart/Romberg/semi-tandem
6 Stabilization | Romberg/tandem), standing surface (firm/foam), distance to target
VOR* (Im/3m), background of target (white/complex)

During each balance training session, participants performed one exercise from each of
the six categories. Each exercise was performed six times (i.e., six trials). Trunk sway data was
monitored by a customized SA device, which is detailed in the next section. Participants
performed each exercise trial for 30 seconds, except for those in the weight shifting category.
The physical therapist manually stopped the exercise if a participant needed to step out of
position to maintain balance. For all exercise categories except for the gait category, vibrotactile
SA was provided to the EG. Vibrotactile SA was provided in four randomly selected trials out of
the six trials per exercise to enhance motor learning [52]. For all exercise categories, vibrotactile
SA was not provided to the CG. Details of the SA device are described in the next section.

After each exercise, the physical therapist rated the participants’ balance performance on

a scale of one to five adapted from the Functional Independence Measure [53] as described in
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Table 2.4. The physical therapist determined the set of exercises in the next training session
using a recently published conceptual progression framework [16], participants’ ratings of the
performed exercises, and clinical judgment. The treating physical therapist was blinded to

participants’ pre-training and mid-training balance assessments.

Table 2.4: Balance performance scale adapted from the Functional Independence Measure [53]
Scale | Description

1 Independent with no sway

Supervision with minimal sway

Close supervision with moderate sway

Require physical therapist’s assist (or step out) after 15 seconds
Unable/falls with immediate assist/step out

g~ winN

2.2.3. Instrumentation

The customized SA device shown in Figure 2.2 included an inertial measurement unit
(IMU, MTx by Xsens), four C-2 tactors (EAI Inc), a tactor controller unit (EAI Inc), a belt, a
laptop (Dell Inc), and customized software written in C++. The IMU was placed on the back and
the four tactors were placed on the front, back, left, and right sides of the torso at the L4/L5
level. The IMU’s three-axis accelerometer and gyroscope were used to measure the acceleration
and angular velocity with a sampling frequency of 100 Hz. All data were sent to the laptop to
calculate trunk tilt and tilt rate in anterior/posterior and medial/lateral directions in real time.
Trunk tilt plus half of the tilt rate was compared with a pre-set threshold to determine when to
provide vibrotactile SA for firm surface standing, compliant surface standing, modified center of
gravity by raising arms, and VOR exercises [24], [25], [54]. For the weight shifting exercises,
only trunk tilt was used to determine when to provide vibrotactile SA. The pre-set thresholds
were determined in pilot testing by experienced physical therapists who had completed multiple

pilot trials for each exercise. Customized software displayed the trunk motion and tactor
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activation information on the laptop screen. It also enabled the physical therapist to select
individual exercises for each participant. The software was loaded with the preset tactor
activation thresholds and randomized the vibrotactile SA trials for the EG participants. The

participants did not see the screen.

Tactor Controller

Figure 2.2: The customized sensory augmentation device included an inertial measurement unit
(IMU), four C-2 tactors, a tactor controller unit, a belt, a laptop, and customized software.
2.2.4. Statistical Analysis

The differences between the EG and CG at the pre-training assessment were tested using
an independent samples two-tailed student’s t-test. Linear mixed effect models were used to
analyze balance improvements and their persistence after the VRT training. The fixed factors
were the group (EG, CG), assessment session (pre-, mid-, one-week post-, one-month post- and
six-month post-training) and their interactions. The random effect was the difference among
individual participants. For the kinematic metrics (RMS, PZ, and EA), three repeated exercise
trials were averaged since there is no significant difference among the trials by using linear
mixed effect models with trial as a fixed factor. The significance level was set at 0.05. All

statistical analyses were performed in R (https://www.r-project.org). Due to the relatively small
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sample size, the minimal detectable change (MDC) for some clinical outcome measures was

used to determine whether the observed improvements achieved clinical significance [55].

2.3. Results

There were no statistical differences between the EG and CG in gender, age, clinical
outcome measures, and standing balance exercise performance at pre-assessment.

The results of the clinical outcome measures are shown in Figure 2.3. There were
significant main session effects (regardless of group) for SOT, FRT, and gait speed at the mid-
training assessment (p<0.05, p<0.05, p<0.01); for SOT, FRT, and FGA at the 1-week post-
training assessment (p<0.05); for SOT, gait speed, DGI, FGA and Mini-BESTest at the 1-month
post-training assessment (p<0.01, p<0.05, p<0.001, p<0.001, p<0.05); and for SOT, DGI, Mini-
BESTest at the 6-month post-training assessment (p<0.01, p<0.05, p<0.05). For the ABC scale,
there was a significant interaction effect during the 1-week and 6-month post-training
assessments (p<0.05); specifically, the ABC scores for the EG increased and the ABC scores for
the CG decreased. For the SOT, one participant in both the EG and CG achieved an MDC of 8
points [56] in the follow-up assessments. For the Mini-BESTest, one participant in the EG
achieved an MDC of 3.5 points [57], but no participants in the CG achieved this MDC in the

follow-up assessments.
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Figure 2.3: Results of clinical outcome measures for eight participants with UVD. Horizontal
lines and shaded areas denote the mean pre-training assessment values and standard errors of the
means, respectively. Columns and error bars denote the mean mid-training (Mid), 1-week (1wk),
1-month (1mo), and 6-month (6mo) post-training assessment values and standard error of mean.
An asterisk denotes the significant main session effects, and a hash mark denotes the significant
interaction effects between groups and sessions.

Balance performance outcomes for the five standing balance exercises are shown in
Figure 2.4. Due to time constraints, Participant # 8 in the CG did not perform the balance

exercises at the 6-month post-training assessment. For Exercises 1, 3, and 4, there were no
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significant main session effects or interaction effects. For Exercise 2, there were significant
increases (regardless of group) for the PZ metric at the mid-training assessment regardless of
group (p<0.05). At the 1-week and 6-month post-assessments, there were significant interaction
effects for the RMS and EA metrics (p<0.05); the EG showed improvements while the CG
performed worse compared to the pre-training assessment. For Exercise 5, there were significant
interaction effects for the RMS and EA metrics at the 1-week post-training assessments (p<0.05);
the EG showed improvements while the CG performed worse compared to the pre-training

assessment.
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Figure 2.4: Results of five standing balance exercise performance for eight participants with
UVD. Horizontal lines and shaded areas denote the mean pre-training assessment values and
standard errors of the means, respectively. Columns and error bars denote the mean mid-training
(Mid), 1-week (1wk), 1-month (1mo), and 6-month (6mo) post-training assessment values and
standard error of mean, respectively. An asterisk denotes the significant main session effects, and
a hash mark denotes the significant interaction effects between groups and sessions. Lower
RMS, lower EA, and higher PZ indicate better balance performance.
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2.4. Discussion

This study investigated balance improvements after an 18-session VRT training with and
without vibrotactile SA, and the persistence of balance improvements for up to six months after
completion of training. Compared to previous studies with SA, this study’s unique
methodological procedures, including reduced feedback frequency, customized exercise
programs, customized thresholds, and a longer training period were designed to optimize
functional recovery [18], [52].

Notably, the training with SA led to significantly greater improvements than training
alone for the ABC scale and two standing balance exercises (i.e., Exercise 2: Romberg on firm
surface with eyes closed and pitch head movements, and Exercise 5: feet apart on firm surface
with VOR gaze stabilization) at the one-week post-training assessment. Moreover, the difference
between the two groups was still observed at the one-month and six-month post-training
assessments, but the significance was only observed for the ABC scale and Exercise 2 at the six-
month post-training assessment.

For the ABC at the one-week post-training assessment, the EG’s ABC score improved by
5.3 points and the CG’s ABC score got worse by 5.5 points. Our findings are similar to a
preliminary study by Brugnera et al., which reported that the EG and CG gained balance
confidence by approximately 20 points and 11 points, respectively [38]. However, the extent of
the improvements and changes in balance confidence were not equivalent. The differences could
be due to the diagnoses of participants and their pre-training performance. In the study by
Brugnera et al., most of the participants were diagnosed with bilateral vestibular disorders, and
the pre-training measures of ABC were lower than our study (69 points vs 74 points for the EG

and 59 points vs 74 points for the CG).
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The primary differentiator between the standing balance exercises where there was a
significant group difference (i.e., Exercises 2 and 5) and the standing balance exercises where
there was no significant group difference (i.e., Exercises 1, 3 and 4) is the presence of head
movements. This suggest that training with SA may be more effective at improving postural
stability during activities that incorporate dynamic head movements. Given that the EG exhibited
larger increases in vestibular reliance values, its participants may have been able to maintain
better balance during the balance exercises that challenge the vestibular system. In addition,
Exercise 5 was a VOR-based exercise; training with SA may have helped the participants to
utilize vestibular inputs to control balance during the dynamic tasks [58].

We found that training with SA led to larger increases than training alone for the SOT,
Mini-BESTest, gait speed, DGI, and FGA at the one-week post-training assessment, although
there was no significant difference for these tests (p = 0.07 for the Mini-BESTest). The
differences between the two groups were still observable for the Mini-BESTest, DGI and FGA at
one-month and six-month post-training assessments. The small sample size in this study may
have caused the lack of significance. Furthermore, for the gait-related measures (i.e., gait speed,
DGI, FGA, and TUG), the lack of significant differences between the CG and EG may also be
attributed to the lack of vibrotactile SA provided during gait exercises for the EG, i.e., neither
group received SA during gait exercises. The difference between the two groups may have
resulted from the carry-over effects of the standing balance training, since standing stability and
locomotor performance can be highly related [59].

For the SOT, Basta et al. found that the average change after training with vibrotactile SA
was approximately 7 points for the SOT for people with UVD [18], which is slightly smaller

than the improvement in our study (9.3+3.3 points). There are differences between the training
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period and training exercises between our study and the study by Basta et al., i.e., their study had
10 training sessions and six exercises, whereas our study included 18 training sessions and a
customized exercise progression prescribed by a physical therapist using a progression protocol
[18]. Based on the results of earlier studies, a longer training period and customized exercise
progression might lead to greater improvements [18], [60].

When the sensory systems are intact, balance is properly maintained by the feedback
mechanism that the central nervous system weights the intact sensory inputs from
somatosensory, visual and vestibular systems [61]. During VRT, the gaze stability and balance
exercises are specifically designed to disturb or remove one or more of three sensory inputs and
promote their sensory reweights [15], [13], [16]. Aligned with this, one of the hypotheses for
balance improvements after training with SA is that the use of an additional channel of
information may facilitate the ability to reweight the intact sensory inputs and achieve better
balance performance [62], [63]. In our study, calculating the vestibular reliance values from the
SOT protocol showed that the training with SA led to a larger increase for the vestibular reliance
than training without SA. Badke et al. demonstrated a significant improvement (~0.19 on
average) for the vestibular reliance among people with peripheral vestibular dysfunction after the
completion of VRT [15], but in our study the CG who received VRT alone showed no such
improvements. A possible explanation is the participants in our CG had already completed a
standard VRT beforehand, thus may have reached a functional plateau. On the other hand, the
participants in our EG were still able to achieve an increase with the use of SA despite
completing the standard VRT prior to our study. This latter finding suggests that training with

SA may induce the central nervous system to weigh the remaining functional vestibular inputs
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higher compared to training without SA, which may have provided support for the sensory-
reweighting mechanism hypothesis.

Overall, the VRT training with vibrotactile SA may provide added benefits (i.e., body
sway reduction and carry-over functional improvements) than training alone, which may be
retained up to six months after training. These findings suggest that the use of vibrotactile SA
may also be used as a rehabilitation tool to enhance the VRT for people with UVD. The
participants in our study were limited to those who had normal motor and cognitive function
(e.g., could stand for three minutes without rest; no lower extremity join replacement; no back or
lower pain). However, it is not clear whether our findings can be generalized to all people with
UVD.

This study has two limitations. First, the sample size was small. The required 18 visits
spread across six consecutive weeks and the post-training assessments for up to six months after
completing the program made it difficult to recruit more participants. Several studies
investigated home-based balance training with SA [64]-[68]. Jorgensen et al. and Whyatt et al.
demonstrated that video game-based training with the Nintendo Wii board improved ABC scores
and reduced body sway among older adults [64], [65]. In these studies, participants performed
balance exercises while playing video games. Recently, Bao et al. demonstrated that home-based
balance training with vibrotactile SA led to greater improvements in the SOT and Mini-BESTest
scores than training without SA among older adults [68]. The smart phone balance trainer
developed by Bao et al. provided vibrotactile SA to the exerciser and allowed the physical
therapist to prescribe and monitor the exercises remotely [68]. Developing VRT with SA and
built-in real time therapeutic support for in-home use is an attractive alternative for people with

UVD who cannot attend training sessions in clinics. Second, vibrotactile SA was not provided to
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the EG during gait exercises. To date, only a few studies have investigated the use of vibrotactile
SA during gait exercises [54], [63], [69]; therefore, we suggest developing useful feedback

strategies to support locomotor-based balance training as a logical extension of our research.

2.5. Conclusion

VRT with vibrotactile SA introduced additional benefits for ABC scale and balance
exercises with head movements than VRT without SA. Real-time body sway reduction during
training with SA may carry over to improved clinical outcome measures, and the improvements
may be retained for up to six months after the completion of VRT with SA. Vibrotactile SA may

further rehabilitation outcomes when combined with standard VRT.
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Chapter 3 Effects of Long-term Balance Training with Vibrotactile Sensory
Augmentation among Community-dwelling Healthy Older Adults: A Randomized

Preliminary Study

3.1. Background

Age-related deterioration of sensory function, inefficient integration of sensory systems,
and reduced muscle strength contribute to decreased balance performance in older adults [1]-[3].
Degradation of balance performance increases fall risk [4]-[6] and fear of falling [7], and
inhibits mobility, thereby reducing independence and quality of life [8], [9].

Exercise-based rehabilitation programs are effective for improving balance performance
in community-dwelling older adults [10]. Typical regimens emphasize building strength and
stamina to counteract musculoskeletal degeneration, and balance training to isolate and challenge
the somatosensory, visual, and vestibular systems [10], [11]. In particular, balance training
leverages the ability of the central nervous system to “reweight” functioning sensory inputs [12].
Clinic-, group-, and home-based balance training programs guided by clinicians and lasting four
to twelve weeks have yielded significant improvements in clinical outcome measures (e.g.,
Sensory Organization Test, Timed Up-and-Go) corresponding directly to reductions in fall rate,
occurrence, and risk, and maintenance of social and physical activity [13]-[16]. Training

programs without direct clinical guidance, however, are less effective [17], [18]. Kao et al.
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reported that more participants in a supervised exercise program group improved clinically
significant outcomes than those performing the same exercises at home without supervision [17].
Lacroix et al. showed that a 12-week supervised balance and strength training program improved
static, dynamic, proactive, and reactive measures of balance more than an unsupervised program
in healthy older adults [18]. These studies suggest that monitoring performance and providing
feedback during balance and strength training may improve program efficacy.

Sensory augmentation (SA) provides additional information to complement and/or
replace native sensory input from the somatosensory, visual, and/or vestibular systems [19]. SA
systems for balance applications typically employ one sensor or a network of sensors (e.g.,
motion capture, force plate, inertial measurement unit, goniometer) to measure body motion, and
a display to communicate body motion and/or provide instructional cues. Most studies of
balance-related SA have explored real-time usage applications as an assistive device in lieu of
the somatosensory contact cues provided by a cane or walker to the fingertips [19]-[34]. During
real-time use, it is hypothesized that the central nervous system incorporates SA as an additive
input, supplementing other sensory information [22], [35], [36]. In individuals with balance
deficits, healthy young adults, and healthy older adults, various SA modalities (e.g., vibrotactile
[23]-[29], visual [30], auditory [31], [32], electrotactile [19], [37], and multi-modal [33]) have
been shown to improve real-time balance performance by reducing body sway during static,
dynamic, and perturbed standing tasks. While use of SA based on trunk sway during gait tasks
(e.q., tandem walk, straight walk) has been shown to reduce trunk sway, the effects are limited
[32], [38]-[40].

In addition to real-time assistive device applications, SA may be useful as a rehabilitation

tool during traditional balance training. It is hypothesized that cues from SA may facilitate the
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central nervous system in “reweighting” sensory inputs during training to improve balance
ability [22], [41]. To evaluate whether SA devices can be used as rehabilitation tools, it is

important to analyze whether balance improvements observed during training persist after
training is completed and SA is not provided.

Prior studies have shown that post-training improvements persist hours to days following
short-term (i.e., less than 1 week) training with SA [23], [33], [42] and on the order of weeks to
months following multi-session (i.e., more than 1 week) training with SA for people with
balance deficits [43]-[45]. Rossi-lzquierdo et al. showed that after two weeks of exercise
training with vibrotactile SA, people with Parkinson’s disease reduced trunk sway on trained
exercises and demonstrated improved clinical outcome measures (e.g., Dizziness Handicap
Inventory, Sensory Organization Test) [43]. Furthermore, these improvements persisted three
months after training [43]. Basta et al. reported similar improvements in a group of people with
various balance disorders trained with vibrotactile SA, but found no such effect in a group
trained with erroneous SA signals [44]. Brugnera et al. found improved clinical balance
measures (e.g., Sensory Organization Test, Activities-specific Balance Confidence) among
people with vestibular disorders following two weeks of balance training with vibrotactile SA,
but found no improvements among participants trained following standard rehabilitation
practices [45].

Limited studies have examined balance improvements after longer-term training with SA
among healthy older adults. Video game—based in-home balance training was shown to improve
clinical measures (e.g., maximal muscle strength, Activity-specific Balance Confidence, risk of
falling) shortly after a minimum of five weeks of training [46]-[49]. However, video game—

based balance training typically requires a balance platform (e.g., Wii Fit balance board) and a
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display screen to provide visual cues, which can limit its utility during balance exercises that
require closed eyes, head movements, and altered stances. Lim et al. used multi-modal SA to
investigate balance improvements after a two-week balance training program involving 36
healthy older adults [50]. All participants wore a SA device (SwayStar™), but only the
experimental group received SA. Participants’ trunk sway was monitored as they trained on the
same seven standing and gait tasks for two consecutive weeks (3x/week). Both experimental and
control groups showed reduced body sway during the final training session, but training with SA
provided little benefit over training alone. For most tasks, sway reductions did not persist in
either group to immediate and one-month post-training assessments. However, given that
balance training is most effective following longer training periods (i.e., up to 12 weeks [16]),
balance improvements and the persistence of the potential improvements between the groups
may not have been realized given the relatively short training period.

To understand the efficacy of SA as a rehabilitation tool among community-dwelling
older adults, this preliminary study investigated balance improvements after long-term (eight
weeks) balance training with and without SA. We hypothesized that all participants would show
improved clinical outcome scores after training, but that participants receiving SA would show

greater improvements.

3.2. Methods
3.2.1. Participants

Twelve community-dwelling healthy older adults were recruited to participate following
a screening session. The sample size was partially informed by single day sensory augmentation

study findings [23], [33], [51]. Participants in the greater Ann Arbor, MI area were recruited via
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flyers and online advertisements on the website umhealthresearch.org. The recruiting period
started in 2014 and ended in 2016. Participants were eligible for inclusion if they were 65-85
years of age; medically stable; scored more than 26 points on the Montreal Cognitive
Assessment; could stand unassisted for ten minutes; reported balance concerns (>1 confirmative
answer to balance perception questions, e.g., fear of falling, falls in the past year, losses of
balance in the past 12 months, balance ratings > 2 on a five-point scale, Figure 3.2); and could
walk the distance of a city block without using an assistive device. Participants who had
sustained a fall that required hospitalization or serious injury, had severe uncorrected vision or
hearing loss, had a lower extremity fracture or sprain in the last six months or previous lower
extremity joint replacement, had a history of a neurological condition (e.g., Parkinson’s disease,
multiple sclerosis, stroke), had motion-provoked vertigo or diagnosed vestibular deficit, or had a
body mass index larger than 30 kg/m? were excluded.

The twelve participants were randomly assigned to the experimental group (EG) or
control group (CG) before pre-training assessments with a one-to-one allocation ratio. The EG (n
=6, 76.2 + 5.5 yrs, 1 male/5 females) received vibrotactile SA during the training, while the CG
completed the training without vibrotactile SA (n = 6, 75.0 + 4.7 yrs, 3 males/3 females). The
study team randomized the participant assignments by blindly drawing sealed slips of paper with
group designations. The first two participants were randomized in one block and the following
ten participants were randomized in a second block. All participants gave written informed
consent and the study was conducted in accordance with the Declaration of Helsinki. The study
was reviewed and approved by the University of Michigan Institutional Review Board

(HUMO00086479).
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3.2.2. Protocol

The experimental protocol, as shown in Figure 3.1, comprised pre-training assessment
with clinical balance testing (CBT), eight-week in-home balance training, mid-training
assessment with CBT after four-week training, and post-training assessment with CBT. In-home
balance training started within a week of the pre-training assessment and the post-assessment

was completed within one week after training.

N
Pre-training 4-week in-home Mid-training 4-week in-home Post-training
CBT balance training CBT balance training j CBT

Figure 3.1: Study protocol includes three clinical balance testing (CBT) sessions and eight weeks
of in-home balance training.

CBT, which included eight clinical outcome measures to evaluate balance and gait
performance, was completed in the clinical setting by a physical therapist blinded to the
participants’ study group assignment (vibrotactile SA was not provided during CBT):

1) Activity-specific Balance Confidence (ABC, out of 100) [52]: Identifies an individual’s
subjective measure of confidence in performing balance related activities of daily living.
An ABC score of less than 67 indicates an increased risk for falling [53].

2) Computerized Dynamic Posturography: Sensory Organization Test (SOT) protocol [54]:
Assesses an individual’s ability to use their somatosensory, visual, and vestibular systems
to maintain postural stability during static standing, measured by SOT composite score.
Somatosensory, visual and vestibular reliance are calculated based on the SOT to

evaluate the reliance on each sensory system as shown below.

SOT condition 2
SOT condition 1

Somatosensory Reliance = Equation 3-1
SOT condition 4
SOT condition 1

Visual Reliance = Equation 3-2
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3)

4)

5)

6)

7)

8)

SOT condition 5
SOT condition 1

Vestibular Reliance = Equation 3-3
Mini Balance Evaluations Systems Test (Mini-BESTest) [55]: Uses 14 items to capture
anticipatory postural adjustments, reactive postural control, sensory orientation, and
dynamic gait performance. The Mini-BESTest was measured with two scoring systems:
total score of 28 points (MiniBESTest28) uses the lower score of the left and right sides
for unilateral balance tasks; total score of 32 points (MiniBESTest32) uses the cumulative
score of both sides.

Five Times Sit to Stand Test (5XSST) [56]: Tests dynamic activity of functional lower
limb muscle strength and change of transitional movements, measured in seconds. In
older adults, a 5xSST duration equal to or greater than 12 seconds indicates a need for
additional fall assessment [57].

Four Square Step Test (FSST) [58]: Assesses the ability to step over objects forward,
sideways, and backwards, measured in seconds. FSST duration greater than 15 seconds
for older adults indicates an increased risk for multiple falls [58].

Functional Reach Test (FRT) [59]: Assesses stability by measuring the maximum
distance reached forward with feet in a fixed position, measured in centimeters. A FRT of
less than 18 cm indicates limited mobility skills for older adults [60].

Ten-meter walk test: Assesses normal gait speed and fast gait speed, measured in meters
per second. A substantial meaningful change in normal gait speed is 0.13 m/s for older
adults [61].

Timed Up and Go (TUG) and Timed Up and Go with Cognitive Task (TUG-COG) [62]:
Assesses mobility, balance, and fall risk assessment with and without a cognitive dual-

task (count backwards by three), measured in seconds. For older adults, a TUG score
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greater than 13.5 seconds or the TUG-COG score greater than 15 seconds indicates fall

risk [63].

After CBT but prior to beginning training, the treating physical therapist (different from
the blinded assessor) and study team made one initial home visit to teach the participants how to
use the smart phone balance trainer (detailed in the next section) and how to correctly perform
independent in-home balance training exercises. Participants performed exercises from five
categories as shown in Table 3.1. For exercises in Categories 1 (static standing) and 2 (compliant
surface standing), participants performed static balance exercises on firm and foam surfaces,
respectively. For Category 3 (weight shifting) exercises, participants were instructed to shift their
body to and maintain their body at a target angle for five seconds in four directions (i.e., forward,
backward, left and right). Movement angle was measured on the trunk, and the target angle was
determined by the research team’s physical therapists and was the same for all participants. For
Category 4 (modified center of gravity) exercises, participants raised and lowered their arms
from a resting position along the sides of their bodies with palms pronated and elbows locked, to
90° of shoulder flexion repeatedly. For Category 5 (gait) exercises, participants performed

various overground locomotor tasks.

Table 3.1: Exercise pool modified from a recently published conceptual progression framework
[64]. *indicates the exercises for which vibrotactile SA was provided for the EG.

Category Variables
1. Static standing* Eyes, stance, head movement (yaw and pitch), cognitive tasks
2. Compliant surface
- Eyes, stance, head movement
standing

3. Weight shifting* Shifting limit, shifting speed, shifting direction
4. Modified center of | Arm raising speed, surface (firm, compliant and ramps), head

gravity* movement
Walk with different speed and head movements, high march*, step
5. Gait over shoe box*, sidestepping, walk on heels/toes*, backward

walking*, figure-of-8 walk, tandem*; cognitive tasks
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Participants were asked to exercise three times per week for eight weeks (24 sessions in
total). For each session, participants were given a single exercise from each of the first four
categories and two exercises from the fifth category as remotely recommended by the treating
physical therapist. Each exercise was performed six times for 30 seconds (except Category 3
where the trial stopped after participants maintained the target positions for five seconds). The
training duration for each session was about 45 min. Vibrotactile SA was provided to the EG via
the smart phone balance trainer for all the exercises in the first four exercise categories and select
exercises in the fifth category, as shown in Table 3.1. For these exercises, vibrotactile SA was
provided during four randomly selected repetitions out of the six repetitions. The CG also wore
the smart phone balance trainer, but never received vibrotactile SA. After each trial, participants
were prompted by the smart phone to note any step-outs that occurred. A step-out is defined as
taking a step to regain balance, touching wall or chair for support, or opening eyes (on eyes
closed tasks). After six repetitions participants rated their perceived stability on a visual analog
scale of 1-5 (see Figure 3.2) [65]. The treating physical therapist used the reported number of
step-outs and perceived stability scores to prescribe exercises weekly (three sessions per week)
based on clinical experience and an exercise framework modified from a recently published
conceptual progression framework [64]. The goal was to assign exercises that provided a
moderate level of challenge, which was characterized by a score of 3 on the VAS. If there were
no step outs and the participant rated the exercise a 1 on the VAS, a more challenging exercise
was chosen; for example, adding pitch head movements would increase difficulty. If the
exercises appeared too challenging (i.e., multiple step outs) and the participant rated the exercise
a4 or 5 on the VAS scale, an easier exercise was attempted until a moderately difficult exercise

was found. The first set of exercises was determined during the initial home visit. Participants
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were asked to complete a weekly activity log to note pain that limited movement, falls, changes
in medication, and any injuries from performing the exercises. MRIs were performed on a subset

of the participants (n=5) pre- and post-training for future analysis.

Scale | Description

2 | feel a little unsteady or off-balance
3 | feel somewhat unsteady or like | may lose my balance
4 | feel very unsteady or like | will lose my balance

Figure 3.2 Visual analog scale used by participants to rate their stability when performing the
balance exercises.

3.2.3. Smart Phone Balance Trainer

A smart phone balance trainer was developed using design ethnography techniques
during a co-creative design process involving engineers, physical therapists, and older adults
[66]. The smart phone balance trainer comprised two Apple iPods (6" generation iPod touch,
2015), an elastic belt and a “tactor bud” accessory, as shown in Figure 3.3. The two iPods are
referred to as the “sensing” unit and “user interface” unit, respectively. The tactor bud contained
a PCB-designed controller board, a 3.7V battery, and four tactors (Precision Microdrives™, 310-
101 vibration motors encased in plastic housings [51]). The sensing unit was attached to an
elastic belt and was worn around the torso at the L4/L5 level to measure trunk sway, and the user
interface unit attached to a lanyard and was worn around the neck. The four tactors were aligned
over the navel, lumbar spine, and right and left sides of the torso to provide directional

vibrotactile cues.



* Sensing Unit

_/ User Interface Unit

Figure 3.3: Smart phone balance trainer

Custom software (iOS application, Apple SDK) was developed to provide a semi-
automated exercise progression routine with five exercise categories for in-home training, as
shown in Figure 3.4. Upon the launch of the software in the user interface unit, participants were
asked to select an exercise to perform. Written, graphic and additional video instructions were
presented on screen once the exercise was selected.

During each repetition, the sensing unit used gravitational outputs (Class CoreMotion,
Apple Inc.) to estimate angular displacements (tilt angles) in the anterior-posterior and medial-
lateral directions, adopted from Lee et al.’s algorithm [51]. Angular velocities were measured by
the gyroscopes. Both accelerometers and gyroscopes were sampled at 50 Hz. The user interface
unit triggered the sensing unit to record trunk motion and the sensing unit informed the user
interface unit of repetition completion via Bluetooth. The tactor activation signal was defined as
the tilt angle plus one half of tilt angular rate for Categories 1, 2, 4 and 5, and as the tilt angle for
Category 3 [24]. If the tactor activation signal exceeded a pre-set threshold [23], [38], the sensing
unit sent audio output signals to the tactor bud accessory. The tactor bud accessory analyzed
these audio signals and activated the corresponding tactor to provide vibrotactile SA. At the end
of each repetition, the trunk motion data, number of step-outs, and visual analog scale ratings
were uploaded to a secured server via Wi-Fi.
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Figure 3.4: Software schematics for the user interface and sensing units.

3.2.4. Statistical Analysis

Data are presented as group mean values plus or minus (x) the standard deviation.
Differences between the two groups at the pre-training assessment were tested using an
independent samples two-tailed student’s t-test. The effects of training with versus without SA
on the clinical outcome measures were analyzed using a linear mixed model with group
(experimental, control), time (pre-, mid-, post-training) and their interaction as fixed effects and

the differences among individual participants as random effects. The measurements were
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logarithmically transformed if they were not normally distributed (e.g., 5XSST duration, fast gait
speed, and TUG-COG duration). To investigate the time effects within each group, two tailed
paired samples t-tests within each group were performed to detect statistically significant
improvement, comparing mid- and post-training assessment with pre-training assessment. The
significance level was set at 0.05. Bonferroni corrections were used for the paired t-tests. Due to
the relatively small sample size, the minimal detectable change (MDC) was also evaluated within
groups. The MDC is defined as “a statistical estimate of the smallest amount of change that can
be detected by a measure that corresponds to a noticeable change in ability” [67]. It reflects the
minimal amount of change in a participant’s score that ensures the change is not the result of

measurement error, but is due to rehabilitation.

3.3.  Results

Both the EG and CG contained six participants. There were no significant differences in
age or gender between the two groups. All participants completed the training and the three
CBTSs without complaints, pains, falls, or injuries, which demonstrates the feasibility of the smart
phone balance trainer for in-home balance training applications [66].

The data collected by the sensing unit indicated that without supervision from the study
team, the EG participants were able to successfully use the vibrotactile SA in their homes to
reduce their trunk sway. As an example, Figure 3.5 shows illustrative data from Participant 6
performing an exercise (tandem Romberg stance on a firm surface with eyes open) in his home

with and without vibrotactile SA provided by the smart phone balance trainer.
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Figure 3.5: Bird’s-eye view of the body tilt trajectory in the anterior-posterior (AP) and medio-
lateral (ML) directions for a sample exercise (tandem Romberg stance on firm surface with eyes
open) performed by participant 6 with and without vibrotactile SA.

The two tailed, independent samples t-test showed no significant differences for all
clinical outcome measures between the two groups during the pre-training CBT (p > 0.1). Table
3.2 lists the results for a subset of the clinical outcome measures (SOT, MiniBESTest28, 5XSST)

for all participants.

Table 3.2: Participants’ demographic information and results of a subset of clinical outcomes
measures.

Participant Group | Age | Gender SOT Mini-BESTest28 | 5xSST duration (s)
ID Pre | Mid | Post | Pre | Mid | Post | Pre | Mid | Post
1 CG 83 M 71|81 | 81 | 21| 22 25 | 110|125 ] 146
2 EG 83 F 63 | 72 | 83 | 22 | 24 | 25 |12.0]10.3 | 11.0
3 EG 70 F 781 81 | 76 | 20| 26 | 27 | 10.1 | 9.7 | 8.7
4 CG 72 F 49 | 45 | 46 | 25 | 25 24 | 74 | 9.3 | 11.0
5 CG 70 M 76 | 79 | 73 | 26 | 27 | 22 | 97 | 84 | 114
6 EG 80 M 68 | 72 | 86 | 23 | 24 | 23 | 14.7 | 13.6 | 123
7 CG 73 M 60 | 68 | 65 | 24| 25 | 25 | 88 | 10.0 | 8.3
8 EG 70 F 83| 8 | 8 | 24| 28 | 27 | 122 | 84 | 6.6
9 EG 82 F 74| 78 | 79 | 25| 25 26 | 17.8 | 14.2 | 15.0
10 CG 78 F 83|84 | 8 | 23| 22 | 25 |13.7| 9.7 | 9.9
11 CG 74 F 68 | 77 | 76 | 24 | 24 24 | 177 9.7 | 95
12 EG 74 F 50| 73 | 79 | 19| 26 | 26 | 146 | 11.1 | 10.6
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Table 3.3 shows the CBT assessment results for each group on average and the changes
in clinical outcome measures from both pre-training to mid-training and pre-training to post-
training. The linear mixed model showed significant main effects from pre-training assessments
to post-training assessments in SOT composite score (p < 0.001), vestibular reliance (p < 0.01),
Mini-BESTest28 (p < 0.01) and Mini-BESTest32 (p < 0.01) and TUG-COG duration (p < 0.05).
The linear mixed model also showed significant interaction effects between groups from pre-
training assessments to post-training assessments in SOT composite score (p < 0.05), Mini-
BESTest28 (p < 0.05), Mini-BESTest32 (p < 0.05). These significant interaction effects indicate
greater improvements for the EG than CG with average increases of 1.1, 0.40, and 0.58 points
per week for the SOT composite scores, Mini-BESTest28, and Mini-BESTest32, respectively.
There were no significant interaction effects for the other CBT outcomes. The within group
paired t-test showed significant improvements for the EG in 5xSST duration during both mid- (p
< 0.01) and post-training (p < 0.01). For the CG, there were no significant improvements on any

of the CBT outcomes.
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Table 3.3: Clinical outcome measure results for pre-, mid- and post-training CBT and the

changes from pre-training CBT for the EG and CG. Average values with standard error of the
mean are shown. Superscripts indicate ignificant main effects, "significant interaction effects
from the linear mixed model (p<0.05), and ®significant differences from the group-paired t-tests

(p <0.017).
Experimental Group Control Group
Pre Mid | Post Mid - | Post - Pre Mid | Post Mid - | Post -
Pre Pre Pre Pre
90.9+ | 89.4+ | 91.3+ | 0.5+3 | 94.0+ | 91.8+ | 93.8+ | .. i
ABC score 14 26 26 13.513 5 16 19 14 22.211 00.211
SOT score®? | 89-3% | 7.0+ | 81.3% | 7.743 | 12.0+ | 67.8% | 72.3% | 7L0% | 4532 | 3.2+2
48 |23 1.6 2 50 |4.9 5.9 5.7 2 2
Somatosenso | 0.98+ | 0.98+ | 0.98+ | 0.00+ | 0.01+ | 0.95+ | 0.96+ | 0.95+ | 0.01+ | 0.00+
ry reliance 001 |0.01 |001 [001 001 |001 001 |0.01 |0.01 |0.01
Visual 0.82+ | 0.86+ | 0.89+ | 0.04+ | 0.07+ | 0.87+ | 0.87+ | 0.88+ | 0.01+ | 0.01+
reliance 2 0.05 [0.03 |0.01 |0.04 |005 |0.02 |0.04 |0.04 |002 |0.03
Vestibular 0.53+ | 0.63+ | 0.74+ | 0.10+ | 0.21+ | 0.40+ | 0.57+ | 0.56+ | 0.17+ | 0.16+
reliance 2 0.09 [0.08 |0.03 |003 |007 |011 |0.13 |0.13 |0.10 |0.10
'\B"E'g;est%a, 22.2+ | 255+ | 25.7+ | 3.3+1 | 3.5+1 | 23.8+ | 24.2+ | 24.2+ | 0.3+0 | 0.3+1
N 0.9 06 |06 2 2 0.7 0.8 0.5 3 1
Mini- -
25.0+ | 28.7+ | 29.3+ | 3.7+1 | 4.3+1 | 26.8+ | 27.5+ | 26.5+ | 0.7+0
a,
BESTest32™ 111 oo |08 |4 |4 |os |11 |06 |7 03;3il
5XSST 13.5+ | 11.2+ | 10.7+ | . . 11.4+ | 9.940 | 10.8+ | i
duration (5)° |11 |09 |12 |Z¥0|290 1 57 g7 g9 | L15¥1 061
6 7 6 9
FSST 9.9+0 | 9.4+0 | 9.5+0 | . i 10.5+ | 10.8+ | 10.1+ | 0.3+0 |
duration(s) |9 |9 |9 060106201557 1o |09 |6 |O040
3 2 5
35.0+ | 29.9+ | 31.9+ | _ . 31.9+ | 28.9+ | 35.0% | . 3.1+1
FRT(Cm) |57 7 |26 |22 |31¥2]302L 507 147 |11 |[30#1] g
0 9 7
Normal gait | 1.22+ | 1.28+ | 1.27+ | 0.06% | 0.06+ | 1.29+ | 1.23+ | 1.26% | _ )
speed (m/s) | 003 |0.06 |0.08 |007 |008 |004 |0.06 |006 |207*|004
' ' ' ' ' ' ' ' 0.03 | 0.06
Fast gait 1.62+ | 1.70+ | 1.69+ | 0.07+ | 0.06+ | 1.58+ | 1.57+ | 1.54+ 601+ 604+
speed (m/s) [0.10 |0.11 |0.12 |0.08 |0.13 |0.05 |0.08 |[0.09 004 | 0.07
TUG 10.8+ | 9.6+0 | 10.5+ | . i 10.0+ | 9.840 | 9.8+0 | . i
duration (s) 0.9 5 0.6 1.1x0 ) 0.3+0 0.5 v 5 0.240 1 0.2+0
7 6 4 7
TUG-COG 13.3+ | 11.6+ | 11.8+ | . 10.9+ | 11.0+ | 9.740 | 0.240 |
duration(s) |12 |06 |09 17'7io 1éSiO 11 |09 |7 |7 12'111
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3.4. Discussion

This is the first study to investigate the effects of long-term (eight-week) balance training
with and without vibrotactile SA on clinical outcome measures for community-dwelling older
adults. Analysis of the twelve participants’ scores showed that both the EG and CG had
significant improvements in SOT composite scores, vestibular reliance, Mini-BESTest28, Mini-
BESTest32 and TUG-COG duration; however, the EG improved significantly more than the CG
in SOT composite scores, Mini-BESTest28, and Mini-BESTest32. In addition, significant
improvements in 5xSST duration were found within the EG, whereas no significant
improvements were found within the CG. However, no significant improvements were found in
the ABC score, somatosensory reliance, visual reliance, FSST duration, FRT, gait speed, and
TUG duration.

After training, both groups showed improvements in the SOT composite score;
significantly greater improvements were found for participants trained with SA than without SA
(8 points vs. 5 points at mid-training, 12 points vs. 3 points at post-training on average). Prior
studies have shown that when SA was provided, real-time sway reductions were noted for
exercises in the SOT protocol [68]. The results of the current study indicate that after long-term
training with SA, balance improvements in SOT protocol can be retained even when SA was
removed. SOT composite score improvements after training with SA (2-8 weeks) have been
demonstrated in people with Parkinson’s disease (~18 points) [43], people with bilateral
vestibular disorders (~9 points) [45], [69], and people with other balance disorders (~8 points)
[44]. Although the participants in our study reported no specific balance disorders, the EG
exhibited similar improvements in SOT composite score (~12 points) after long-term training

with SA. The MDC for the SOT composite score for young adults was previously determined to
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be greater than 8.1 points [70]. In this study, three participants in the EG achieved MDCs in SOT
composite scores, while only one participant in the CG achieved a MDC. Furthermore, these
three EG participants improved by at least 15 points, while the CG participant improved by 10
points. These results indicate that training with SA may be more effective than training alone for
achieving MDCs in SOT performance. From mid-training to post-training, the EG showed
continuous improvements, while the CG showed a plateau effect, which suggests that training
with SA could result in higher potential improvement than training without SA.

Somatosensory, visual, and vestibular reliance were calculated using SOT Conditions 1,
2, 4, and 5. Somatosensory reliance did not significantly improve following training, however,
the margin for improvement was limited by high levels of somatosensory reliance prior to
training. Participants in both the EG and CG relied more on visual and vestibular inputs for
maintaining balance after training, although vestibular reliance showed a larger increase. These
shifts in visual and vestibular reliance may support the “reweighting” hypothesis for balance
training [41]. Increased vestibular reliance may be attributed to performing exercises with eyes
closed and/or incorporating head movements [71]. Moreover, greater increases on vestibular
reliance were observed in the EG, which may suggest that training with SA has a greater impact
on reweighting vestibular inputs than training without SA.

The EG showed significantly greater improvements than the CG for both Mini-
BESTest28 and Mini-BESTest32 scores. Training with SA while performing static and dynamic
standing and gait exercises could explain this difference because the Mini-BESTest assesses
dynamic balance [55]. Although no MDC data are available for older adults, Godi et al. reported
a 3.5 point MDC for the Mini-BESTest28 among people with Parkinson’s disease (baseline

Mini-BESTest28 value was 12.8 points) [72]. In our study, three participants in the EG
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demonstrated a 3.5-point change during mid-training CBT versus no participants in the CG. The
average baseline Mini-BESTest28 value for all participants was 22.2 points.

Within-group analysis of 5xSST performance showed significant improvement of test
duration for the EG but not for the CG after training concluded. Additionally, all participants in
the EG improved their 5XxSST durations after training, but only three out of six participants in the
CG showed improvements. Given that improvements in 5xSST duration are correlated with
improved lower limb muscle strength and stability during transitional movements [56], training
with SA may be more effective for improving functional mobility. It was also noted that two
participants from each group reduced their 5xSST durations to less than 12 seconds (a fall risk
indicator [57]) at the mid- and post-training CBTs. Finally, although the sit-to-stand task was not
an exercise performed during balance training, training effects from dynamic standing tasks
(especially in Category 3, Weight Shifting, and Category 4, Modified Center of Gravity) may
have been transferred to the sit-to-stand task.

No significant changes in ABC scores were found in either the EG or the CG, although
scores generally declined from pre-training to mid-training and increased from mid-training to
post-training. As healthy older adults, all participants had relatively high ABC scores (>85) at the
pre-training assessment, and were therefore unlikely to show further improvement in balance
confidence [73]. Declines in scores from pre- to mid-training are consistent with an initial
overconfidence in balance abilities and a shift in awareness of limitations [74]. Score increases
from mid- to post-training may reflect improvements in overall balance performance, although
the improvements were relatively small.

The EG and CG showed significant improvements in TUG-COG duration regardless of

group. This might be due to the training with cognitive tasks. However, no significant
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improvements for FRT distance, FSST duration, normal gait speed, fast gait speed, and TUG
duration were noted. The lack of significant improvements may be due to ceiling effect
compared to people with balance disorders at the pre-training assessment, or the difficulty level
of the selected exercises may have been below the necessary level to elicit improvements for
these outcomes. However, on average, the EG showed greater improvements in normal gait
speed and fast gait speed than the CG. Additionally, one participant in the EG achieved a MDC
for normal gait speed (0.18 m/s for Parkinson’s Disease) and two participants in the EG achieved
a MDC for fast gait speed (0.25 m/s for Parkinson’s Disease)[75]. No participants achieved
MDCs in the CG. Transfer effects from using SA during static and dynamic exercises may
account for observed differences.

Our findings appear to contradict those of Lim et al., who found no significant difference
in body sway between a group training with SA and a group training without SA after a two-
week program [50]; however these two studies have several important differences. First,
participants in Lim et al.’s study trained for two weeks (3x/week) with 6 training sessions in
total, whereas in this study all participants trained for eight weeks (3x/week) with 24 training
sessions in total. As shown by Lesinski et al., longer training periods result in larger
improvements in balance performance [16]. Second, Lim et al.’s study provided SA to the
experimental group for all exercise repetitions in all sessions (i.e., 100% feedback), whereas this
study provided SA to the EG for four out of the six repetitions for each exercise (i.e., 67%
feedback). Feedback can have negative effects if provided too frequently. Winstein and Schmidt
found that providing feedback for the entire duration of motor skill training can improve short
term performance but limit motor learning, while providing feedback for only portions of

training produces poor initial performance results but improves motor skill retention [76], [77].
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Therefore, training with reduced feedback frequency in this study may have improved skill
retention after training concluded. Third, Lim et al. trained all participants using the same
exercises throughout all sessions regardless of balance ability, whereas in this study a physical
therapist selected the exercises performed by each participant based on their historical
performance. Training with a constant set of exercises may limit the margin for improvement
among high functioning participants, while those with poorer balance ability may experience
larger improvements. In balance rehabilitation programs, experienced physical therapists
progress balance exercises to achieve greater balance improvements [64]. Individualized exercise
selection in this study allows participants to perform progressively challenging exercises
throughout the entire training program to maximize improvement regardless of skill level.
Fourth, Lim et al. quantified the effects of balance training by comparing measures of trunk
motion, whereas this study used clinical outcome measures to evaluate improvements.

This study employed some elements of telerehabilitation to monitor performance and
provide custom exercise regimens. Body motion, subjective ratings of balance and number of
step outs were captured on the smart phone balance trainer during home-based balance training.
This information was sent to a physical therapist via a wireless internet connection. Exercise
programs were customized based on performance data and updated regimens were sent from the
physical therapist to the participants via email. Conceptually, this aligns with telerehabilitation
models, which deliver remote rehabilitation services, including assessments and intervention, via
telecommunication networks [78]. However, our paradigm required less expert (i.e., physical
therapist) engagement with participants as compared to traditional programs because we
provided within-session vibrotactile SA as instructional balance cues. Physical therapist’s time

commitments were limited to less than thirty minutes per week per subject and focused on
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analysis of previous balance performance and customization of the rehabilitation program,
whereas typical telerehabilitation programs generally engage the expert and user remotely for the
duration of the training session [79]. The findings of this study are consistent with prior work
that has shown improved balance performance following telerehabilitation interventions for both
people with balance deficits and community dwelling older adults [79]-[83]. Previously
published research has also demonstrated potential economic benefits to using telerehabilitation
approaches [79], [80]. While cost effectiveness was not explored as part of this study, the smart
phone balance trainer (<$1k) coupled with reduced patient-expert interaction could reduce the
overall cost of providing rehabilitative care for a subset of people with balance deficits and
simultaneously mitigate future costs stemming from injurious loss-of-balance events. Overall,
improvements in clinical outcomes support the potential use of smart phone balance trainer as a
telerehabilitation tool.

Our study is not without limitations. First, vibrotactile SA of trunk sway was only
presented during a subset of exercises under the gait category because few studies have
addressed the effectiveness of SA for improving stability during locomotor tasks [22]. Typical
feedback strategies during gait activities include walking in step with auditory or visual cues or
vibrotactile cues presented to a single body segment or joint to warn of extension beyond a
desired angle [32], [38], [84]. Sienko et al. provided continuous vibrotactile SA based on trunk
motion during overground locomotion, but slightly reduced trunk sway was observed in a subset
of the trials and some participants demonstrated stiffening in the coronal plane [38]. Second,
although this study employed an experienced physical therapist to instruct participants on correct
exercise performance, provided handouts with instructional text and pictures, and provided

exercise videos, correctness of exercise performance was not monitored during training because
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training occurred in participants’ homes. Third, despite the statistical and clinical significances
found in this study, the sample size is relatively small. Finally, although this study used an
experienced physical therapist to recommend the exercises remotely, the information provided to
the physical therapist by the smart phone balance trainer was limited to the number of step-outs
in the six repetitions and the stability perception ratings from the participants. A more
sophisticated algorithm that captures exercise performance more comprehensively could help

therapists make better recommendations in the future.

3.5.  Conclusions

In-home balance training with vibrotactile SA for eight weeks improved balance
performance of community-dwelling healthy older adults in this preliminary study. Participants
trained with SA improved more than those trained without SA, particularly in SOT composite,
Mini-BESTest, and 5xSST performance. Balance training with SA also increased visual and
vestibular reliance, and improved static and dynamic balance, compared to training without SA.
The lack of significant improvements in gait-related clinical outcome measures may be due to
the lack of meaningful SA when performing gait exercises and the limited transfer effects from
performance of standing exercises. All participants completed the eight-week training and
reported no pain, injuries, or falls throughout, which suggests that healthy older adults are able to
use the smart phone balance trainer safely and independently. Overall, this study supports a SA
as a balance rehabilitation tool and potential telerehabilitation tool for use by community-

dwelling healthy older adults.
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Chapter 4  Vibrotactile Display Design: Quantifying the Importance of Age and Various

Factors on Reaction Times

4.1. Introduction

Vibrotactile displays, one common type of haptic display [1], have been applied to various areas
of the body to deliver spatial and temporal information in a variety of real-time applications [2],
[3]. During driving, vibrotactile displays provide navigation information [4] and warn drivers of
potential collisions [5], [6]. During flying, they can provide altitude information, warning signals
and simple communication to replace or reinforce visual and auditory cues [7], [8]. Vibrotactile
displays have also been applied to virtual reality applications to enhance physical sensations
within a virtual environment [9], [10]. More recently, vibrotactile displays have been used for
training arm movements, balance, and gait [11]-[19].

Delays caused by human reaction times (RTs) to vibrotactile cues should be considered
when designing vibrotactile displays. Depending on the application, RTs to vibrotactile stimuli
have been shown to vary from 200 ms to 2000 ms [4], [5], [19]-[22]. For example, surgical
applications often require small, carefully controlled movements, therefore a fast RT (less than
250 ms) is desirable [20]. Likewise, fast RTs are also desirable for golf swing training (e.g.,
initiation of downswing through impact typically takes less than 250 ms [21]) and step response

(e.g., step response to unpredictable, abrupt backward translation of a support surface typically
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takes less than 300 ms [19]) applications. On the other hand, longer RTs are acceptable for use in
driving and flying applications as warning signals (e.g., ~900 ms [5], [22] and ~1600 ms [4],
respectively). Lastly, RTs associated with real-time gait training applications vary considerably
based on the specific activity; step/stride frequencies for walking and running usually range from
1 Hz to 3 Hz requiring RTs ranging from 300 to 1000 ms.

Numerous individual factors have been shown to affect RTs. Harrar and Harris
investigated RTs to vibrotactile stimuli across various body locations (forehead, lip, neck, hand,
and foot) and showed that RTs increased proportionally with the distance from the brain with a
slope of 45 ms/m [23]. Shull et al. found that RTs for arm movements were ~60 ms faster than
leg movements by placing tactors (i.e., vibrotactile transducers) on the arm and leg, respectively
[24]. Asseman et al. investigated the effects of location and stimulus-response compatibility on
RTs while participants were exposed to an unpredictable translation of the support surface. Their
results indicated that 1) RTs to vibrotactile stimuli displayed on the head were ~60 ms faster than
those displayed on the sternum during a protective stepping task and 2) RTs to vibrotactile
stimuli displayed on the forehead were ~100 ms faster than those displayed on the back of the
head for the same task [19]. Peon and Prattichizzo demonstrated that a higher vibrotactile stimuli
intensity produced faster (i.e., ~25 ms) RTs compared with a low stimuli intensity [20]. Hick
showed that RTs logarithmically increased as the number of different visual stimuli increased in
choice experiments [25]. Haggerty et al. showed that verbal and push-button reaction times
increased by up to 200 ms when the participants simultaneously were asked to respond to torso-
based vibrotactile cues to make postural corrections [26]. Although limited studies have
investigated the effects of aging on RTs to vibrotactile stimuli, Taware et al. demonstrated

significant increases in RT (i.e., on the order of 60 ms) to both auditory and visual stimuli for
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older adults (50-59 yrs) compared to young adults (20-29 yrs) [27]. Ng and Chan reported that
multiple factors including age, gender, and level of education had significant effects on RTs for
auditory and visual stimuli; in general, aging increased RTs, while females had faster RTs than
males, and participants that had completed either a tertiary or secondary education levels had
faster RTs than participants that had only completed the primary education level [28].
Additionally, they studied RTs to vibrotactile stimuli applied at the wrist and leg locations;
however, no significant differences were observed based on stimuli location [28].

Additional factors including frequency of stimulation and tactor type have been shown to
affect human responses to vibrotactile stimuli. Humans are most sensitive to vibrotactile stimuli
applied with a frequency of 250 Hz [20], [29]. Vibrotactile displays typically use one of two
types of tactors: linear actuators and rotary motor [2], [30]. Lee et al. showed that a C-2 tactor
induced larger non-volitional postural shifts in the directions of the applied stimuli compared to a
Tactaid tactor [29].

The majority of RT studies have focused on visual and auditory stimuli [31]. Among the
studies that have investigated RTs to vibrotactile stimuli, the most commonly performed studies
have compared RTs to vibrotactile stimuli with RTs to visual and/or auditory stimuli [4], [23],
[28], [31], [32], or have compared RTSs to vibrotactile stimuli while varying one-to-two stimuli
factors (e.g., location, secondary task) using the same subject population and/or experimental
condition [5], [19], [20], [23], [24], [26], [31]. Therefore, there are limited quantitative data that
facilitate the determination of the relative importance of vibrotactile stimuli factors on RTs. As
previously mentioned, RTs are important to consider when designing vibrotactile displays for
various applications; specific applications may necessitate careful selection of tactor locations,

number of tactors, and type of tactors. To inform vibrotactile display design for real-time
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applications, this study quantitatively examined RTs to vibrotactile stimuli as a function of
various factors in young adults and older adults using simple reaction time tasks. The factors
investigated in this study included stimulus frequency, type of tactor that generates the
vibrotactile stimulus, stimulus location, auditory cues generated by the vibration (ACV), number

of tactors in the same location, number of possible stimulus locations, and secondary task.

4.2. Methods

This study was performed in four parts; the first three experimental parts were performed
within a single session on one day and the fourth part was performed during a separate session
on a subsequent day. Throughout the experiments, vibrotactile stimuli were presented using
different tactor types at different locations on the body and tactors were secured by Velcro straps.
A shim was used to achieve approximately uniform pressure across all body location sites.
Participants were asked to confirm that the pressure of the tactor against their skin felt similar at
all locations.

During the experiments, participants were barefoot. They were instructed to stand with
their arms held at their sides with their feet hip-width apart at a 15° lateral rotation angle [29]
while looking straight ahead at a stationary, eye-level visual target. Participants were asked to
respond as quickly as possible each time they perceived a vibrotactile stimulus by pressing a
thumb trigger with their dominant hand. Trigger responses were recorded by a computer and RT
was defined as the time when the command to the tactor was applied to the time the trigger
signal was received by the computer. The delay caused by the signal transmission was not
measured given that the objective of the study was to elucidate relative differences in RTs to

different vibrotactile display design factors. Participants were not informed of their performance
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during the experiments. Before the start of the experiments, participants were asked to
familiarize themselves with the stimuli-trigger system by practicing responses prior to each
experimental part for approximately 3-4 minutes. All participants were asked to confirm they
could feel the vibration at all locations prior to each experimental part.

Ten healthy young adults (YA) (21.9 + 1.3 yrs; six males, four females) and ten healthy
community-dwelling older adults (OA) (68.3 = 2.7 yrs; four males, six females) participated in
the first three parts of this study. All participants completed the three parts in the same order.
Nine healthy OA (70.5 £ 5.6 yrs; four males, five females), including six participants who also
participated in the first three parts of the study, participated in the fourth part of this study.
Individuals were eligible to participate in this study if they reported no neurological conditions or
joint replacements, and if they could stand for at least 1 min without assistance. Prior to
participation, all participants completed the 10-g monofilament test [33] on the dorsal aspect of
the dominant foot and were excluded if they failed the test. Both YA and OA followed the same
experimental protocol. The University of Michigan IRB approved the experimental protocol and
informed consent was obtained from each participant prior to the start of the experiment. All

participants were compensated $15/hr for their participation in the study.

4.2.1. Part I: Effects of Frequency and Tactor Type

The first part was designed to test the effects of vibration frequency and tactor types on
RTs. Four types of vibrotactile stimuli were presented using three different tactors as shown in
Table 4.1. The C-2 tactor (EAI, Inc.) operated at either 250 Hz or 200 Hz with a 6.2 cm? contact
area and 0.5 cm? contactor area. Only the contactor vibrated to provide vibrotactile stimuli. The

Tactaid VBW32 tactor (Audiological Engineering Corp) operated at 250 Hz with a 3.7 cm?

115



contact area. Based on experimental measurements, the coin-style motors used in this study
(Precision Microdrives, 310-101 vibration motor) operated at a frequency of 215 £+ 5 Hz with an
input of 3.7 V. They were encapsulated in a plastic case with a contact area of 6.2 cm?, and have
previously been used in a smartphone balance trainer device [34]. Both the C-2 and Tactaid
tactors were driven by a sinusoidal signal generated at a RMS current of 0.225 A (or peak-to-
peak voltage of 4.47 V) by the tactor controller unit provided by EAI, Inc.. The coin-style motors
were driven by a battery at 3.7 V. The battery was fully charged prior to each data collection

session. The amplitude of the signals was adapted from our prior application-based studies [29].

Table 4.1: The major differences among three different tactors. *: C-2 tactor vibrated at both 250
and 200 Hz; ™*: The contactor area is 0.5 cm2, while the contact area is 6.2 cm2.)

Type Transducer display Frequency (Hz) Area (m?)

C-2 tactor Linear actuator 250/200" 0.5(6.2"")
Tactaid tactor Linear actuator 250 3.7
Coin-style motor Rotary motor 200 6.2

Vibrotactile stimuli were presented to four torso locations aligned with navel, spine, and
the left and right sides of the torso at the level of the L4/L5 spinal segment. These specific four
locations were selected for inclusion in this study because they are the most commonly used
torso locations for balance-related applications [13], [14], [16]. Together, these three tactors and
four locations formed four configurations as shown in Figure 4.1. The presentation order of
configurations was randomized for each participant. For each configuration, each type of
vibrotactile stimuli was presented eight times and each vibration lasted 500 ms [35]. The
presentation order of these 32 stimuli was randomized and then grouped into four trials with

eight stimuli per trial. A randomized interval of 4-7 s was inserted between stimuli. Participants

116



were asked to wear foam earplugs and earmuffs to eliminate the auditory cues generated by the

vibration (ACV).

C-2 tactor Tactaid
(200, 250 Hz) (250 Hz)
Configuration 1 Configuration 2
Coin-style
motor (200 Hz)
Configuration 3 Configuration 4

Figure 4.1: Experimental illustration for Part I: Bird’s eye view (triangle represents the
participant’s nose) of the Part I tactor configurations; three tactors were placed on the torso
(possible locations included the navel, spine, left and right side).
4.2.2. Part Il: Effects of Stimuli Locations and Auditory Cues from Vibration

The second part tested the effects of tactor locations and the ACV on RTs. Vibrotactile
stimuli were presented using C-2 tactors operating at 250 Hz at the following five locations on
the body: center of the forehead (head), index fingertip on the dominant hand (finger), torso
vertically aligned with the navel at L4/L5 spinal segment level (torso), anterior mid-shank on the
dominant leg (shank), and dorsal base of metatarsus 11 on the dominant foot (foot) as shown in
Figure 4.2. These five locations were chosen to replicate the locations that are most commonly
for vibrotactile stimulation [7], [13], [15], [16], [18]-[20]. This part was divided into two
identical subparts except that participants wore foam earplugs and earmuffs in the first subpart,
but did not wear earplugs and earmuffs in the second subpart. For both subparts, each tactor was

randomly activated for 500 ms eight times, with a randomized interval of 4-7 s between stimuli.
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The presentation order of these 40 stimuli was randomized and then grouped into four trials with

ten vibrations per trial.

Head

Torso

Finger
Shank

Foot

Figure 4.2: Experimental illustration for Part Il: Five C-2 tactors were placed at five body
locations.
4.2.3. Part I11: Effects of Number of Tactors in the Same Location

The third part investigated the effects of the number of tactors in the same location on
RTs. In this study, these four C-2 tactors (operating at 250 Hz) were grouped in a 2x2 clustered
array at the torso aligned with the navel at the L4/L5 spinal segment to form four vibration
patterns as shown in Figure 4.3. The distance between the nearest edges of two adjacent tactors
was 1 cm. In pattern 1, only one tactor in the upper left corner of the cluster was activated. In
patterns 2 and 3, two tactors in the horizontal direction and vertical direction of the cluster were
simultaneously activated, respectively. In pattern 4, all tactors within the cluster were activated
simultaneously. Each pattern was presented randomly for 500 ms five times and there was a

randomized interval of 4-7 seconds between stimuli. The order of these 20 stimuli was
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randomized and they were grouped into two trials with 10 vibrations per trial. Participants were

asked to wear foam earplugs and earmuffs.

O 0000 00
OO0 OO0 0 00

Pattern 1 Pattern 2 Pattern 3 Pattern 4

Figure 4.3: Experimental illustration for Part 111: Four C-2 tactors grouped in a 2x2 array formed
four patterns; the solid dots indicate the tactors that were activated in the corresponding patterns.
4.2.4. Part IV: Effects of Secondary Task

The fourth part explored the effects of simultaneously performing a secondary task on the
RTs to vibrotactile stimuli. Tactor placements were similar to the placement during Part 11 of this
study (i.e., five tactors were placed at the five locations shown in Figure 4.2), but participants did
not wear earplugs or earmuffs. During this part of the study, participants were also asked to
perform a simultaneous secondary cognitive task, which was used to divide the attention and
increase the cognitive load [36]. Specifically, participants were asked to continuously count
backward by three from an initial number provided by a study team member (randomly assigned,
ranging from 90 to 99) [37]. Verbal responses were audio-recorded. If participants counted down
to 0 within any given trial period, they were asked to begin counting backwards from the initial
number provided to them at the start of the trial. Cognitive task performance was first assessed
without the RT task to establish a baseline. The length of the cognitive task was chosen to be 60
s to approximately match the length of each trial in Part Il. Participants completed four trials per

location.

119



4.2.5. Data Analysis

RTs faster than 100 ms were considered as errors and discarded [20], [23], [38]-[40]. The
maximum RT was a function of the time interval between stimuli (e.g., 4-7 s) and was
considered as lack of response. The lack of a response prior to the subsequent stimulation was
considered a missed response and was not included in the analysis. All data were logarithmically
transformed to achieve a normal distribution. The repeated measures of RTs for same condition
within same participant were averaged to get a more reliable RTs.

T-tests were used to compare the differences in average RTs per condition between YA
and OA. To analyze the effects of different vibration factors on RTs, a linear mixed effect model
(LMM) was used. The benefits of using a LMM are that it accounts for the random effects of
subjects into the model [41].

The LMM was built for each experimental part separately. Fixed factors included the
type of vibrotactile stimuli (Part I), tactor location and presence of ACV (Part I1); stimulation
pattern (Part 111), and location of tactors and presence of secondary task (Part 1\V). When only
one factor was included in the model, it was considered a fixed effect factor. If two factors were
included, the combinations of these factors were considered as fixed effect factors. The
differences among participants were always considered as random effects for all analyses. All
LMM analyses were performed as stratified analyses. The analysis was done in R (r-project.org).
The significance was defined by p-values less than 0.05.

The performance of the secondary cognitive task was evaluated by calculating the
number of verbal responses per minute and the number of mistakes made per minute. The
correctness of counting was not evaluated in this study. The significance was analyzed using the

LMM by replacing ‘Reaction Times’ with ‘Number of Verbal Responses’.
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4.3. Results

Only one data point was faster than 100 ms; the participant mentioned that he might have
accidentally pushed the thumb trigger during that trial. The slowest RT was found during the
dual-task condition and was less than 2 s. All other RTs were less than 1 s for all parts of the
study. For YA, 0.3%, 0% and 0% of RTs were considered as missing data points for Part I, Part
I1, and Part 111, respectively. For OA, the missing data points increased to 2.3%, 0.5%, and 0.5%
for Part I, Part I, and Part 11, respectively. Also, most of the missing RTs occurred when the
participants were presented with stimuli at the spinal location in Part I. There were several
possible reasons for missing points including: the participants were not able to sense the
vibration, the participants did not push the trigger hard enough to trigger a response, and/or the
stimulation system did not work properly. Only OA participated in Part IVV. The percentage of
missing data points increased to 8.9% for Part IV, where the stimulation at the foot location
contributed to more than half (56%) of the total missing data points. An increase in missing data
points was expected due to the dual-task paradigm. Among all OA participants, two out of the
nine participants were more likely to miss stimuli than the other participants.

The results of tested factors were reported for each experimental part. Across all
experimental parts, RTs for YA were significantly faster than OA to the same type of vibrotactile
stimuli (31-122 ms, p < 0.01). It was also noted that that the variance of RTS within the OA
population was significantly higher than within the YA population for the same vibrotactile

stimuli (p < 0.0001).
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4.3.1. Effects of Frequency and Types of Tactors (Part I)
The mean RTs to the four types of vibrotactile stimuli are shown in Figure 4.4. The
difference between YA and OA were 66 ms, 68 ms, 82 ms and 62 ms for C-2 tactor at 250Hz, C-

2 tactor at 200Hz, Tactaid, and coin-style motor respectively.

400 r[ ] c-2 tactor @250Hz
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Figure 4.4: RTs to four different types of vibrotactile stimuli at torso locations; error bars present
standard errors of means across participants.

For both YA and OA, RTs to the C-2 tactor at 250 Hz were fastest (9-46 ms, p < 0.05 and
10-42 ms, p < 0.05, respectively) and RTs to the C-2 tactor at 200 Hz were significantly faster
than RTs to the Tactaid (9 ms, p < 0.05 and 24 ms, p < 0.05, respectively) and coin-style tactors
(37 ms, p <0.05 and 32 ms, p < 0.05, respectively). For YA, RTs to the Tactaid tactor were
significantly faster than those to the coin-style tactor (29 ms, p < 0.01); but for OA, there were

no significant differences between the Tactaid and coin-style tactors.

4.3.2. Effects of Tactor Locations and ACV (Part II)
The mean RTs to the vibrotactile stimuli at the five body locations are shown in Figure
4.5. Among YA, regardless of ACV, RTs were significantly faster at the head location than the

other four locations (19-43 ms, p < 0.05). Without ACV, there were no significant differences
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among these four locations. With ACV, RTs were significantly faster at the finger location than
the torso location (12 ms, p < 0.05) and RTs were slowest at the foot location (11-42 ms p <
0.05). Compared with RTs without ACV, RTs with ACV were 1) significantly faster at the finger

location (8 ms, p < 0.05); 2) not significantly different for the other four locations.
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Figure 4.5: RTs to vibrotactile stimuli at five different body locations for both YA and OA and
with or without ACV; error bars present standard errors of the means across participants.

0

Among OA, without ACV, RTs at the head location were fastest (49-119 ms, p < 0.05)
and RTs at the foot were slowest (40-119 ms, p < 0.05). RTs at the torso were significantly
slower than RTs at the finger (30 ms, p < 0.05) and shank (25 ms, p < 0.05). With ACV, RTs
were significantly different among all five locations (20-99 ms, p < 0.05) except the comparison
between the head and finger locations (14ms, p = 0.052). Compared with RTs without ACV, RTs
with ACV were 1) significantly slower at the head location (13 ms, p < 0.05); 2) significantly
faster than at the finger location (22 ms, p < 0.05); 3) not significantly different at other three

locations.
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4.3.3. Effects of Number of Tactors in the Same Location (Part 111)

RTs for the pattern-based vibrotactile stimuli presented at the navel location are shown in
Figure 4.6. For YA, RTs to pattern 4 were significantly faster than the other patterns (20 ms, p <
0.05), but there were no significant differences among the other three patterns. For OA, RTs to
pattern 4 and pattern 2 were significantly faster than RTs to patterns 1 (31 ms, p < 0.01 and 20

ms, p < 0.05, respectively).
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Figure 4.6: RTs to the four stimulation patterns for both YA and OA; error bars present standard

errors of means across participants.
4.3.4. Effects of the Secondary Task (Part 1V)

The effects of the secondary task on RTs to vibrotactile stimuli and the performance of
the secondary task were examined.

RTs for the nine participants who participated in Part IV are shown in Figure 4.7. With
the secondary task, the RTs at the finger were significantly faster than the RTs at the other four
locations (87-182 ms, p < 0.01). The RTs at the head were significantly faster than at the torso

(78 ms, p <0.01) and foot (95 ms, p < 0.01).
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Figure 4.7: RTs to the vibrotactile stimuli at five different body locations with or without the
secondary task; error bars present standard errors of means across participants.

RTs with and without the secondary task were compared for each location for the six
participants who completed the experiments on both days. At all locations, RTs to vibrotactile
stimuli significantly increased when the secondary task was performed (135-264 ms, p < 0.01).

All nine participants had slower counting speeds when performing two tasks
simultaneously; on average, the number of verbal responses per minute significantly decreased

from 39.7+2.5 to 34.1+1.8 (p < 0.01).

4.3.5. Effects of the Number of Tactor Locations

By design, there was one common C-2 tactor placed at the navel location for Parts I-111
(Part I: three tactors at four locations around the torso; Part I1: five tactors at five locations across
the body; Part I11: four tactors in a cluster only at the navel location) to facilitate comparisons of
RTs to the same location with different number of potential tactor locations. The results are

shown in Figure 4.8.
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Figure 4.8: RTs for the common tactor located at the navel for three experimental parts; Part I:
three tactors at four locations around the torso; Part I1: five tactors at five locations across the
body; Part I11: four tactors in a cluster at the navel. Error bars present standard errors of means
across participants.

Among both YA and OA, for the same tactor type (single C-2 tactor with 250 Hz) and
location (navel location), RTs in Part Il were significantly slower than RTs in Parts | (13 ms, p <

0.05 and 24 ms, p < 0.05) and Part Il (17 ms, p < 0.05 and 48 ms, p < 0.05). For OA, the RTs in

Part | were significantly slower than those in Part 111 (24 ms, p < 0.01).

4.3.6. Summary of Results
Overall, vibrotactile stimuli factors affected RTs by less than 10 ms to more than 250 ms.
Table 4.2 summarizes the various factors’ effects (only includes statistically significant

differences for comparisons among various factors) based on RTs for both YA and OA.
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Table 4.2: Summary of various factors’ effects on RTs for YA and OA (* secondary cognitive
task was only tested on older adults)

Absolute Difference

Factors Comparisons InRTs

Young Older
adults adults
Stimulus frequency 250 vs 200 Hz 9ms 10 ms
Auditory cues generated by vibration (with @ head location 8 ms 22 ms
ACV vs without ACV) @ finger location 8 ms 13 ms
Number of tactors in the same location One vs four 20 ms 31 ms
Number of tactor locations One vs five 17 ms 48 ms
C-2 vs Tactaid 18 ms 34 ms
Type of tactors C-2 vs Coin-style 46 ms 42 ms
motor
Head vs finger 19 ms 14 ms
stimulus location Head vs torso 31 ms 51 ms
Head vs shank 27 ms 31 ms
Head vs foot 42 ms 99 ms
Finger vs head 87 ms
: . : Finger vs torso * 165 ms
Stimulus location with secondary task Finger vs shank N/A 112 ms
Finger vs foot 182 ms
@ finger location 135 ms
Secondary cognitive task (with task vs @ head, shank, foot N/A* 233 ms
without task) locations

@ torso location 264 ms

4.4, Discussion

In this study, the effects of various factors, including vibration frequency, type of tactors,
tactor location, ACV, number of tactors in the same location and secondary task on RTs to
vibrotactile stimuli were investigated for both healthy YA and OA. The difference of RTs

between YA and OA was also studied.

4.4.1. Young and Older Adults
On average, RTs for OA were ~60 ms slower than the RTs for YA, which is in agreement

with prior RT findings to audio-visual stimuli as a function of age [27]. This observed difference
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may result from age-related reduced neuron conduction rates [27], [42], decreased cognitive and
motor functions [43], [44], and/or deteriorated sensory function [45]. However, in our study, RT
differences between YA and OA were as large as 100 ms depending on the experimental
condition. In general, differences in RTs between YA and OA increased when YA had large
RTs. For example, YA reacted in ~200 ms to stimuli provided at the head location, while OA
reacted in ~250 ms to stimuli at the same location (~50 ms difference); YA reacted in ~230 ms to
stimuli at the foot location, while OA reacted in ~330 ms to stimuli at the same location (~100

ms difference).

4.4.2. Stimulus Frequency and Number of Tactors in the Same Location

RTs to changes in stimulus frequency and the number of tactors in the same location
were predictable; the fastest RTs were observed when stimuli were operated at 250 Hz compared
with 200 Hz and RTs decreased as the number of tactors in the same location increased. Pacinian
Corpuscles have an optimal sensitivity at approximately 250 Hz [2], [46]-[48], and sensitivity
has been shown to increase as contact area increases for relatively small areas (< 5 cm?) [47].
Overall, these two factors have a relatively lower impact on RTs (i.e., 10-30 ms) compared with

other factors investigated in this study.

4.4.3. Type of Tactors
RTs to the C-2 tactor were ~50 ms faster than the other two tactors. However, the C-2
tactor is substantially more expensive (i.e., $250) than a coin-style tactor (i.e., $5). Thus, there is

a trade-off between RT and cost.
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4.4.4. Stimulus Location

Harrar and Harris [23] found that RTs to vibrotactile stimuli were linearly related to the
distance from the forehead by 45 ms/m for YA. In this study, it was found that as the distance
from the head to the tactor location increased, RTs generally increased except for RTs to stimuli
applied at the torso. For both YA and OA, although the distance from the forehead to the torso
was shorter than the distance from the forehead to the finger and the shank, RTs at the torso were
slower than RTs at both the finger and shank. This counter-relationship of distance is likely due
to greater skin sensitivity to vibration at the finger and shank than the torso [49]. In the study by
Harrar and Harris [23], the tactors were placed on the forehead, lip, neck, finger and foot
locations, which are generally more sensitive than the torso [49]. Thus, the RTs could be linearly
related to the distance from the forehead for stimulus locations with comparable sensitivities.

By comparing RTs at the head, finger, shank and foot, a linear relationship with slopes of
26 ms/m for YA and 67 ms/m for OA was found, which is faster than the conduction velocities
from Harrar and Harris [23]. However, converting our findings for conduction velocity from
ms/m to m/s yielded 38 m/s for YA and 15 m/s for OA, which is closer to the conduction
velocities measured using physiological techniques [50]. Finally, the slope (ms/m) for the OA
was more than twice as steep as the slope for the YA. This implies that the effects of body
location on RTs increases with age and that stimulus locations far from the forehead should be

taken into careful consideration for certain applications, especially for OA.

4.4.5. Auditory Cue from Vibration
The effects of ACV on RTs were different for different locations. RTs at the finger were

significantly faster for both populations when ACV were provided, which is consistent with
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previous findings by Diederich and Colonius [51] who found that RTs to combinations of
auditory and tactile stimuli were faster than RTs to each type of stimulus alone. However, the
presence of ACV did not influence RTs at the torso, shank, or foot for either population. This
may be caused by the contact medium (e.g., abdominal skin) and the distance between the sound
source and ear. Interestingly, at the head location, wearing earplugs and ear muffs did not affect
the RTs for YA and even slowed down the RTs for OA. One potential reason for these findings
is the occlusion effect, which assumes that bone conduction increases sensitivity to low
frequency sounds when the ear canal is blocked [52], [53]. Thus, when participants were wearing
earplugs and ear muffs, the ACV was possibly magnified rather than blocked. Environmental
noise might have interfered with the ACV when participants removed the earplugs and ear

muffs.

4.4.6. Secondary Task

When a secondary task was performed, RTs to vibrotactile stimuli significantly increased
by at least 130 ms compared to no secondary task. Slower RTs were coupled with poorer
performance of the cognitive task. These findings agree with previous studies [17], [54].
Mohebbi et al. [54] showed large increases in RTs (148 ms) to vibrotactile collision warnings
when participants talked on a cell phone. Lin et al. also found a significant increase in RTs to a
cognitive task when the participants were asked to perform balance exercises with vibrotactile
cues [17].

During the presence of the secondary task, a linear relationship was not observed between
RTs and the distance from the forehead; while performing the secondary task, RTs at the finger

location were the fastest, followed by RTs at the head location (there were no significant
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differences among RTs at the torso, shank, and foot locations). The changes at the head and
finger locations may be explained by the stimulus-response compatibility effects, which refer to
how compatible the locations of stimuli are with the location of response [55]-[57]. According to
Kornblum et al., the high compatibility sets should yield faster responses than the low
compatibility sets [55]. In this study, the sets involved stimuli at the head and finger location,
and responses at the thumb location with a trigger-push. The finger-thumb response set was more
compatible than head-thumb stimuli-response sets which resulted in faster RTs at the finger.
These results agree with those by Ho et al. where they found a set-level compatibility between
stimulus locations of wrist and foot, and response locations of hand and foot [58]. However, this
compatibility effect was not observed during the single task experiments (experimental Part I1).
One possible explanation is that the compatibility effect does not outweigh the effect of distance
from the forehead, which was also found in the study by Ho et al. With the increased cognitive
load by the addition of secondary task, the compatibility effect may have been magnified.

The presence of the secondary cognitive task also negatively affected the number of trials
completed with appropriate RTs. Two prevalent attention division theories are the capacity-
sharing theory (attentional capacity is limited and performing two tasks will cause deterioration
of one or both tasks) and the bottleneck theory (one task will be delayed until the other task is
completed) [36], [59], [60]. Aligned with the bottleneck theory, participants may have been
processing the secondary cognitive task when the 50-ms vibration occurred and were not able to

perceive and react to the vibration.
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4.4.7. Number of Possible Stimulus Locations

RTs to a common location (navel) increased when there were more potential stimulus
locations (five locations from head to foot in Part Il, four torso locations in Part | and one navel
location in Part III). Hick’s law applied to the present study predicts that RTs should increase as
the number of stimulus locations increase. Donders’s subtraction method segments the reaction
to vibrotactile stimuli into four stages: stimulus detection, stimulus discrimination, response
selection and motion execution [39]. For recognition and choice RT experiments, it was shown
that stimulus discrimination and response selection have larger effects on RTs compared to
stimulus detection and motor execution [25], [39], [61]. In this study, participants were asked to
push the trigger regardless of the stimuli location. We posit that the difference in RTs at the
navel location is due to stimulus detection rather than stimulus discrimination, response
selection, or motion execution. Participants’ attentional capacities may have been divided across
multiple potential stimulus locations during Parts | and 1, as compared to Part 11l and the
stimulus detection process may have subsequently been delayed. The effect of age was also
notable in this scenario; RTs at the navel for OA differed by ~50 ms between Part 1 (five
stimulus locations) and Part 111 (single stimulus location), which were approximately three times

larger than the differences observed for the YA (~15 ms).

4.4.8. Applications

The results of this study should be considered and applied to the design of vibrotactile
displays. Factors such as stimulus frequency, tactor type, number of tactors in the same location,
stimulus location or age could play an important role in applications that require relatively high-

frequency motions (i.e., less than 500 ms) including surgical applications [20], real-time gait
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training, golf training [21], or fall prevention [19]. For example, when changes were made in the
experimental configurations used for investigating the effects of these factors on RTs in this
study, RTs varied by as much as 50 ms, which is approximately 10% of the required time to
complete the high-frequency motions. Furthermore, a longer RT should be expected if a
vibrotactile display involves multiple stimulus locations. Thus, the number of stimulus locations
should also be carefully considered.

For other applications where motions are generally more than 500 ms in duration, factors
that affect RTs by less than 50 ms may not be as important, but factors such as stimulus location
(i.e., head vs foot) or age should be considered because this study has shown that they can affect
RTs by at least 100 ms. In applications where secondary cognitive tasks are likely to be
performed such as in driving or flying [4], [5], [22], a significant increase in RTs should be
expected as the results of this study demonstrated increased RTs of at least 130 ms when a
cognitive task was performed.

This study also demonstrated that the selection of stimulus locations should be
intentionally chosen to take into consideration delays in RTs as a function of the distance from
the forehead, skin sensitivity, and stimulus-response compatibility. For example, in this study,
faster RTs to stimuli were observed at the head location compared with the finger location when
the participants were asked to perform a simple motor task (i.e., push a trigger using the thumb).
However, when the secondary cognitive task was performed, faster RTs were observed at the
finger location compared with the head location, potentially due to the higher compatibility
between the stimuli-response set. In vibrotactile-based balance exercise training, the two most
commonly used display locations to date have been the head [12], [18] and the torso [13], [62],

[63]. In this context, trainees typically use vibrotactile cues to prompt postural corrections of
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their center of mass (i.e., response location), which is approximately located at the level of the
torso-based tactors used in this study. For a single motor task, like the task used in this study,
RTs for the head location were faster than RTs the torso location. For this scenario, one might
predict that the response-stimuli compatibility will yield RTs as fast if not faster than stimuli
applied to the forehead despite the use of an inferior anatomical body segment.

Lastly, even though RTs to visual and auditory cues might elicit faster responses and
potentially provide richer informative than vibrotactile cues [64], vibrotactile cues have distinct
advantages within the fast-growing field of wearable technologies. Firstly, vibrotactile display
have the potential to cause less interference with daily activities. For example, visual and
auditory displays may not be suitable for use during scenarios involving simultaneous viewing or
listening tasks. [7]. Secondly, vibrotactile displays may provide more flexibility for specific
types of applications, e.g., for balance rehabilitation, vibrotactile displays can be used during
eyes-closed and head movement exercise configurations [65]. Multi-modal displays may be
appropriate in certain scenarios to address disadvantages of individual display modalities,

however multi-modal displays may require more complicated and expense instrumentation [66].

4.4.9. Limitations

There were several limitations of this study. Although contact pressure was roughly
controlled between the skin and tactors using a shim, it likely varied somewhat within and across
participants, which may have influenced the skin sensitivity [67]. In part 111, the C-2 tactors used
in this study may have been manufactured with different polarities thereby potentially affecting
the results since RTs to parallel and anti-parallel vibrations might be different. Factors such as

arousal [68], [69], fatigue [69], prior experience, and physical parameters including height and
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weight were not controlled. The environmental noise level in the laboratory setting was not
measured, which may have affected the results in Part I. This study did not investigate the effects
of increasing increments of age on RTs, nor the effects of a secondary task on RTs for YA.
Additionally, only three types of tactors were included in this study. Finally, only simple
responses to vibrotactile stimuli were studied as opposed to complex vibration patterns and

alternative modes of response.
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Chapter5 A Machine Leaning Approach to Automatically Evaluate the Performance of

Standing Balance Exercises

5.1. Background

Falls caused by balance impairments lead to loss of mobility, anxiety, and reduced
quality of life [1]-[6]. To improve balance performance in people with balance deficits (e.qg.,
vestibular disorders, Parkinson’s disease, stroke), balance rehabilitation programs are commonly
prescribed [7]-[11]. Within a rehabilitation program, there are more than 200 static standing,
dynamic standing and gait balance exercises, with levels of difficulty ranging from easy (1) to
hard (5) [12], [13]. Balance exercises are generated by varying the stance, vision, standing
surface and head motion conditions [12]. In clinics, physical therapists (PTs) select and
customize balance exercises for each individuals [12]. At home, individuals perform balance
exercises based on either instructions given by PTs during in-clinic training or paper instructions
[14]. However, due to the lack of supervision and consequent loss of motivation, in-home
training is not as effective as in-clinic training and therefore does not lead to the same
improvements in balance-related function outcomes [15]-[17].

To improve the effectiveness of in-home balance training, researchers have introduced
remote supervision (e.g., telerehabilitation) or semi-supervision (e.g., wearable devices with

periodic expert input) [18], [19]. Telerehabilitation delivers remote rehabilitation services,
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including assessments and intervention, via telecommunication networks [18]. Cikajlo et al.
showed that in people with stroke, telerehabilitation with virtual reality tasks led to balance
improvements similar to conventional in-clinic balance [20]. Telerehabilitation, however,
generally requires remote interactions between the expert and user for the duration of the training
session via video conference. This may require longer PT consultation times [21]. Video game—
based in-home balance training has been shown to improve clinical measures after a minimum of
five weeks of training [22]-[25]. Such training protocols use balance platforms (e.g., Wii Fit
balance board) and a display screen to provide visual cues of balance. These restrictions limit the
utility of such protocols during balance exercises that require closed eyes, head movements, and
altered stances. Bao et al. demonstrated improvements in clinical balance outcomes using a semi-
supervised balance training protocol for older adults in their homes; both the experimental group
that received vibrotactile sensory augmentation during balance training via a smartphone balance
trainer and a control group that performed the exercises unaided showed significant
improvements in clinical outcomes [13]. PTs remotely determined exercise progression by
reviewing participants’ data on a weekly basis. Based on the number of step-outs from the
correct position and participants’ self-assessments on a 1-5 scale, they prescribed exercises for
the following week. However, the participants’ self-assessments may not align with balance
assessments of the PT [26], [27], thus affecting the exercise progression and limiting the
effectiveness of balance training.

More recently, researchers have turned to machine learning (ML) techniques to aid in
making clinical assessments based on body motion [28]-[34]. Using motion data from wearable
sensors, researchers have successfully leveraged ML techniques to identify activity [28], mine

gait patterns [29], and classify gait disorders [30]-[33]. For example, Begg and Owen applied
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ML techniques to automatically recognize young versus old gait types with 83.3% accuracy [30].
Using data on minimal foot clearance collected from a motion capture system they successfully
trained a support vector machine (SVM) classifier. LeMoyne et al. extracted features from
motion data measured by an inertial measurement unit (IMU) on the ankle joint [31]. These
features were used to train a neural network to distinguish between older adults and people with
Friedreich’s ataxia [31]. Mannini et al. used time and frequency information extracted from gait
data to train a SVM to classify subjects as older adults, people with stroke, and people with
Huntington’s disease achieving a classification accuracy of 90.5% [32].

Appropriate progression of balance exercises within a balance-training regimen is critical
to achieving improvements in balance outcomes for both clinic- and home-based settings [12].
The extent to which the human (here, the expert/PT) is “in the loop” is diminished as one shifts
from a telerehabilitation to a semi-supervised balance rehabilitation program paradigm [35]. The
use of ML technigues enables potential further reduction or elimination of the human-in-the-loop
with respect to decision-making regarding exercise progression to support home-based balance
rehabilitation training. The objective of this study was to apply ML techniques to learn an
accurate mapping from trunk sway collected by an IMU to a PT’s assessment ratings of balance
performance (e.g., Functional Independence Measure [36]). In this pilot study we assessed the
feasibility of an ML-based approach for automatically and accurately evaluating balance exercise

performance.
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5.2. Methods
5.2.1. Data

Sixteen participants (68.2+8.0 yrs, five males, 11 females) with balance disorders or
balance concerns performed balance exercises during 18 sessions over the course of six weeks.
All participants gave written informed consent, and the study was conducted in accordance with
the Declaration of Helsinki. The study protocol was reviewed and approved by the University of
Pittsburgh Institutional Review Board (PRO13020399). In each session, participants performed
multiple trials of two standing exercises. Exercises were selected by a PT from a set of 60
standard standing exercises for balance rehabilitation [12], [37]. The PT used clinical judgment
to select the exercises with moderate difficulty level. The exercises were generated by varying
the visual (open/closed), stance (feet apart/feet together/semi-tandem Romberg/tandem
Romberg/single leg stance), head motion (none/pitch/yaw), and support surface (firm/foam)
conditions [12]. Each participant performed six trials of a given exercise, and each trial lasted for
30 seconds. If participants had to step out or needed help in maintaining balance, the trial was
terminated and marked as a “step-out” trial. After each set of six trials, both the PT and the
participant who performed the exercise rated balance performance across the six trials on a scale
of 1 to 5. The rating scale used by the PT was adapted from the Functional Independence
Measure [36], and the rating scale for the participants was adapted from Espy et al. [38]. The

guidelines for the ratings for both scales are shown in Table 5.1.
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Table 5.1: Rating guidelines for the physical therapist (adapted from Functional Independence
Measure [36]) and participants (adapted from Espy et al. [38])

Ratings | Description for physical therapist Description for participants
1 Independent with no sway | feel completely steady
2 Supervision with minimal sway | feel a little unsteady or off-balance

| feel somewhat unsteady, or like I

3 Close supervision with moderate sway
may lose my balance

4 Requires physical assistance or positive | | feel very unsteady, or like I
stepping strategy after 15 seconds definitely will lose my balance
Unable to maintain position with assist

5 or step out in the first 15 seconds of the | I lost my balance
exercise

During the training, participants wore a wearable IMU (MTx, Xsens Technologies B.V.)
aligned with the L4/L5 spinal segment level on their back. The IMU comprised accelerometers
and gyroscopes and customized filters to estimate trunk sway relative to the gravitational vector
in both the pitch and roll directions. Figure 5.1 shows an example of trunk sway in the pitch and

roll directions recorded during an exercise trial.

Roll (deg)

Figure 5.1: An example of trunk sway recorded during an exercise trial (feet apart stance on
foam surface with eyes closed). In this particular example, the participant demonstrates more
sway (i.e., variation) in the pitch direction relative to the roll direction.

In total, we rating labels were applied to 576 sets of six trials (16 participants x 18

sessions x 2 exercises). However, technical issues resulted in the loss of trunk sway data for three

sessions. After discarding those three sessions, we were left with 570 labeled sets performed by
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16 participants. Figure 5.2 shows the number of exercises included in the data set as a function of

the rating levels provided by the PT and participants.

300
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[ Ratings by Participants
250 - 4
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Figure 5.2: Distribution of rating levels provided by the physical therapist and participants.

5.2.2. Data Features

From the trunk sway data, we extracted features to capture balance performance over the
course of a set of six trials. These features are described in Figure 5.3. For each trial, we used ten
commonly used kinematic metrics to describe the trunk motion [39]-[46]. Since we only
obtained one rating for each set of six trials, we summarized the metrics across the set of six
trials by computing six statistical descriptors: 1) mean, 2) standard derivation, 3) minimum, 4)
maximum, 5) median, and 6) slope (1, 0, or -1) for all ten metrics as shown in Figure 5.3. We
added the number of non- “step-out” trials across the six trials as the last feature. This resulted in
61 continuous valued features (Figure 5.3) for each set of trials. Since these features lie on
different scales, we z-scaled all features to zero mean and unit standard deviation. This

preprocessing was done in MATLAB (MathWorks, R2016b).
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Kinematic Metrics | ® | Statistical Descriptors | — | Features

(1. Root-mean-square (RMS) of trunk sway (1. Mean of RMS of trunk sway h
2. Elliptical fit area (EA) of trunk sway trajectory 2. SD of RMS of trunk sway
3. Percentage time in one-degree zone (PZ) 1. Mean 3. Min of RMS of trunk sway
4. Trial length 2. Standard derivation (SD) 4. Max of RMS of trunk sway
5. RMS of trunk sway in pitch direction 3. Minimum 5. Median of RMS of trunk sway
6. RMS of trunk sway in roll direction 4. Maximum 6. Slope of RMS of trunk sway
7. RMS of trunk sway angular velocity 5. Median
8. Trajectory path length of trunk sway 6. Slope (1,0, 0or-1)
9. Center of trunk sway in pitch direction
&0. Center of trunk sway in roll direction ) 55. Mean of sway center in roll
56. SD of sway center in roll
57. Min of sway centerin roll
58. Max of sway center in roll
59. Median of sway center in roll
QO. Slope of sway center in roll Y,

@1. Number of non-"step-out” trials )

Figure 5.3: We used 61 features to represent each set of six trials. These features are based on ten
commonly used metrics and statistical descriptors to summarize performance across the different
trials.
5.2.3. Classification

Using the data above, we aimed to predict the PT’s ratings based on trunk sway by
learning a mapping from the 61-dimensional feature space to the PT’s ratings. To learn this
mapping, we trained a multi-class support vector machine (SVM) with a linear kernel [47]. We
also considered other non-linear techniques (e.g., support vector regression, extreme gradient
boosting (XGBoost) [48]). However, these techniques did not yield statistically significantly
different results from the linear SVM approach and lacked interpretability. To build the multi-
class SVM, we learned a separate classifier for each pair of classes (i.e., we used the one-against-
one framework). To account for the variation in frequency across classes, we used asymmetric
costs [49]. The asymmetric costs were set to the inverse frequency of each class (i.e., rating
level). Given the ten classifiers (e.g., 1 vs. 2, 1 vs. 3, etc.), test examples were then classified by

applying each classifier in turn and taking the majority vote.
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5.2.4. Validation and Evaluation

We used the leave-one-participant-out method for both validation and evaluation. During
the validation phase we tuned the hyperparameters and during the evaluation phase we evaluated
model performance. The use of leave-one-participant-out ensures no bias of the classifier, by
hiding the test participant’s data from the classifier prior to testing [50]. The details of this
process are shown in Figure 5.4. The data of each participant, in turn, was marked as the test
dataset, and the remaining data were used for training and validation. Within each training
dataset, we used leave-one-participant-out cross-validation to tune the hyperparameters. In our
framework, we tuned the SVM cost parameter (C), sweeping from [1e-7,1e3]. We averaged the
performance across cross-validation folds, and selected the C that led to the best averaged F1
score. We used the averaged F1 score because of the imbalanced distribution of rating levels as
demonstrated in Figure 5.2. Given this optimal C, we trained a final classifier on the training data
and then applied it to the test dataset. We repeated the process for each participant (i.e., repeated
16 times) to obtain the final evaluation results of overall classification accuracy and averaged F1

Score.
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Test Dataset -l Validation Dataset
—— —————

Optimal
Hyperparameters

— Evaluation

validation. For visualization, only the first cross-validation is shown.

The averaged F1 score was obtained by averaging the F1 scores of all rating levels. We
calculated the F1 score for each rating level using the precision and the recall at this rating level

(Equations 5-1, 5-2, and 5-3).

recision-recall .
F1 score = 2 - Pc0n o2 Equation 5-1
precision+recall

.. True Positive .
Precision = — — Equation 5-2
True Positive+False Positive

True Positive

Recall = Equation 5-3

True Positive+False Negative

5.2.5. Feature Importance

After evaluating model performance, we used backward feature elimination to measure
the relative importance of the features. To avoid overfitting, we used a leave-one-participant-out
setup similar to the one shown in Figure 5.4. For each training dataset, features were eliminated
one by one based on model performance (i.e., averaged F1 score) until only a single feature

remained. This gave us a measure of the relative importance of each feature, where the first
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feature to be eliminated had a relative importance of 61 (i.e., least important), and the last feature
to be eliminated resulted in a relative importance of 1 (i.e., most important). This feature
elimination procedure was repeated for each participant (i.e., 16 times). By averaging the relative
importance of each feature (i.e., 16 relative importance), we obtained an overall ranking of
features based on the relative importance. To understand the relative importance of each metric
and each statistical descriptor, we averaged the relative importance of features within each

category (i.e., the 10 metrics and 6 statistical descriptors shown in Figure 5.3).

5.2.6. Additional Classification

Based on input from PTs, we considered an additional three-level classification task in
which we grouped rating levels 1 and 2 together, and rating levels 3 and 4 together. In general,
PTs identified exercises rated as 1 or 2 as easy/safe, exercises rated as 3 or 4 as

moderate/suitable, and exercises rated 5 as difficult/unsafe.

5.2.7. Statistical Analysis

To compare the agreement between the SVM and PT assessments (i.e., classification
accuracy) with the agreement between PT and self-assessments, we used a paired two-tail t-test
with a significance level of 0.05. All classification and statistical analyses were performed using

R (r-project.org, version 3.4.1).

5.3.  Results
The performance of the five-class and three-class classification models is shown in Table

5.2. For the five-class classification task, the SVM predictions agreed with the PT’s ratings with
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an accuracy of 64.3% and averaged F1 score of 0.64. The accuracy is 13.8 percentage points
(p<0.001) better and the averaged F1 score is 0.18 better than the agreements achieved by the
self-assessment ratings. After grouping ratings into three-classes, the accuracy and averaged F1
score improved to 82.0% and 0.81, respectively. Moreover, the SVM still outperformed the
participants’ self-ratings (13.2 percentage points (p<0.001) for accuracy and 0.19 for the

averaged F1 score).

Table 5.2: Results for the five-level and three-level classification models. Standard deviations are
reported and the symbol * indicates statistical significance (p<0.05).

Models Five-class Classification Three-class Classification
Accuracy* Averaged F1 Score Accuracy* Averaged F1 Score

Participant | 50.6+08.1% 0.46+0.16 68.8+9.8% 0.62+0.15

SVM 64.3+11.3% 0.64+0.11 82.0+8.4% 0.81+0.07

The confusion matrices for the self-assessments and five-class SVM classifier predictions
are shown in Table 5.3. The calculated F1 score, precision, and recall for each rating level are
also shown with the confusion matrices. The SVM predictions outperformed participants’ self-

assessments for all rating levels for the F1 scores.
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Table 5.3: Confusion matrix for (A) participants’ self-assessments versus the physical therapist’s
assessments and (B) SVM predictions versus physical therapist’s assessments.

A
Self-assessments Recall
1 2 3 4 5
g 1 36 29 1 0 0 0.55
g 2 27 | 154 | 51 2 0 0.66
@ [3]3 [49[53 |21/ 1 0.42
@ 4 0 15 26 14 12 0.21
E [5] o] 4 |24 16 32 0.42
Precision | 0.55 | 0.61 | 0.34 | 0.27 | 0.71 | Accuracy:
F1 Score 0.55 | 0.64 | 0.38 | 0.23 | 0.53 51%
B

SVM Predictions

1 > 3 4 c Recall
2 [1]s6 /10000 0.85
£ 2 | 53 |142 | 33| 6 0 0.61
@ | 3] 3 [2[68][26] 1 0.54
¢ 4| 1|3 | 12]4a2]o09 0.63
E [s5] o] o] 314159 0.78

Precision | 0.5 | 0.77 | 0.59 | 0.48 | 0.86 | Accuracy:
F1 Score | 0.63 | 0.68 | 0.56 | 0.54 | 0.81 64%

Table 5.4 shows ten features ranked by relative importance, all metrics ranked by relative
importance, and all statistical descriptors ranked by relative importance obtained from the
backward feature elimination method. The number of non-"step-out” trials and min of RMS in

roll were the two most important features across all 61 features.
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Table 5.4: (A) The top ten features and their relative importance; (B) The relative importance of
each metric; (C) The relative importance of each statistical descriptor.

A
Rank Features Importance Ranking
1 | # of Non-"Step-out” Trials 1.1+05
2 | Min of RMS in Roll 2.3+£0.7
3 | Slope of RMS 79+7.6
4 | Mean of Trial Length 10.9+11.3
5 | Slope of PZ 122+ 6.7
6 | Slope of Path Length 12.8 +10.6
7 | Slope of Center of Sway in Pitch 156+ 5.3
8 | Slope of RMS in Roll 17.3+11.4
9 | Slope of EA 18.7+£11.0
10 | Min of EA 19.7+£12.9
B
Rank Metrics Importance Ranking
1 | RMSinRoll 21.7+£12.0
2 |PZ 27.2+8.4
3 | Trail Length 28.6+12.5
4 | Path Length 31.0+£11.5
5 | Center of Sway in Roll 32.3£7.8
6 |EA 33.5+11.9
7 | RMS in Pitch 34.6%6.9
8 | Center of Sway in Pitch 34.7£13.3
9 | RMS of trunk sway 34.8+14.9
10 | RMS of Velocity 36.6+6.8
C
Rank | Statistical Descriptors | Importance Ranking
1 | Slope 19.4+7.7
2 | Min 29.1+11.5
3 | Median 31.8+6.8
4 | Standard Deviation 33.6+£8.4
5 | Max 37.0£6.0
6 | Mean 38.0£12.0
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5.4. Discussion

In this pilot study, we used an SVM-based approach to automatically assess balance
performance based on trunk sway collected from an IMU sensor. To the best of our knowledge,
this is the first study to develop and validate the use of ML techniques to automatically provide
PT-like assessments of balance performance. On held-out data, compared to self-assessment
ratings, the ratings generated by the SVM classifier were significantly closer to the PT ratings.

In the five-class rating classification, the SVM outperformed the participants’ self-
assessments with respect to precision, recall, and F1 score at all rating levels with the exception
of precision in rating level 1 and recall in rating level 2. Increased precision indicates a higher
confidence when exercises are predicted at a particular rating level. Increased recall indicates
that the model correctly captures a larger portion of the exercises at this rating level. Compared
to self-assessments, the recall rate increased from 0.42 to 0.78 and the precision rate increased
from 0.71 to 0.86 when using the SVM for rating level 5. This indicates that the SVM model is
significantly better at identifying difficult/unsafe exercises that could cause the loss of balance
than the participants. The recall for exercises rated as level 2 and precision for exercises rated as
level 1 decreased slightly compared to the self-assessments. However, upon further inspection
we noted that the algorithm re-classified many exercises rated level 2 as level 1. Further
investigation is needed to understand the difference between rating levels 1 and 2. When
designing a balance rehabilitation program, the inclusion of easy to perform exercises (i.e.,
exercises with low ratings (1,2)) should be minimized because they produce fewer benefits [51].
Exercises rated 3 or 4 (i.e., exercises most often recommended by PTs for repetitive training)

showed both increased precision and recall.
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Balance performance is often described by kinematic metrics including the RMS of trunk
sway, PZ, EA of trunk sway, trial length, trajectory path length of trunk sway, and RMS of trunk
sway angular velocity [39]-[46]. Here, we investigated the relative importance of different
kinematic metrics and statistical descriptors to better understand how they are related to a PT’s
assessments. In this study, RMS of trunk sway, PZ, trial length, and path length were ranked as
the top four indicators. Notably, RMS of trunk sway in the roll direction was more important
than RMS in pitch direction and overall RMS, which suggests that RMS in roll direction is more
closely associated with an exercise's level of difficulty. This observation reaffirms the reality that
difficult exercises (e.g., Tandem stance with yaw head movements) challenge balance in roll
direction. Melzer et al. also found that fallers had significantly higher trunk sway in the roll
direction than the non-fallers for balance exercises performed with eyes open and eyes closed
[52].

Among the statistical descriptors, the trend across six trials (i.e., slope) was most
important. This suggests that the PT involved in this study considered performance over all six
trials when making her evaluation. Average performance (i.e., mean) and worst performance
(i.e., max) among the six trials were the least important statistical descriptors, whereas the best
performance (i.e., min) among the six trials was the second most important statistical descriptor.
The implication of these results is that one poorly performed trial may not affect the overall
rating assigned to the performance, while a well-performed trial may drive the overall rating.

This pilot study has three major limitations. First, only one PT provided the ratings that
were used as the gold standard. There may be relatively low intra-rater reliability for any given
PT, which could reduce classification accuracy. Second, we only investigated standing exercises,

but standard balance rehabilitation programs include weight shifting, modified center of gravity,
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and gait exercises [10], [12], [13]. Different feature extraction methods are likely needed to
automate ratings for these additional types of exercises. Third, PT ratings were unevenly
distributed across classes. To mitigate this effect, we considered F1 scores when evaluating
classification performance. Still, this could suggest why performance is lower in less prevalent
classes.

Automated balance performance assessments have the potential to augment existing in-
home balance training programs. In particular, automated assessments could guide participants in
the selection of appropriate exercises to perform, potentially allowing for more flexibility
compared to a fixed program since multiple exercise options would exist at any given difficulty
level. Training performed at an appropriate level has been shown to lead to greater
improvements in balance [12], [51]. In addition, the receipt of feedback immediately following
the completion of an exercise may increase compliance and motivation, a general problem with
traditional in-home training programs [22]. Moreover, accurate identification of difficult/unsafe
exercises would likely reduce the performance of unsafe exercises in the absence of a PT,
thereby decreasing the risk of falls in the home [53]. Aside from increase losses of balance and
fall risk, exercises that exceed an individual’s capabilities typically do not have positive effects
on training outcomes [51]. A study comparing the effects of long-term in-home balance training
with ML-informed exercise progression with telerehabilitation and/or semi-supervised

approaches is warranted.

5.5.  Conclusion
Using ML techniques, we successfully learned a mapping from trunk sway data from a

single IMU sensor to a PT’s ratings of balance performance. Compared to self-assessment

158



ratings, the automatically generated ratings more closely agreed with the PT’s ratings. On a
three-level scale, the model achieved an accuracy of 82%. The results of this study could be used
to provide balance assessments during unsupervised or semi-supervised balance rehabilitation
programs. Such automated assessments could lead to a reduction in PT consultation time, an
increase in compliance and an overall improvement in the effectiveness of in-home balance

training programs.
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Chapter 6  Discussion

6.1. Effects of Training with Vibrotactile Sensory Augmentation

Chapter 2 and Chapter 3 studied long-term balance training with and without vibrotactile
sensory augmentation (SA). The experimental design for both studies emphasized 1) long-term
training (i.e., at least 6 weeks or 18 sessions), 2) clinical tests before and after training, 3) control
groups (i.e., experimental group (EG) training with vibrotactile sensory augmentation (SA) and
control group (CG) training without SA), 4) reduced feedback frequency for the EG (i.e.,
vibrotactile SA was provided for four of the six exercise trials), and 5) participant-customized
exercise progression. The major differences between the two studies were 1) participant
populations (people with unilateral vestibular disorders (UVD) vs. healthy older adults (OA)), 2)
balance training locale (in-clinic vs. in-home), and 3) supervision (direct supervision by physical
therapist vs. remote semi-supervision by physical therapist).

All participants improved their SOT and Mini-BESTest scores after long-term balance
training, which agrees with the findings of prior studies [1]-[9]. People with UVD improved
their ABC scale and gait-related tests (i.e., gait speed, DGI, FGA) but healthy OA did not
improve. The differing results were attributed to two possible factors: high outcome measures
(especially for ABC scale) of healthy OA prior to their enrollment [10], and lack of direct

supervision by physical therapists during in-home balance training [11]. Comparing both groups’
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pre-training assessments, the two studies suggest that the EG demonstrated greater improvements
for the Mini-BESTest after the training than the CG. For healthy OA, the EG also demonstrated
greater improvements for the SOT than the CG after the training. However, there was no
significant difference between the EG and CG in the gait-related tests, possibly due to the lack of
vibrotactile SA provided during the gait exercises.

The Mini-BESTest and SOT scores for both the EG and CG at the pre-, mid- and post-
training assessments are shown in Figure 6.1. Both the EG and CG showed larger improvements
for the Mini-BESTest and SOT from the pre-training to the mid-training assessments compared
to their improvements from the mid-training to the post-training assessments. This finding
indicates that improvements slowed down for both groups after three—four weeks of training,
which agrees with a study that found a smaller improvement after the first three—four weeks than
in the first three—four weeks [9]. After the mid-training assessments, the CG showed little to no
improvements, which suggests that the CG reached a functional plateau after completing half of
the training (3-week training for people with UVD, 4-week training for healthy OA). However,
the EG showed some improvements after completing half of the training. This finding indicates

that the training with vibrotactile SA could result in a higher functional plateau.
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Figure 6.1: The Mini-BESTest and SOT scores for both the EG and CG at the pre-, mid- and
post-training assessments. The scores were offset based on the averaged pre-training
assessments.

The differences in improvements between the EG and CG for the Mini-BESTest and
SOT scores were significant at the post-training assessments, but insignificant at the mid-training
assessments, which may indicate that there was no difference in the improvement rates prior to
the mid-training assessments. This finding seems to contradict the findings of short-term training
controlled studies which showed that OA trained with SA significantly reduced body sway on
selected standing exercises compared to OA trained without SA immediately after 30 min of
training on the same standing exercises [12]. One explanation is that this dissertation used
clinical outcomes to assess participants’ functional ability rather than the outcomes of selected
standing exercises. This dissertation’s small sample size or the lack of balance assessments
earlier than three weeks following the initiation of training could also explain the differences.

While this dissertation indicated that training with vibrotactile could lead to a higher
functional plateau for the Mini-BESTest and SOT, future work is needed to confirm the

differences in the improvement rates.
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6.2. Mechanism of Sensory Augmentation

The mechanism(s) which enable(s) individuals using vibrotactile SA to improve their
balance performance is not well understood [13]. The hypotheses (see Chapter 1, Section 1.3.4)
include 1) sensory reweighting: improved balance performance results from the sensory
reweighting mechanism, which aligns with the hypothesis of the traditional vestibular
rehabilitation therapy [14], [15], [4], 2) “sixth” sense: CNS interprets SA as a new and distinct
sensory input [13], 3) cognition: the additional information provided by SA is cognitively
processed and acted upon, but is not used to adjust sensory weights by the CNS [13], 4) context-
specific adaptation: a new sensorimotor function is developed only when SA is presented [13],
and 5) combined volitional and non-volitional response: improvements result from both
volitional and non-volitional responses [16]-[18].

This dissertation provided insight regarding the potential mechanism(s) of SA for balance
training applications. Several studies, including this dissertation, have shown that balance
improvements can be carried over to clinical outcome measures and may be retained for up to six
months after training with SA provide. These studies provide support for the sensory reweighting
hypothesis. One study noted that the balance performance improvements may be due to the
effect of balance training itself and not the use of SA [19]. However, this dissertation finds that
people who trained with vibrotactile SA showed greater improvement in a subset of their clinical
outcome tests, e.g., Mini-BESTest and SOT scores, compared to those who trained without
vibrotactile SA suggesting that if training improves balance performance, the use of vibrotactile
SA may provide additional benefits.

This dissertation also found that both populations demonstrated greater reliance on their

vestibular system inputs to maintain postural balance after balance training based on the
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computerized dynamic posturography measurements. Although not all outcome measurements
were significant, data trends from the two training studies in this dissertation suggest that the use
of SA may promote the CNS to reweight its sensory inputs, leading to improved functional
balance performance compared with balance training alone. Again, this dissertation’s small
sample size may account for the unobserved significance and a larger sample size is needed to

validate the findings in this dissertation.

6.3. Machine Learning for Balance Rehabilitation

Steady improvements in wireless communications and wearable technology now allow
researchers to obtain very accurate measurements, including those captured remotely, of body
motion. Unfortunately, data analysis is still limited to simple time-domain and frequency-domain
analysis. This dissertation explored the use of machine learning (ML) as an analytical tool to
improve unsupervised balance rehabilitation (Chapter 5). Inspired by the positive findings of
Chapter 5, we also proposed the potential use of ML as an analytical tool to provide meaningful

SA during gait exercises in the section below.

6.3.1. Machine Learning for Unsupervised Balance Rehabilitation

The effectiveness of unsupervised in-home balance rehabilitation was enhanced when
telerehabilitation was developed, primarily due to the availability of personal computers and the
internet. Telerehabilitation delivers rehabilitation services, including assessments and
intervention, remotely via telecommunication networks [20]. The expert, typically a physical
therapist, and the exercising individual “talk”” remotely throughout the training session [21]. For

people with stroke, research has shown that telerehabilitation with virtual reality tasks led to
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balance improvements similar to the improvements provided by conventional balance training in
clinical settings [22]. Published research has demonstrated the effectiveness of telerehabilitation
and the potential economic benefits compared to traditional rehabilitation programs [21], [23].
However, telerehabilitation can require longer consultation times with the expert and user via
video conferencing, and increase the cost to the expert (time) and user (money) [21].

Recent developments of SA have improved unsupervised in-home balance rehabilitation.
Video game—based in-home balance training uses balance platforms (e.g., Wii Fit balance board)
and a display screen to provide visual SA. Video game—based in-home balance training has been
shown to improve clinical measures after a minimum of five weeks of training [24]-[27].
Jorgensen et al. and Whyatt et al. demonstrated that OA improved their ABC scores and reduced
body sway by using the Nintendo Wii board [24], [28]. However, these devices cannot be used in
balance exercises that require closed eyes, head movements, altered stances, and different
support surfaces.

Chapter 3 introduced a smartphone balance trainer, which measures trunk sway and
provides vibrotactile SA as an alternative device. Instead of interacting via teleconference with
the exerciser for an entire training session, the physical therapist makes suggestions based on the
performance sent automatically by the smartphone. The drawback is that the current
configuration of the smartphone balance trainer only allows the device to send step-out
information and the user’s self-assessments to the physical therapist, and the information may
not align with the therapist’s own observations. The decision to only send step-out and self-
assessment data in this study was intentional because the body sway parameters (e.g., RMS

sway, elliptical fit area, percentage time in one-degree zone as mentioned in Chapter 1 Section
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1.1.4) would require additional interpretation (and therefore time) by the physical therapist and
the minimum data set needed to support exercise progression decisions is unclear.

Chapter 5 explored a new approach to provide more reliable balance performance
assessments when there was limited access to physical therapists. The ML approach is appealing
because today’s wearable sensors (i.e., small size, low weight, low cost) can collect large
amounts of data which ML technigues can convert to easy-to-understand assessment ratings.
Automatically generated ratings may enable physical therapists to provide quality remote
suggestions regarding exercise progression. Although the agreements between the ML classifier
(i.e., support vector machine) and physical therapist’ ratings were shown to be better than the
agreements between the physical therapist’ ratings and participants’ self-ratings, the classifier’s
accuracy remains limited. There are three possible reasons for the relatively low accuracy
obtained during the study. First, there was low inter-rater or intra-rater reliability at some rating
levels. This dissertation adapted a rating scale from a prior study [29], and only one physical
therapist provided ratings. Second, the exercise data were taken from only sixteen participants.
The ML algorithm may not be fully trained due to the lack of data. Third, trunk motion was used
as the single input for the ML algorithm. The motion of multiple body segments measured by
multiple sensors may be needed. Future work that addresses these limitations may lead to
improved accuracy.

More automation of unsupervised in-home balance rehabilitation will be possible when
the ML algorithms can provide comparable exercise progression recommendations based on the
user’s prior performance compared to in-person/live recommendations provided by a physical
therapist. Although recommender systems have not been applied to balance and gait applications,

recommender systems have been successfully used for movie (Netflix), music (Pandora), search

173



queries (Yelp), and online shopping (Amazon) applications [30]. By building a database with
individuals’ prior balance performance assessment ratings during in-clinic balance rehabilitation,
the recommender system could suggest the next exercise after an exercise is completed. A pilot
study, which used a limited amount of data and collaborative models (k-nearest neighbor [31]
and singular value decomposition [32]), obtained an accuracy of ~47.5% for the ratings at a
discrete scale of five, which was slightly higher than a guess-based case (25%). Therefore, a

larger dataset and more complicated models should also be feasible.

6.3.2. Sensory Augmentation for Gait Tasks with Machine Learning Techniques
Vibrotactile SA was not provided during gait-based exercises in the studies described in
Chapter 2 and Chapter 3 because the use of vibrotactile SA for locomotion is underdeveloped.
Most studies of SA applications have addressed specific body segment(s) motion(s) such as the
trunk and knee [33]-[40]. Since gait is more complex than standing balance, providing SA on
only one segment could produce unexpected behaviors that negatively affect gait performance.
For example, providing vibrotactile SA could reduce trunk sway, but also produce a slower gait
during slow-paced walking and narrow stance walking, and stiffening in the coronal plane (i.e.,
rigid and awkward gait) [37]. Another study found that participants appeared to walk naturally
after training to walk with a toe-in gait angle, but they were not necessarily comfortable [40].
Researchers have investigated the use of multiple vibrotactile SA displays for multiple
segments [38]. However, longer potential reaction times are one of the shortcomings of this
approach. Prior studies have indicated that reaction times to vibrotactile cues linearly increase
with the number of vibrations during choice and recognition reaction time tasks [41]. Chapter 4

found that even for simple reaction time tasks, reaction times increased when the number of
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possible stimulation locations increased. Given that the usual gait cycle is approximately 1 s,
increased reaction times due to multiple displays would likely negatively affect the effectiveness
of vibrotactile SA. With respect to SA display modality, visual feedback appears to be one of the
best options (if not the best option) for gait-based activities from a reaction time standpoint since
more information can be analyzed immediately via visual systems. Franz et al. used visual SA to
enhance forward propulsion forces and push-off muscle activities during walking in healthy OA
[42]. In their study, visual SA was provided via a large screen based on force plate data and
electromyographic signals [42]. However, this type of set-up may not be practical for home-
based balance training applications unless a heads-up display or similar technology is used.

In clinical settings, physical therapists observing the performance of gait tasks give real-
time verbal feedback or specific instructions about a body segment or multiple body segments,
but the feedback or instructions are not typically provided on a step-by-step basis. Instead,
physical therapists tend to focus on the outcomes of gait performance (e.g., waking speed,
walking coordination) based on full body observations. Since ML techniques are able to map
high dimensional time series data to categorical or low dimensional outputs, an alternative to
providing real-time SA cues to inform postural/gait parameter corrections on a step-by-step basis
would be to use ML and the motion data collected by wearable sensors to “learn” the physical
therapist’s assessments and provide intermittent feedback or knowledge of results. To date, the
exploration of ML for gait analysis has primarily focused on classification of people with gait
disorders or on gait pattern recognition [43]-[51]. The high classification accuracy of previously
published studies (i.e., above 90%) and the results of Chapter 5 imply the feasibility of using ML
to analyze gait/locomotion. Using ML techniques to map the time-series body motion to physical

therapists’ feedback should be studied in greater detail.
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6.4. Optimizing the Design of Vibrotactile Sensory Augmentation

While many studies, including the studies described in Chapter 2 and Chapter 3, have
demonstrated balance improvements with the use of vibrotactile SA, the actual design of
vibrotactile SA displays warrant more study. The section below describes some of the design

parameters that should be considered.

6.4.1. Scheduling Sensory Augmentation

The studies described in Chapters 2 and 3 provided vibrotactile SA to participants for
four of the six trials in order to enhance motor learning. In motor learning, feedback can be
provided using full feedback schedules, reduced feedback frequency schedules, and self-
controlled feedback schedules [52]-[58]. In a full feedback schedule, feedback is continually
provided throughout the training process. However, negative effects may occur if the trainee
becomes dependent on, or demands, a constant level of feedback [54]. In a reduced feedback
frequency schedule, feedback is provided in some portion of the training. Several studies found
that reducing feedback frequency (e.g., 50%, 67%) led to more effective learning than a full
feedback schedule [52], [55], [56], but other studies noted that reduced feedback frequency did
not result in better learning than a full feedback schedule [57]. In the case of augmented balance
rehabilitation, most of the previously published studies, with the exception of the studies
described in Chapters 2 and 3 of this dissertation, used full feedback schedules. Lim et al. found
that healthy OA following a 2-week balance training protocol with SA and a full feedback
schedule indicated few benefits compared to the 2-week balance training protocol without SA
[58], unlike the study described in Chapter 3 of this dissertation which found significant

improvements for a subset of the outcomes studied for OA who trained with SA compared with
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those who trained without SA. It is possible that different feedback schedules account for the
variations. However, it is not clear if the 67% feedback frequency schedule used in this
dissertation is preferable to other options. The self-controlled feedback schedule, also called
feedback as needed, only provides feedback upon demand. Research has shown that although the
reduced frequency schedule can enhance learning in the complexity skills, the self-controlled
feedback schedule is more useful for simple tasks [59]. Optimal scheduling for SA exercise

programs remains to be determined.

6.4.2. Vibrotactile Activation Thresholds for Sensory Augmentation

Determining the feedback/SA activation thresholds for balance rehabilitation exercises is
another important issue. Some researchers have used fixed thresholds (e.g., 1-degree zone)
across all exercises and all participants [60]-[62]. The advantage of this approach is that it
requires little effort to customize the thresholds for each individual and each exercise. However,
fixed thresholds may provide limited SA cues for easy exercises or provide overwhelming SA
cues for difficult exercises. Other researchers have used a percentage (e.g., 80%) of the
maximum motion as the threshold, assuming that customized thresholds may optimize the
training effects [12], [58], [63]-[65]. The thresholds are then updated after some period of
training (e.g., after each session). The major disadvantage of this approach is the additional time
required to determine the thresholds. Both approaches have shown to yield improvements in
balance performance during real-time uses of SA. In this dissertation, the thresholds were
customized for each exercise, and kept the same for all participants. The results from this
customized activation threshold approach based on exercise type suggest that different thresholds

for different exercises may increase the training’s effectiveness. However, it is not clear whether
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customizing thresholds can produce more benefits than fixed thresholds since the studies in this
dissertation did not control for this factor.

In addition, for the customized threshold approach, it is not clear whether a narrow
threshold (e.g., 30% of max body sway) or a wide threshold (90% of max body sway) is ideal for
improving and retaining training. Training effect refers to the real-time improvements
demonstrated when vibrotactile SA is provided, and retention effect refers to the improvements
demonstrated when vibrotactile SA is removed after a period of training with vibrotactile SA. A
narrow threshold, which theoretically provides more frequent cues resulting in individuals
making more frequent postural corrections, can also make individuals more dependent on the
cues and consequently reduce motor learning [66]. Furthermore, a large amount of information
may ultimately be distracting and worsen performance [60]. A wide threshold, on the other hand,
may allow individuals to produce too large of a postural movement before they cued to initiate a
correction, resulting in a step out of position or a fall. Wide thresholds may not yield better
training effects compared to narrow thresholds since sway is likely to be increased, but they may
lead to better retention effects because individuals are challenged to rely on their own sensory
inputs to initiate corrective movements (i.e., similar to the benefits of a reduced feedback
frequency schedule). We are conducting a pilot study using narrow thresholds (0.8-degree zone)
and wide thresholds (1.5-degree zone) for selected exercises to test the hypothesis that narrow

thresholds lead to better training effects and wide thresholds lead to better retention effects.

178



6.4.3. Reaction Time to Vibrotactile Sensory Augmentation

The study described in Chapter 4 investigated the effects of various display design factors
on reaction time to vibrotactile cues. The findings outlined below can provide a general guideline
for designing vibrotactile displays.

First, the effect of tactor type (i.e., C-2 tactor, Tactaid and coin-style motors) on reaction
time was less than 50 ms. Considering that reaction time to vibration at the trunk location is
around 250 ms, and a control signal with a velocity component (i.e., tilt angle plus half tilt rate)
is frequently used for comparison with the preset activation threshold, 50 ms could have little
effect on the use of vibrotactile SA during standing balance tasks. Coin-style motors may be
preferable in cost-sensitive scenarios (e.g., ~$1 compared to the ~$250 cost of the C-2 tactor).
For gait tasks or applications with continuous vibrotactile SA [66], the C-2 tactor could be a
more attractive choice since the trainee may need to respond to the vibration within 1 s
depending on how the vibration is used.

Second, the stimulus-response compatibility effect is an important design factor. It is
generally hypothesized that a positive relationship exists between reaction time and the distance
between the stimulus location and the forehead (i.e., reaction time at the head location is faster
than at the torso location) [67]. The results from this dissertation were aligned with this
hypothesis when the reaction time task was simple and there was similar sensitivity at the
stimulus locations. However, the hypothesis did not hold when a more complicated task (e.g.,
secondary task) was involved. Instead, the stimulus-response compatibility effect (i.e., the high
stimulus-response set led to a faster reaction time [68]) outweighed the effect of the distance
from the forehead. Ho et al. noted similar findings [69]. For standing balance tasks, the trunk is

considered the response location for the vibration because the COM is located within the trunk.
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Thus, the reaction time to the vibrotactile stimulus at the trunk location may be as fast as the
head location or even faster than the head location given the stimulus-response compatibility.
Third, the combination of age and the presence of a secondary cognitive task had the
greatest effects on reaction time compared to the other design factors analyzed. The presence of a
secondary cognitive task was shown to increase the reaction time by as much as ~300 ms for
healthy OA. The increased reaction time for the secondary task condition may require display

designers to revisit the vibrotactile activation control signal to further minimize delays.

6.5. Implications

This dissertation has contributed to the study of balance rehabilitation by researching 1)
the effects of balance training with SA, 2) the design of vibrotactile SA displays with respect to
reaction time, and 3) exploratory ML algorithms for improving unsupervised balance
rehabilitation.

First, this dissertation provided preliminary support for the use of SA as a rehabilitation
tool to enhance balance rehabilitation, especially postural balance rehabilitation. Improvements
in a subset of the clinical outcomes (i.e., SOT, Mini-BESTest, ABC) indicated that individuals
showed functional improvements, instead of simply balance performance improvements on
specific balance exercises after training with SA. The lack of SA provided during gait exercises
could be the limiting factor for the lack of improvements observed in gait-related measures (e.g.,
gait speed, DGI, FGA). This dissertation also found that the use of SA could lead to higher
functional recovery plateaus compared to balance rehabilitation alone. Higher functional plateaus
suggest that individuals may attain a health stage higher than that attained with traditional

balance rehabilitation. People with UVD showed more functional improvement in the ABC
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scale, which is a subjective measure of confidence in performing various ambulatory activities
without falling or experiencing unsteadiness. The significant improvement in confidence could
lead to a decreased fear of falling and less depression and anxiety [71]. Further functional
improvements by OA were reflected in their higher SOT and Mini-BESTest scores. Since both
scores significantly relate to fall history, training with SA could improve quality of life and
reduce medical costs related to falls for OA [72], [73]. The increase in vestibular reliance for
both populations also suggested that SA could facilitate the reweighting of sensory inputs from
the vestibular system by the central nervous system. Sensory reweighting could also explain the
functional improvements observed. Considering that balance rehabilitation is therapeutic for
people with UVD, and preventative for healthy OA, the findings may be generalizable to
populations with other types of damaged or deteriorated vestibular function.

Second, the dissertation findings have implications for vibrotactile display design
including customized activation thresholds for different exercises and display location to
minimize reaction time delays due to a user’s age or the presence of secondary tasks (e.g., head
movements, cognitive task).

Third, to the best of our knowledge, this dissertation is the first to study the application of
machine learning techniques to enhance in-home balance rehabilitation. The preliminary results
suggest that remote balance performance assessments might be possible through the use of a
wearable IMU and classification algorithms. Providing performance assessments during
unsupervised in-home balance rehabilitation has the potential to improve the individual’s
compliance and motivation, and thus improve the effectiveness of in-home balance

rehabilitation.
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6.6. Limitations

The findings of Chapters 2, 3, and 5 were based on small sample sizes, which limited the
use of statistical analysis and ML techniques. In Chapters 2 and 3, participants who trained with
vibrotactile SA showed a higher increase in some clinical tests compared to those who trained
without SA, but no significant effects were found. Statistical analyses of larger sample sizes are
preferable for detecting significant effects. Chapter 2 mentioned the difficulties of recruiting
people with UVD who were able to commit to six consecutive weeks of in-clinic training and
three in-clinic assessments for up to six months after completing training. A smartphone balance
trainer providing vibrotactile SA for in-home training may be a reasonable option for people who
cannot attend in-clinic training. Chapter 3 also described the first attempt by participants to use
vibrotactile SA independently within their homes.

An important limitation of this dissertation is that vibrotactile SA was not provided for
gait exercises. As discussed in Section 6.3.2, the complexity of gait motion requires more

research to understand how to provide meaningful SA to individuals performing gait exercises.

6.7. Future Work
6.7.1. Balance Training with Sensory Augmentation
6.7.1.1. Sample Size

As mentioned, the studies in this dissertation were exploratory in nature and therefore the
sample size was limited. Future studies involving larger sample sizes should consider the
performance of long-term balance training studies in participants’ homes. While the smartphone
balance trainer was designed for use by healthy OA, it could be re-designed for use by other

populations with balance disorders. However, since participants with balance disorders could
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present different symptoms (e.g., blurred vision) than OA participants, it is recommended to use
the symptoms to inform the re-design (e.g., use of audio prompts such as Apple Siri instead of
visual communication for the human-machine interface). Additionally, future work should
consider collaborations with clinics or medical research groups that focus on populations with
balance disorders in increase the sample size. Our successful collaboration with physical
therapists at the University of Pittsburgh indicated that the vibrotactile SA device could easily be
used by other physical therapists and research groups. One long-term study by Basta et al.
recruited 105 participants through collaborations with clinicians at multiple locations [19].
Collaborations offer the advantages of increased sample sizes, greater diversity of populations

with balance disorders, additional physical therapists and medical research personnel.

6.7.1.2. Understanding the Mechanism of Sensory Augmentation

The reported vestibular reliance in this dissertation was calculated from the SOT
protocol. To truly understand the physiological changes after training with SA, techniques such
as functional MRI (fMRI), electroencephalography (EEG), and electromyography (EMG) could
be used. fMRI measures brain activity by detecting the changes associated with blood flow. Prior
studies have found that electrotactile SA upregulated the visual sensitivity to optic flow in people
with balance disorders [74], [75]. EEG records the brain’s electrical activity. The EEG technique
could help measure the activation of different functions (e.g., vestibular function) when balance
exercise is performed during training with vibrotactile SA or after training with vibrotactile SA.
EMG records the electrical activity produced by skeletal muscles. The EMG technique could
help to understand how motor function (i.e., muscle activation) changes by using vibrotactile SA.

A prior study found that muscle activity was reduced when vibrotactile SA was provided [76].
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6.7.1.3. Sensory Augmentation for Gait Tasks with Machine Learning techniques
As mentioned in Section 6.3.2, to date, there has been limited evidence of effective SA
strategies for improving gait performance in individuals with vestibular deficits and older adults
[33]-[39]. Inspired by assessing balance performance for standing exercises using machine
learning techniques, SA for gait tasks could resemble the verbal feedback given by physical
therapists. For example, wearable sensors could record multiple body segment motions (e.g.,
trunk, leg, foot, arm, head) and ML techniques could be used to map the body motions to
physical therapists’ assessments during gait tasks. SA could be given explicitly in the form of
assessments (multi-class classifications), or implicitly by “telling” the individual if the previous
step or the previous gait task was performed correctly (binary classification). It is possible that

implicit feedback could lead to improved motor learning [77].

6.7.2. Design of Vibrotactile Sensory Augmentation

To improve the design of vibrotactile SA, three important design factors should be
considered: activation thresholds for providing vibrotactile SA, schedules for providing
vibrotactile SA, and control signals for providing vibrotactile SA. First, as mentioned, it is not
clear whether the fixed threshold is as effective as the threshold customized to an individual’s
balance performance for a specific exercise [12], [19], [58], [60]-[64]. It is also not clear
whether a narrow threshold (e.g., 30% of the maximum sway) or a wide threshold (e.g., 80% of
the maximum sway) improves motor learning. Both short-term and long-term training studies are
needed. Second, the frequency of providing SA needs more study, because the majority of
published studies have investigated training effects by considering SA as a real-time aid. Having

provided preliminary support for using SA as a rehabilitation tool, we suggest studying the
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frequency schedules of SA to enhance motor learning. Third, the current control signal (i.e., tilt
angle plus half tilt angular velocity) should be studied by changing the weight of the tilt angular
velocity based on our finding that reaction times to vibrotactile cues for different populations

and/or the presence of second tasks varied from 100 ms to 300 ms.

6.7.3. Smart Balance Training
6.7.3.1. Smartphone Balance Trainer

Chapter 3 developed a smartphone balance trainer for real-time, in-home use by OA.
Although use of this device led to balance improvements, the design needs further refinement.
The iPod touch sensing unit could potentially be replaced with smaller wearable devices worn on
the wrist (e.g., Apple Watch, Fitbit). A smaller sized, lightweight belt holding the necessary
accessories of the current smartphone balance trainer could also be designed. Second, the current
version of the smartphone balance trainer did not provide balance performance assessments to
the individuals trained at home. It may be desirable to integrate the ML algorithms into the
smartphone balance trainer to provide assessment ratings directly to the individual based on

his/her body sway to further engage and motivate the individual.

6.7.3.2. Balance Exercise Assessment Rating

In Chapter 5, the labels (i.e., ground truth) used for the trained classifier were supplied by
one physical therapist. The rating scale was adapted from a prior study, but not enough is known
about the inter-rater reliability associated with the scale. Therefore, we suggest that several
physical therapists assess the balance performance of exercises with different difficulty levels

based on the rating scale. If the inter-rater reliability is low, the classifiers could be trained based
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on the preferences of physical therapists or a new rating scale could be developed to obtain

higher inter-rater reliability.

6.7.3.3. Smart In-home Balance Training

To improve in-home balance training in the absence of physical therapists, we propose
the development of a recommender system that recommends exercises to an individual based on
the history of the individual and the collective assessments of exercises previously performed by
multiple individuals. The two major types of recommender system are collaborative filtering and
content-based filtering. Collaborative filtering builds models from the user’s past behavior (e.g.,
ratings, preferences, decisions) and other users’ behaviors to predict the user’s behavior on other
unseen items [78]. Content-based filtering builds models from the properties of an item to
recommend additional items with similar properties. Collaborative filtering uses two types of
approaches: memory-based and model-based. The memory-based approach calculates the
similarities between users or items to make recommendations, and the model-based approach
uses models (e.g., Bayesian networks, singular value decompositions and Markov decision
processes) to make recommendations [79].

If this recommender system is developed, we could use vibrotactile SA to provide real-
time knowledge of performance, classification techniques to assess balance performance, and
recommender system techniques to suggest the optimal exercise progression for in-home balance
rehabilitation. Use of a smart in-home balance rehabilitation device could potentially benefit the
increasingly aging population in the United States. Smart in-home balance rehabilitation could

also improve the availability of physical therapists for people who require out-patient care, and
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could potentially lower the cost of administering preventative and therapeutic treatments, lower

fall risk, and decrease dependency on family members and caregivers.
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