NUI Galway

OE Gaillimh

An Investigation on the use of Sensory Electrical Stimulation as a Cueing
Therapy to Ameliorate on-state %U1 | 4 DOT wOi W&EDUwbOw/ 1 Ox Ol whE

Disease

Electrical & Electronic Engineering,
School of Engineering,
College of Science & Engineering
N ational University of Ireland, Galway

Ireland

Supervisor: Prof. Geardid O Laighin
Electrical & Electronic Engineering,
School of Engineering

National University of Ireland, Galway

Co-supervisor: Dr. Leo Quinlan
Physiology,
School of Medicine

National University of Ireland, Galway

A thesis submitted to the National University of Ireland, for the Degree of

Doctor of Engineering

May 2021






Table of Cont ents

@)
=0
Q
o
—
1)
=
[EY
@
D
>
@
=
L
=]
—
=
o
Q
c
Q
=g
o
S5
O
O
O
O-
O-
O-
O
O
O
O
O
(@]
o
(@]
O
O
O
(@]
o

1.3 Management of Freezing of Gaito 6 6 6 0 0 6600 600 60 6 6 64

1.4 Somatosensory Cueing Therapyo 0 0 6 6 0 000060600006 6 06
1.5 ThesisOutined 6 00 60000000006006000000060 (7
1.6 Additional Publications and Works 6 6 6 6 6 0 6 0 6 0 6 0 6 6 0 (10
1.7 Reference® 6 6 0 000 0060000000000006000600606 11
Chapter 2 Applicability and Tolerability of Sensory Electrical

Stimulation Applied t o the Upper and Lower Leg Skin Surface for

2.2.1 Study populatio® 0 6 0 00 0000000000000 00 (21

2223 BIUUPEEOQW2UDPO0BOBOBDO00D600BDOB?2

N

2.2.3 Experimental Proceduée6 6 6 6 6 0 6 6 0 6 606 6 6 6 6 623
2242 UEUDPUUDPEE®DWS DEDGUOVO6 6060606606 6 625

2.4 Discussion0 00 00000000000000000000000 33



Chapter 3 Technological Review of Wearable Cueing Devices
EEUI UUDOT wwnUl 1 aPpO0T woOi w &EoRHUSBIDUD/ GEBL

3.1
3.2

3.3

3.4
3.5

Reference® 0 000 000000000000000000000 92

Chapter 4 Human Centered D esign of a Sensory Electrical Stimulation

4.2.1.2 Specifying the User Requirements 10 6 6 0 6 6 6 0 0 0106

4.2.1.3 Produce Design Solution to Meet User Requirements 16 108

4.2.2.2 Specifying the User Requirementsll6 6 6 6 6 0 6 6 0 111
4.2.2.3 Produce Design Solution to Meet User Requirements II...113

4.2.2.4 Evaluate the Design Against Requirements 116 6 6 0 0 113



4.23 lterationll6 6 000 00000000000000000 0 116

4.2.31 Understanding & Specifying the Context of Use Ill 6 6 6 116

4.2.3.2 Specifying the User Requirements 1110 6 6 6 6 0 0 0 0126

4.2.3.3 Produce Design Solution to Meet User Requirements I1..127

4.24 lterationVo 00 00000000000000000000 (132

4.2.4.1 Understanding & Specifying the Context of Use IV 6 6132

4.2.4.2 Specifying the User Requirements IVO 6 6 6 6 6 0 06 0138
4.2.4.3 Produce Design Solution to Meet User Requirements V. 139

4.2.4.4 Evaluate the Design Against Requirements IVO 0 6 0 0 142
424414 UEEPOPUaw( OUx1I EUDPOOG 42
42442401 Uw31 UUDPOT 666060606 0.6 145

P N e

52 Methods6 6 60 6060660060600 00006006060060060600606 162

53 Resultst 66 6000600600000060000006060006006 0164
5.4 Discussiond 6 6006006060000000006006060606006006060 166

55 Conclusion6 6660666000006 0000600606000006060 168

56 Reference® 000 0000000000000000000000 168

Chapter 6 Double -Tap Interaction as an Actuation Mechanism for On -

Demand Cueingin Par OP OU OOz Vau#®dId E3Jd 6 6 6 6 6 6 6 ¢

6.1 Introduction6666006060006000600060006000600 06172

6.2.1 Participant® 0 0 00 000 00000000000000 0 CLl76



6.2.5.1 Latency and Sensitivity of Performing a Double -tapé 6 186
6.2.5.2 Sensitivity and Specificity of Double -tap Detection

6.2.5.4 User Experienced 60 6 0 0 0 006000600060 0 188
626 2 DEUPUUDPEEDWS DEDGUDOVOG 66606066 6 6188
6.3 Resultsd 6 6 6 060060000 00000006000060060060 06 5188

6.3.5.1 Latency and Sensitivity of Performing a Double -Tapo 6 191
6.3.5.2 Sensitivity and Specificity of Double -tap Detection

6.4 Discussiond 60 06060000000000000006060060060060 195

6.6 Reference® 00000000000000000000000600 200

Chapter 7 Effect of On -Demand Sensory Electrical Stimulation Cueing
on the Duration of Freezingof & EDPUwW$ x DUOET UwbOuwb &¢

7.2.2 On-Demand SES cueiigd 0 0 0 0 00 0000 00 0 0 0 0 6206

v



7.3
7.4
75

Reference® 0 000 000000000000000000000 211

Chapter 8 Effect of Au ditory, Visual and Somatosensory Cueing

8.1
8.2

8.3
8.4
8.5

Reference® 0 000 000000000000000000000 219

Chapter 9 Multifaceted Sensory Electrical Stimulation Cueing  for

9.1
9.2

9.3
9.4
9.5

Physiological Principles of SensoryElectrical Stimulationd ¢ 6 6 6 6236

\Y



Overview of the Clinical Assessments of SES Cueing Strategigs 6 6 (249

Appendix CO000000000000000000000000000
$U1T PEUwWw xxUOYEOuw+1 UUI UUb 6 666666000.8 251

Appendix DO 00606000000 00O000000000000000060

/ UEOPEEUDPOOUwW/ Ul Ul OU1 EwbOwUT PU w259

VI



Table of Figures

Figure 1.1.
Figure 2.1
Figure 2.2
Figure 2.3

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4.

Figure 3.5

Figure 3.6.
Figure 3.7.

Figure 3.8

Figure 3.9.

Figure 3.10

Figure 3.11

Figure 3.12
Figure 3.13
Figure 3.14

Figure 3.15

OVEIVIEW Of TNESIS ...cceeiiiiiiiiiieee et e 10
Electrical stimulation cueing parameters..........cccccceeviiiieeeneeennne 22
$01 EOUOGET wxOEEI Ol O0UwUDPUI UwbA.23

A: Stimulation intensity voltages in response to the four
stimulation sites for the four threshold categories. B: VAS scores
in response to the four stimulation sites for the four threshold
categories All values are expressed as means, grey area

system, presented by Bachlingalo 6 6 6 660006 6 6 6 0 (56
Both the SDM300 SAMICK and Peterson BodyBeat Pulsing
Metronome provide features such as tempo, tone and volume

adjustments, a built-in speaker and a headphone jacld 6 6 6 0 60

lllustration of a user wearing the auditory cueing system

lllustration of a user wearing the GaitAssit systemo 6 6 0 6 0 63

lllustration of the continuous auditory cueing system, used by

lllustration of the Visual-auditory walker, developed by Espay

lllustration of the LaserCane, developed at the Chulalong korn
"1 OUIl UwOil wsRrREI 001 OET wi OUw/ EUC

Disordersb 6 60 006 0000000000000060060 .00873

IIIustration of a user Wearing google gIass and their fieId of

Visual stimuli system presented by Ahnetald 6 6 6 6 6 6 .0 (76
lllustration of the Laser Shoes, developed by Bartheleta 6 6 78

lllustration of a participant wearing the BodyBeat Pulsing

Metronomed 6 6 0 6 0606000060060 06060060600606060606 79
[llustration of a user wearing the cueStim continuous

somatosensory cueing deviced 0 6 0 0 00 0 000 0 0 0 0 (81

Vi



Figure 3.16

Figure 3.17.

Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.
Figure 4.14.

lllustration of auser wearing the continuous somatosensory

The Duo-STIMUOD U 6 6 6666606666 6 6 6 6 ..6 6 6 6 6 108
(A) Photograph and illustration of clinician tethered to the Duo-
STIM unit during UHG testing with PwP. (B) Illustration of

PwP entering a FoG epioode andthes 31 U0w2 UPOUO
becoming active high due to the clinician pressing and holding

the button, resulting in an SES burst on the output channel of

the DUo-STIM.O 0 0 0 0 0 0 0 0 0.0.0.ueeveiviiriiiiiiiiee e 109

Photograph of participant wearing the sSES stimulator during
NUI Galway testing and the clinician using the accompanying
smartphone application to apply On -Demand cueing..06 6 6 6 113

Photograph a FoG provocation setup during Iteration Il testing
inthe- 4 ( W&EOPEAWEEOxUUzUwi UOEOuU

wrist -worn switch, while in the on-state®d 6 6 6 6 6 0 0 6 0.0118

Example scenario of PwP donning the sES waistworn

Example scenario of PwP delivering On -Demand cueing to
relieve FoG by activation of the wrist -worn switch, while in the
wearing off-state (i.e., the positive effect of thePD medication is

Example of a scenario presented in the Use Cas€ontinuous
cueing was delivered to the PwP whenever they started to

Block diagram of the cueStim stimulatoro 0 0 6 0 6 0 0 0 0 0128
Photograph of participant wearing the cueStim stimulator, the
UUPOUOEUOUUwWI RUI UOGEOwI OE OOMaAEL2

Vil



Figure 4.15.
Figure 4.16.
Figure 4.17.

Figure 4.18.
Figure 4.19.

Figure 4.20.

Figure 4.21.

Figure 4.22.

Figure 4.23.

Figure 4.24.

Figure 4.25.
Figure 4.26.
Figure 4.27.
Figure 5.1.
Figure 5.2.

Figure 6.1.
Figure 6.2.
Figure 6.3.
Figure 6.4.
Figure 6.5.

Figure 7.1.
Figure 7.2.

Screenshots from the cueStim app and its workflowo 6 6 6 6 0130
Participant performing a double-tap on a prototype enclosured 131

Examples of identified usability issues with the cueStim

Examples of identified usability issues with the cueStim app..6 137

Button locations (A -1) to accesspreferred location for the

OOEEUPOOOO0O00O0O00O00O0000000000O0O0 (138
Photograph of the cueStim stimulators new membrane solution
with revised Power ON/OFF button and status LED colour

Examples of revised cueStim app screenshots and main
workflow. (A) Welcome screen and in itial entry point of the

40DPO0OPATl EwUS2wUT aUT OPE WE Ud ®Od 163
17T a0 OwolOi wsi PRI EzwU$2 wEOE wU & (
(7T00Msp 6 6 6606600606066 0060006000606 8167

Double-tap signature recognition condition U 6 & 6666 6 6 6 178
On#1 OEOEwWEUI DOT wEl OP¥d W@ add & 6179
Double-tap gesture signal and key characteristics measurement181
2UEUUWEOQOEwWI OEwWOEUOIT UU wHd audEaudi186
ParticipantU z wb O E B Y b #ap éh&acteri3tidE<(@ihimum

EQEWOERPOUOWUI EOQUELB @SB O0GI U A8
On#1 OEOEwWEUI DOT wEl OP¥d W@ add &8 206

(A) Mean DFO during each test condition. (B) Participant mean

DFO during each test condition.0 6 0 0 0 0 0 0 0 0 0 0 0 0 209



Figure 8.1.

Figure 8.2.

Figure 9.1.

Figure A.1.
Figure A.2.
Figure A.3.

Figure A.4.

Figure A.5.
Figure A.6.

Figure A.7.

lllustration of a participant wearing each cueing system and the

(A) Mean PTF during each test condition. (B) Mean NFO during
each test condition. Data represents mean +f SD, Significance

from baseline * (p < 0.0071). (C) Mean reduction in the PTF

during each condition for responders and non -responders. (D)
Mean reduction in the NFO during active auditory, visual and
somatosensory conditions for responders and non-responders.
#EUEwUI xUI Ul OUUwOI EOOwWOUOEIT U w218
(A) Mean PTF during each test condition. (B) Mean NFO during
each test condition. Data represents mean + SD, significance

from baseline *, significance from control $. (C) Participant

Ul EUEUDPOOUwWDOw/ 3 %38 wp# Aw/ EUUDIE24

neuronso 0 0 0060000000000 00O0O0O00O0O0 0239

Two types of proprioceptors: a muscle spindle and a tendon

organd 0 0 0000000000000 O0OO00000000240
Representation of sensory receptors for tactile sensationsd 6 6 242

Propagation of an AP in a neuron after it arises at the trigger

Z0ned0 600000000000 00000000000 0O 0 244
Representation of current flow with applied skin surface ES of

increasing intensitiesO 0 0 0 0 0000 0000000000 246



Abstract

PeopOl wbBUT w/ EUODPOUOOzUwp/ P/ AWEUUUI OUO
on-state Freezing of Gait (FoG).

While auditory and visual cueing therapies have been shown to ameliorate on-state
FoG, studies often show heterogeneity in their results. These therapies, inevitably,
are associated with practical challenges for the PwP when using the therapy, while
completing daily living tasks that require the use of vision or hearing to execute
the task safely and effectively. There is also an unmet need to provide a cueing
therapy that can be easily concealed and thus eliminate the potential for the social

stigma associated with wearing visible assistive technology in a public setting.

We set out to develop a new cueing therapy that overcomes the practical
limitations of auditory and visual cueing therapies while at the same time ensuring

our developed cueing therapy technology is usable to the greatest extend by PwP.

This was achieved by progressively exploring the efficacy of sensory electrical
stimulation (sES) as a cueing therapy, while adopting a Human -Centred Design
cycle throughout the development process and thus carrying out a series of

evaluation studies with clinical collaborators.

The first study was carried out in Scotland and evaluated the efficacy of a

Continuous SES cueing strategy.Although limited in participants (n=9), this pilot

awi

EEI wE

rhythmic manner on the upper leg, could reduce the time to complete a walking
task by 14% and the number of FoG episodes occurring by 58%. An additional pilot
study with 10 participants was carried out in Ireland, investigating self -activated
On-Demand sES cueing. However, the study results were discouraging as it was
demonstrated that On-Demand SES cueing did not affect the duration of FoG

episodes.

The third study, with 12 participants, directly evaluated the efficacy of our
Continuous SES cueing strategy to auditory and visual cueing devices. Compared

to baseine (not wearing a cueing device), the results showed visual cueing had no

Xl



effect, while both Continuous sES and auditory cueing reduced the percentage of

time the PwP were in FOG by 55 + 25% and 69 + 24%, respectively

In the final study, a Multi -faceted Continuous SES cueing strategy was evaluated
on 10 participants. The Multi -faceted Continuous SES cueing strategy delivered
SES continuously on both upper legs, in a rhythmic manner scaled to each
xEUUPEDPxEOUzUwUUI xwUEUI 8 w" tesEEduding deU@®WUEEUT ODOI wc
the results indicated that Multi -faceted Continuous sSES cueing reduced the
percentage of time the PwP were in FOG and the number of FoG episodes

occurring by 72 £ 25% and 52 + 31%, respectively

Comparing the efficacy of the Multi -faceted Continuous SES cueing strategy to
previous results would suggest that it perform s favourably with auditory and

visual cueing therapies. Furthermore, the SES cueingsystem frees the primary
senses of vision or hearing, enabling the PwP to complete daily living tasks in a

safer manner.
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onset of PD are gill unknown. However, both genetic and environmental factors

are considered to play a role in the development of the disease [3]. PD is generally

attributed to the elderly and is rarely diagnosed before the age of 40. It is estimated

that the mean age ofonset is about 65 years, and in 2016 there were an estimated

6.1 million people living with PD worldwide [4]. This number is projected to

double to over 12 million by 2040 [5].

The pathophysiological hallmark of PD is the progressive degeneration of
dopamine-producing neurons located in deep regions of the brain. When a
significant percentage (~50%) of these dopamineproducing neurons are lost, PD
becomes apparent through the manifestation of motor symptoms, including (i) rest
tremor, (ii) stiffness, (iii) slowness of movement and (iv) impaired balance [6,7].
These symptoms are known as the four cardinal motor features of PD. Although
not completely understood, these symptoms are believed to stem from the lack of
dopamine, which is responsible for inter -neuron communication in discrete

regions within the brain that plan and control body movement.

The progressive nature of the disease varies between individuals. People with PD

(PwP) may live with mild motor symptoms for many years, whereas others

develop severe motor symptoms more quickly. Different rating scales are used for

Uil wi YEOUEUDPOOWO! wUT T wol YI Owdi wEPUEEDPODPUA WED
'Ol 1T OWEOEWS8ET Uz wUEEOI wbUwPbPET OawlUlI EwPOWEOD
PD, based on the sympibms experienced by the individual (Table 1.1) [9].



Table 1.1. Summary of the Modified Hoehn and Yahr scale.

Stage Symptoms

1 Unilateral disease; mild PD symptoms on one side of the body.
15 Unilateral plus axial involvement.

2 Bilateral disease, without impairment of balance.

2.5 Mild bilateral disease, with recovery on pull test.

Mild to moderate bilateral disease, some posture instability; physically

independent.
4 Severe disability; still able to walk or stand unassisted.
5 Wheelchair bound or bedridden unless aided.

The mainstay of medical treatment for PD since the 1960's is pharmacological
interventions, through the use of dopaminergic medication, one of which is
levodopa (L-3,4-dihydroxyphenylalanine) which aims to reduce the severity a nd
frequency of most of the motor symptoms by replenishing the patient's dopamine
levels [10,11]. However, as the disease progresses, the replenished dopamine level
is short-lived, and motor symptoms return unless another dose of medication is
administered . Whilst the correct management of levodopa dosage offers sustained
and significant improvements in symptoms during the early stage of PD, disease
progression and prolonged use of the medication can result in motor fluctuations
[12]. If the right combinati on of medication is not prescribed and appropriately
adjusted on an ongoing basis, the PwP can fluctuate betweenon and off states
several times during the day. Over time, motor fluctuations can occur more
frequently and patients can experience periods of inadequate symptom control
despite having received dopaminergic medications. These periods of poor
symptom control are termed off-state, while on-state denotes periods of good

symptom control.

PwP can show other motor symptoms besides to the four cardinal motor features,
such as reduced facial expression, soft voice, difficulty swallowing, and freezing
of gait (FoG), which can potentially be treated using physiotherapy, whose aim is

to maintain/optimize the PwP functional capabilities [13]. This usually i ncludes a
2



range of therapies to provide the individual with a set of strategies and exercises
to enhance diminished functional abilities related to daily living (e.g., improving
the clarity of speech to aid participation in conversation and improving walki ng

to minimize the risk of falls).
1.2 Understanding Freezing of Gait

FoG is one of the most debilitating motor symptoms of PD, and the prevalence
ranges from about 10% in Hoehn and Yahr stage 1 to more than 90% in stage 4 [14].
%O&wbUwEIT I bOlepisodie Giosdhea DrEmamldd raduction of forward
xUOT Ul UUPOOWOT wOT T wi 11 OwET UxDPUIT wOT 1 wbOUI OUDPO
EVwBi wi EYDPOT wUOT 1 PUwiTTOw?2T OUI EwOOwWUT T wi UOULO
seconds, but it can last up to 30 seconds$n some cases.
FoG is not a single uniform symptom but instead has several subtypes. Three
forms of FOG have been identified:
T /00Ul wEODOI UPEwi OUOwWpOOwoOOUDPOOWO! wlOT T wxi UL
f ss3U1I OEOI wbOwxOEEI zzwli OUOw pb hérEepsODP Ua woi w
trembling at a frequency of 2-4 Hz).
T ss2T Uii OPOT zzwi OUOWPUxOOUEOI OUUWDOEUI EUI
length) [17,18].
Tremble in place and shuffling are the most common forms of FoG, while total
akinesia is rare [19]. Another possible classification scheme for FoG relates to its
responsiveness to dopaminergic treatments:
 Dopaminergic-11 Ux OOUDYIT w»nO& wp%nO& wb i sl EuEix =0 E U U w
and disappears in the on-state).
1 Dopaminergic -Induced FoG (FoG which appears only in the on-state and
disappears in the off-state).

1 Dopaminergic -Resistant FoG (FoG which appears in both theon-state and
the off-state) [20].

A study by Amboni et al. described 61.6% of 325 PwP with FoG that only occurred
in the off-state, 1.8% had FoG that only ocurred in the on-state, and 36.6% had FoG
in the on-state and off-State [20].



The occurrence of FoG is triggered by specific situations during gait, such as:
initiation of walking; turning during walking; walking in a narrow space; walking
through doorways ; approaching a final destination during walking; walking in
open spaces. Turning during walking is the most common trigger event for FoG.
Emotional factors, such as stress and anxiety, can also trigger the occurrence of
FoG [21].

The presence of FoG is a important contributor to falls in PwP [22 ¢24] and is a
major cause of hospitalisation and nursing home admissions for this group

[17,25,26], which can result in substantial challenges for the PwP and their
caregiver(s) and can resultin substantial economic strain on the healthcare system.
Beyond its direct effect on gait, living with FOG can lead to non -motor symptoms

such as anxiety, social isolation, and depression, dramatically reducing the
x1 UUOOz UuiB[2BE2PUA woOi w

1.3 Management of Freezing of Gait

The pathophysiology of FoG is complex and unclear, and despite limited
understanding of the disrupted physiological processes associated with FoG, few
treatment options are currently available. However, clinical consensus on a

cohesive treatment protocol for FOG does not exist [33,34].

The primary treatment option for dopaminergic -responsive FoG is to increase
dopaminergic medication [35]. However, for some PwP, increasing the dose of
dopaminergic medication is often complicated by dose -limiting sid e-effects, such
as dopaminergic-induced dyskinesia [36]. Under these circumstances, surgical
procedures such as deep brain stimulation (DBS) of the subthalamic nucleus (STN)

may become effective treatment options [34].

The primary treatment option for dopa minergic-induced FoG is to reduce
dopaminergic medication [35]. However, the reduction of dopaminergic

medication is impossible for some PwP due to the resulting worsening of PD's
cardinal symptoms. Under these circumstances, DBS of the STN may again
become an effective treatment option [34]. However, DBS of the STN does not

directly improve dopaminergic -induced FoG, but only indirectly alleviates the



problem by treating PD's cardinal symptoms, enabling a reduction in the

dopaminergic medication required, w ith a consequent amelioration of FoG.

Treatment options for dopaminergic -resistant FoG are primarily in the research
setting and are not currently implemented in clinical practice. Evidence suggests
that Levodopa-carbidopa intestinal gel therapy [37]; tran scranial direct current
stimulation (tDCS) [38]; and DBS of the pedunculopontine nucleus (PPN) [39] may
become possible treatment options. However, further research is required if they

are to be clinically accepted.

The above-mentioned treatment options f or the different categories of FOG have
some limitations: (i) changing dopaminergic medication to manage dopaminergic -
responsive, or dopaminergic-induced FoG can result in dose-limiting side -effects
or worsening of the cardinal symptoms; (ii) Surgical opti ons are invasive and
costly ($35,000 to $50,000 for DBS [40]; (iii) Current researchased

pharmacological treatments for dopaminergic -resistant FoG lack clinical evidence.
1.3.1 Cueing Therapies

Given the limited ability of pharmacological and surgical t reatments to manage

dopaminergic -induced and dopaminergic -resistant %0& Ow YEUDOUUw ?2EUI E
therapies (visual, auditory, or somatosensory) have been investigated as

alternative treatment options for FoG. Cueing is defined as the use of external

sensory stimuli, providing temporal and/or spatial information to facilitate gait

initiation and continuation [41]. Numerous studies have shown that cueing can

provide a benefit, in terms of an immediate reduction in the number and duration

of FoG episodes.However, not all PwP respond well to cueing, and this may be

why studies often show heterogeneity in their results.

While the exact mechanism of how cueing works is not clear, the effectiveness of
cueing to ameliorate FOG has been suggested to strongly depend on thespecific
information that the cueing therapy provides [42]. For example, auditory cueing
therapy produce auditory stimuli at a set rate, thus conveying temporal
information. Alternatively, visual cueing therapy produce visual stimuli at a set
distance from the user, thus conveying spatial information or else produce visual
stimuli at a set rate, thus conveying temporal information. Somatosensory cueing
5



therapy produces tactile stimuli at a set rate that convey temporal information,

while also possibly stimu lating proprioceptive inputs, depending on what body

site is used for the delivery of the stimuli. Furthermore, cueing therapies have

adopted various strategies ranging fromOn-#1 OEQOE wUOOw" OO0 U P& OUUWE OE ws O
fitssEOOz WOUOWUEDOOUI E wfindide the effecivanesS af bhéthekafyx UwU O

However, the most effect cueing therapy and strategy to ameliorate FoG may vary

among individual PwP, reflecting their circumstances and the overall effect of PD

on their locomotor system.

Nevertheless, commercial cueing systems (BeatsMedical and PathFinder) are
currently available, which provide auditory and visual cueing therapy,

respectively.
1.4 Somatosensory Cueing Therapy

There has been significant research effort in the application of two particular

cueing therapies: visual and auditory [43-49]. However, while these cueing
therapies show that the delivered cues can be effective, they require the use by the
PwP of their primary senses of either vision or hearing. Therefore, these therapies,
inevitably, are associated with various practical challenges for the PwP when
using the therapy while completing daily living tasks that require the use of vision

or hearing to execute the task safely and effectively. Furthermore, there is an
unmet need to provide a cueing therapy that can be easily concealed and thus
eliminate the potential for the social stigma associated with wearing visible

assistive technology in a public setting.

However, a somatosensory cueing therapy, by its very nature, eliminates this
issue. It frees the primary senses of vision or hearing of the PwP for the task at
hand [50]. In addition, somatosensory cueing therapies can be implemented using
technologies which can be easily hidden under clothing and thus eliminate the
stigma for the PwP of visibly wearing/using assistive technology in a public setting
[51,53].

The use of somatosensory cueing to ameliorate FOG was first proposed in 1997 by
Enzensberger et al. [54]. In this paper, Enzensberger proposed the use of shoulder
tapping to investigate its effect on FoG. A number of studies followed this initial

6



investigation by examining the effect of somatosensory cueing delivered using

mechanical cues to the skin surface at a range of body sites [41, 558].

The involvement of NUlI Galway in the Euro pean Commission FP7 project
(REMPARK: Personal Health Device for the Remote and Autonomous
, EOET 1 Ol OUwOI w/ EUOBONROID7-2876 7 D201PB13)l inu2Btl/1 A
provided the impetus for an investigation of whether or not somatosensory cueing
could be performed using sensory electrical stimulation (SES) via skin surface
electrodes.A brief description of the physiological processes needed to understand
the functioning principles of sESare given in Appendix A . Initial proof of concept
testing by the research team at NUI Galway, at the beginning of the REMPARK
project, identified for the first time the potential of SES cueing to ameliorate FoG.
In addition, the need for an sES cueing system, which would provide engineers
and clinicians with the capabilit y to further investigate the efficacy of sSES

somatosensory cueing, was recognised at this point.

This thesis will describe the design of such a system and detail a collection of
clinical studies which progressively investigated the efficacy of SES cueing
through the adoption of an evolving suite of cueing strategies. The development
of the sES cueingsystem was grounded in the requirement to provide safe skin
surface ES and its design was informed by both a comprehensive review of the
literature on cueing systems and a Human Centred Design process The evaluation
of the sES cueing system and associated cueing strategies was iteratively
performed through a sequence of clinical studies carried out over a period of
several years. This resulted in the adoption of evolving evaluation methodologies,
reflective of the evolving best practice for study design and adopted outcome

measures for cueing systems and strategies in the PD community;
1.5 Thesis Outline

The thesis is structured into ten chapters, written in a rticle format, each of which
may be read independently . Chapters 2, 3, 56, 8 and9 comprise six scientific, peer

reviewed publications as detailed in Table 1.2..

Chapter 2: In this chapter, data on the applicability and tolerability of electrical
stimulation (ES) applied to the skin surface of the upper and lower leg for
7



somatosensory cueing applications in PD is presented. A study design is
described, which focused on assessing the ES voltages and Visual Analogue Scale
(VAS) discomfort scores at the eledrical sensory, motor, discomfort, and pain
thresholds of PwP.

Table 1.2. Publications and the corresponding chapter in the thesis.

Chapter Publication

Sweeney, D.; Quinlan, L.R.; Browne, P.; Counihan, T.; OLaighin, G.
Applicability and Tolerability of Sensory Electrical Stimulation Applied to
Upper and Lower Leg Skin Surface for Cueing Applications in Parkinson's
Disease.Med. Eng. Phys 2021, 87. 7381.

Sweeney, D.; Quinlan, L.R.; Browne, P.; Richardson, M.; Meskell, P.;
3 OLaighin, G. A technological review of wearable cueing devices addressing
i U171 apO0l woOi wi EisthaseEsénsors19ANE), UTND 1D w
Rosenthal, L.; Sweeney, D.; Cunnington, A.L.; Quinlan, L.R.; OLaighin, G.
5 Sensory Electrical Stimulation Cueing May Reduce Freezing o Gait
$xPDUOEI UwbOw/ E UDHeAHOENROL G 4684945E U1 6 w
Sweeney, D.; Quinlan, L.R.; Richardson, M.; Meskell, P.; OLaighin, G.
6 Double-Tap Interaction as an Actuation Mechanism for On-Demand
"Ul DOT wbOw/ EUOBehH0r@@19 19 6#603187E Ul &
Sweeney, D.; OLaighin, G.; Richardson, M.; Meskell, P.; Rosenthal, L.;
McGeough, A.; Cunnington, A.L.; Quinlan, L.R. Effect of Auditory, Visual

8 and Somatosensory Cueing Strategies on OnrState Freezing of Gait in
/ EUOD OU O O zrarkintobidinl REw Disbrdi 202Q 77, 14.
Sweeney, D.; Quinlan, L.R.; Richardson, M.; Rosenthal, L.; McGeough, A.;
9 Meskell, P.; Luo, L.; OLaighin, G. Multifaceted Sensory Electrical

Stimulation cueing for Freezing of Gait in Parkinson z Disease Parkinsonism
Relat Disord. 2021, 82, 106108.

Chapter 3: In this chapter, a literature review on the state -of-the-art of wearable
cueing systems to ameliorate FoG in PD is presented.The chapter describes (i) the
current cueing systems and the cueing strategies thatthey employ and (ii) the
study design methodologies, including outcome measures used, to assess cueing
effectiveness of these cueing systems and strategiesFurthermore, the chapter
provides a foundation for the development of a SES cueing system (Chapter 4) and
the design of study methodologies used to evaluate the efficacy of a suite of SES

cueing strategies (Chapters 69).

Chapter 4: In this chapter, the development of a SES cueing system using an

Human -Centred Design (HCD) process, involving engagements with the PwP



community, is described. The chapter presents the iterative developing of the
cueing system towards a design solution that would enable the investigation of a

suite of SES cueingstrategies to the greatest extent possible

Chapter 5: In this chapter, the effect of aContinuous SES cueing strategy on time
taken for PwP to complete a walking task, and the number of on-state FoG episodes
occurring (NFO) is evaluated. Through the use of the ES cueing system proposed
in Chapter 4, the chapter presents the working principles of the ES cueing strategy,
details on the preliminary investigation conducted, followed by a discussion on

the results.

Chapter 6: In this chapter, a trial is presented, investigating the use of double-tap
gesture interaction to facilitate self-activated cueing. With the use of the SES cueing
system proposed in Chapter 4 a trial was conducted to validate if a double -tap
gesture performed by PwP may provide an effective actuation method for

triggering the onset of On-Demand sES aeing.

Chapter 7: In this chapter, the effect of an On-Demand SES cueing strategy on the
duration of on-state FoG episodes occurring (DFO) is evaluated. Through the use
of the ES cueing system, the chapter presents the working principles of the On-
Demand ES cueing strategy, details on the preliminary investigation conducted,

followed by a discussion on the results.

Chapter 8: In this chapter, a comparative trial comparing the effects of an auditory,

visual, and the Continuous SES cueing strategy is descitbed. The chapter presents
the working principles of the three cueing strategies. Then, tests are conducted to
investigate each cueing strategy effect on the percentage of time spent inon-state
FoG (PTF) and the NFO during a home-based walking task with Pw P. The chapter

concludes with a discussion on the results.

Chapter 9: In this chapter, a multi -faceted SES cueing strategy is presented. The
cueing strategy builds upon the findings of Chapter 8 and its effect on PTF and the
NFO during a home -based walking task with PwP is evaluated. The chapter
presents the working principles of the m ulti -facetedSES cueing strategy, details on

the preliminary investigation conducted, followed by a discussion on the results.



Chapter 10: Discussion and Conclusion: This thesis finishes with a discussion of
the major findings of the thesis, observed limitations, and recommendations for

future work in this area.

Figure 1.1 provides a visual overview explaining the flow of the chapters and their

relation to the progression of research.

Chapter 2 .
Study exploring the applicability Knowledge of ES voltages required for sES
& tolerability of ES for A |
somatosensory cueing :
* Knowledge of current cueing :
Chapter 3 systems and strategies 1
Review of current literature -------------} :
I- - around cueing systems & I 1
I strategies l : :
E‘: v v
'g Chapter 5 Chapter 4
o I_ - Exploratory study of Continuous Human Centered Design of a
uuo:. sES cueing strategy on the sES cueing system for
L | number of FoG episodes — Parkinson’s Disease
s 1
5 ¥
% Chapter 7 Chapter 6
g I___, Exploratory study of On- Assessment of a double-tap
3 Demand sES cueing strategy on gesture interaction to facilitate
E | the duration of FoG episodes ' On-Demand cueing
4 ¥
‘g I Chapter 8
Y I Comparative study of auditory,
B visual and Continuous sES cueing
= I--" strategies on the number of FoG
E | episodes and the percentage of
| time in FoG )
I ‘ s Progression of Research
I Chapter 9 Use of sES cueing System
L Study exploring a Multi-faceted
s 4 sES cueing strategy on the
number of FoG episodes and
the percentage of time in FoG

Figure 1.1. Overview of thesis.

1.6 Additional Publications and Works

The following papers and patents have been authored or co-authored in addition

to the publications presented in this thesis.
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f Sweeney, D.; Corley, G.; Browne, P.; Burridge, JH.; Laighin, O.G.; Quinlan,
L.R. Design of a smartphone application with integrated Functional
Electrical Stimulation (FES) treatment randomization and On -The-Fly
Stimulus Parameter Adjustment for streamlining the clinical evaluation of
FES protocols.J.Health Med Inform. 2016

1 Sweeney, D.; Quinlan, L.R.; OLaighin, G. Smartphone app design for the
wireless control of a neuromuscular electrical stimulator device with
integrated randomization allocation process for RCT applications.
Presented at the Annual International Conference of the IEEE Engineering
in Medicine and Biolog y Society (EMBC), Milan, August 2015

¢ OLaighin, G.; Quinlan, L.R.; Sweeney, D.; Corley, G.; Feehily, J.; Browne,
P. Apparatus for management of a Parkinson's disease patient's gait.
European patent no. EP3283039B1, filed 15.04.2016, and Granted
15.05.20192019

¢ OLaighin, G.; Quinlan, L.R.; Sweeney, D.; Corley, G.; Feehily, J.; Browne,
P. Apparatus for management of a Parkinson's disease patient's gait.
United States patent no. US2018040842A1, filed 15.04.2016, and issued
Notice of Allowance 14.04.2020.202Q
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In Chapter 1, it was reported that initial proof of concept testing by the research team at
NUI Galway, at the beginning of the REMPARK project, ideetif for the first time the
potential of SES cueing to ameliorate FOG. However, before this was established, a more
fundamental question was answered: whether ES is contrary indicated for PD? As PD is

a neurological disorder there is the possibility thatPPavay respond differently to skin
surface ES, with hyperor hype sensitivity a major concern. In this chapter, we will
present a comprehensive assessment of the Safety and efficacy of ES in a population of PwP.
Using preexisting data (collected prior the beginning of the PhD candidates studies),

this assessment will focus on assessing electrical stimulation VAS comfort scores at the
electrical sensory, motor, discomfort, and pain thresholds at multiple upper and lower leg
sites of PwP. In concludinche chapter, the applicability and tolerability of sensory and
motor ES are discussed to highlight the pathway for further research into the use of ES for

somatosensory cueing applications in PD.

2.1Introduction

motor (tremor, bradykinesia, and postural instability) and non -motor (dementia,

depression, anxiety, fatigue, and pain) [1,2]. One of the most debilitating motor -

related symptoms of PD is Freezing of Gait (FoG), which becomes more

pronounced in the advanced stages of the disease [3]. Characterized by rapid onset

and of variable duration (typically < 1 min), FOG occurs in over 40% of people with

/| EUODPOUOOzZUw/ b/ AOwOIl EEDPOT wOOwWUDT-GEThiDEEOUWEDUUL
debilitating symptom is an important contributor to falls in PwP [7 {9] and is a

major cause of hospitalization and nursing home admissions [6,10,11].

Cueing has evolved over the last two decades as a method which can provide an
orthotic benefit, in terms of ameliorating FOG episodes, with some evidence also
of a therapeutic benefit [12]. Cueing can be defined as applying a temporal or
spatial external sensory stimulus designed to maintain or restore gait. To date,
there has been significant reseach effort on the use of auditory and visual cueing
in particular [12 ¢ 18] . While studies of auditory and visual cueing show that the
cues are effective, the cueing devices employed are often not discreet, and

therefore, create the potential for stigmatization. Furthermore, these devices have
18



the potential to be ineffective in bright (visual cueing devices) or noisy
environments (auditory cueing devices). Therefore, the challenge is to design
unobtrusive and user-friendly devices that are effective in a wide range of

environments.

Somatosensory cueing has the potential to avoid the challenges associated with

ambient light and noise for visual and auditory cueing respectively and can, as a

result, potentially be useful in a wide range of environments. In addi tion,
somatosensory cueing devices can be unobtrusive to the user [19,20], with minimal
DPOXEEUWOOWEWUUI Uz UwWExx] EUEOE]T wbPbOwWEwWx UEOPEwWUI
The majority of studies have examined the effect of somatosensory cueing by

delivering mechanical stimulation to the skin through eccentric rotating mass

(ERM) actuators [214 24] or with coil -based actuators [25]. However, some studies

indicate that the artificial activation of cutaneous and/or peripheral nerves by

electrical stimulation (ES) via skin surface electrodes may prove an effective

method of providing somatosensory cueing [19,26].

Similar to mechanical stimulation, ES has the potential to compensate for
physiological disturbances (i.e., defects in the internal rhythm generator and the
proprioceptive system), w hich may underline the pathophysiology of FoG [21,27 ¢
31]. While the mechanisms underlying the sensory perception of ES (i.e.,
electrotactile) are well understood [32-33], the mechanisms underlying

proprioceptive control through ES is still unclear [34].

The artificial activation of cutaneous afferent nerve fibers and proprioceptive
fibers can be achieved with different ES intensity levels. However, the variability
in the perception of the ES sensation can be a significant barrier to its practical use
[35].

The perceived ES sensation results from the evoked action potentials of the

underlying population of excited fibers near the stimulation site [36,37]. In a

UBOxODPI Pl EwOYI UYDI POwl EET wi PET UwUaxl wep YOw

information (e.g., propr ioception, touch, vibration, or pain) and serves as a single

transmission line to the central nervous system [38]. However, specific touch

Ul OUEUDPOOUwpi 61T 60wUDOT Ol OWYDEUEUDPOOOwWxUI UUUL
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% and C fibers, and the density of excited afferent nerve fibers [39].
/] UOxUDOEI xUDOOwWDHOi OUOEUDPOOwWUI EIl BibeisolEa wUT | WEUE!
The current evidence suggests that muscle spindles are the major source of
proprioception information, with cutaneous afferent nerve fiber also providing a
supporting role [41]. Currently, it is not possible to target individual types of nerve
fibers using skin surface ES. However, ES intensities below the electrical motor
threshold (EMT: the lowest intensity of ES required to induce a minimal muscle
twitch) only activate cutaneous afferent nerve fibers, whereas intensities above the

EMT recruit motor neurons and proprioceptive receptors [42].

Over the last decade, researchers have demonstrated that sensory impairments
exist in PwP [43-45]. These impairments include altered perceptions of touch and
pain and thus could potentially be substantial barriers to using ES as a method of
somatosensory cueing in PD. It is still unclear if PwP are either more sensitive or
less sensitive to the semsations of touch and pain [46]. Two studies showed that
PwP can be hypo-sensitive to both cold & pressure and pressure & pain threshold
tests [47,48]. However, a further study demonstrated a hyper-sensitivity in both
these tests [49]. Furthermore, Sung etal. reported that PwP are hyper-sensitive to
OORPOVUUWUUDOUOPWEOOXxEU]I EwUOwWI 1 EOUT awEOOUUOOUwPI
2 UEBQ).»

Interestingly, Marsala et al. assessed the electrical sensory threshold (EST: the
lowest intensity of ES that is perceived by the person), the electrical discomfort
threshold (EDT: the lowest intensity of ES required to produce the first onset of
discomfort) and the electrical pain threshold (EPT: the highest intensity of ES that
can be tolerated) to ES in the little finger and Hallux in PwP and healthy controls
[46]. While stimulating the finger, it was reported that the EST did not differ
between PwP and healthy controls. However, stimulation of the Hallux resulted

in a significantly higher EST and lowered EDT/EPT for Pw P in comparison to
healthy controls. These findings may indicate that sensory impairments may not

be uniform across the dermatome of PwP.

These disturbed sensory responses may give rise to low tolerability to ES due to
hyper-sensitivity to pain or lack of applicability due to hypo -sensitivity to touch.

For example, the PwP may experience hypersensitivity to pain, which means that
20



they have a lower EDT than would occur in the absence of hyper-sensitivity to

pain. When ES is applied at the EMT to excite proprioceptive fibers, the PwP may

xI UEI DYl wUOT T wUUDPOUODPWEUWUOEOOI OUUEEOI wpbdl &
A$, 3AKA6w 3T T UITOUI OwUTT wUUITTUOOI UUw O wobULOUW
applications.
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both the applicability and tolerability of ES for sensory and motor cueing in PwP.

The findings of this study should inform biomedical engineers and clinicians who

are considering the use of ES in PD and comprises the first steps inthe

development pathway of ES cueing system for PwP.
2.2Methods
2.2.1 Study population

Ten participants (7 men and 3 women; mean age 67 + 9.8 years; mean disease
duration 10 * 5.9 years; Hoehn & Yahr 2t 4) with idiopathic PD were enrolled in
the study, Table 2.1. Participants were recruited through the Neurology
Department, Galway University Hospital, Ireland. All participants were informed
about the nature of the study and provided informed written consent. Galway

University Hospital ethics committee approved the protocol.

At recruitment, diseaseseverity was assessedising the Modified Hoehn and Yahr
stagescore,and the x E U U b E @obdE ddhitive function was assessedusing the
Mini -Mental State Examination (MMSE). Eligibility criteria to participate were a
diagnosis of idiopathic PD (UK PD Brain Bank Criteria), a Hoehn and Yahr stage
of 2-4, exhibiting FoG in the medicated ? . -2 UE &1?2 %2d) E Bh abiity to
mobilize independently when in the ? . %24dJ E @rd arCability to walk unaided
were also prerequisites. Patients were excluded if they had a serious cognitive
impairment (MMSE < 24), were pregnant, or involved in another clinical trial.
Patients with uncontrolled heart problems, fitted with a pacemaker, or deep brain

stimulators, on opioid or neuropathic pain medication, were also excluded.
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Table 2.1.Characteristics of participants in the study.

Participant Gender Age (Years) | Duration of PD (Years) Hoehn & Yahr
1 M 82 4 3
2 M 82 4 3
3 M 61 12 2
4 M 57 14 3
5 F 58 8 3
6 F 70 4
7 M 76 4 2
8 M 64 20 3
9 M 59 10 3
10 F 61 18 3

2.2.2 Electrical Stimulation Settings

Cueing was delivered using the Duo -STIM system (NUI Galway, Ireland) [51]. The

Duo-STIM is a voltage controlled, two- channel research stimulator that can

deliver a maxim um voltage of 72V. Throughout the study, the Duo -STIM was pre-

programmed with the following ES envelope parameters: 500ms Ramp-up time,

1000ms ON time, 300ms Rampdown time (Figure 2.1). Within each ES envelope

the Duo-STIM system delivered biphasic rectangular pulses with a pulse width of

t KYsUWEUWEwWxUOUT wi Ul gU1 OEawoOl wt k' adw3lT 1 Ul wuUD(
based on previous extensive experience with using ES in venous return assist

applications [521 57].

Pulse Pulse
amplitude

Ramp-up Ramp-down

time time
 —— —_— Pulse
: : : Period
b
, i OFF-time
P
" ON-time '

Figure 2.1. Electrical stimulation cueing parameters.
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2.2.3 Experimental Procedure

T 1T OUl wel TPOOPOT wUIT 1l WUUUEAOQWEWEODPOPEEOWOUU
EOOI PUOI EwbT 1 UTT UwUT 1 wxEUUPEDBXEBDIUwO Wl uDDU
2UEUI 26 w3pOwlUoODPOwUUUI EET wU U D Othedtuged ie@ywi Ol EU UG
of the tibialis anterior, soleus, hamstrings, and quadriceps muscles, as shown in

Figure 2.2.

Lateral Posterior Anterior

Figure 2.2. Electrode placement sites on the lower limb of participants. (A: Tibialis, B:
Soleus, C: Hamstrings and D: Quadriceps).

The electrode sizes used and the electrode placements adopted followed the
guidelines from Benton et al. [58] to achieve Neuromuscular Electrical Stimulation
(NMES) of the upper and lower leg muscle groups. Electrodes were placed on the
xEUUPEDx EOUZ UugQd theusiieCotRD sympOd Brded If symptoms
presented bilaterally, a random selection of the leg to be tested was employed.
Consistent with the guidelines of Benton et al. 5cm x 5¢cm electrodes were used for
the tibialis anterior and soleus sites, and 5an x 10cm electrodes were used for the
hamstrings and quadriceps stimulation sites. Hair around the electrode site was
trimmed with clippers to ensure proper contact between the electrode and skin.
The electrodes were placed on all four sites at the beginning of the protocol. When
participants were in a standing posture, each site was activated individually in a

randomized order.
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The study focused on assessing the ES intensities needed to reach the electrical
sensory, motor discomfort, and pain thresholds (EST, EMT, EDT, EPT). For each
participant, the ES intensity voltages recorded at the EST, EMT, EDT, and EPT

were collected for each of the four stimulation sites as follows:

1 The initial perception of the stimulus sensation, as indicated by the
participant ( EST).
When a muscle twitch was observed by the experimenter (EMT).
The onset of discomfort, as indicated by the participant (EDT).

1 The onset of pain, as indicated by the participant (EPT).

The EST, EDT, and the EPT were evaluated using quantitative psychghysical
procedures. Participants were presented with ES of increasing (ascending methods
of limits) intensities. The step size was maintained at 3.2V throughout the study.
On each presentation, the participants were required to report if they did or did
not perceive the stimulus, if they perceived the stimulus as uncomfortable or if
they perceived the stimulus as painful. At each threshold, the discomfort levels
were recorded using a standardized visual analogue scale (VAS). Participants
were asked to mark the level of discomfort on a 100mm non-hatched scale ranging
from no pain whatsoever to severe pain. The following pain ratings were adopted,
At Y OO0 wé w;7@rmE=Mioderate, and > 70mm Severe [59]. VAS scores were
taken five times: initially, before the application of any ES and after each threshold

was identified (EST, EMT, EDT, and EPT).

The following conditions were used to define the applicability and tolerability of
ES

1 Sensory ES was defined as applicable and tolerable to the participant if the
following condition was met:

IFG23w@ws, 3Aw - #wp$23wdws/ 3Aw - #wp$23 w5 2uw- .

Condition2.1

1 Motor ES was defined as applicable and tolerable to the participant if the
following condition was met:

IF@$, 3wdws$/ 3Aw - #we$, 3)ws 2 w- . Gndigod 22X 1 Ul z

Prior to stimulation, the participant was initially acclimatized to the sensation of
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ESfor 10 minutes. During testing, stimulation was applied at each measurement
step three times in arow to allow the participant to adequately assesstheir level

of discomfort before marking the VAS.
2.2.4 Statistical Analysis

Due to the small sample size, normality tests(i.e., Shapiro- Wilk test) may lead to
erroneous detection of normality [60,61]. Therefore to limit the risk of constructing
inaccurate results, non-parametric testswere applied for all statistical analyses.In
theseinstances,Friedman testsand Wilcoxon signed-rank testsanalyzed the data.
Wilcoxon signed-rank tests were conducted with a Bonferroni correction applied
to adjust for multiple comparisons (i.e., for EST,EMT, EST,and EPT), resulting in
a significance level set at p < (0.05/4) = 0.0125. Statistical calculations were

performed with SPSSversion 25(IBM Corporation, New York, USA).
2.3Results

Table 2.2reports the ES intensity voltages and the VAS discomfort scores for the

individual participant at the tibialis anterior site for each ES threshold. The

analysis showed that sensory ES at the tibialis anterior site was applicable and

tolerable for six out of the 10 participants. The data for four participants (P2, P3,

/| WOWEOEwW/ hY AWEPEwWOOUWUEUDUTI aw?" OCEPUDPOOwWh? !
P$23w5 2w-.3ws21 YI Ul ZAOWEUWEwWUI UUOU wWOT wi OT |
to their EMT. Motor ES at the tibialis anterior site was applicab le and tolerable for

seven out of the 10 participants. The data for three participants (P1, P6, and P9) did
OOUWUEUPUI aw?" OOEPUPOOWI! » p$, 3wlwsS/ 3AwWw - # wp$,
of having an EMT equal to their EPT. In addition, two of the three part icipants (P1

and P9) recorded a severe VAS discomfort score at their EMT. One participant (P2)

failed to reach their EDT and EPT within the maximum voltage range (72V) of the

Duo-STIM. Therefore, no EDT and EPT data were recorded in Table2.2 for P2
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Table 2.3reports the ES intensity voltages and the VAS discomfort scores for the

individual participant at the soleus site for each ES threshold. The analysis showed

that sensory ES at the soleus site was applicable and tolerable for all participants.

Motor ES at the soleus site was applicable and tolerable for seven out of the 10

participants. The data for one participant (P1), did not satisfy ? " OOE B UEMIO wl 2

%/ 3KAw - #wmp$, 3w5 2w-.3ws21 YI Ul ZAOQWEUWEwWUI UUO
EPT. Two participants (P1 and P9) recorded a severe VAS discomfort score at their

EMT. In addition, one participant (P2) failed to reach their EMT and E PT within

the maximum voltage range (72V) of the Duo-STIM. Therefore, the applicable and

tolerable of Motor ES could not be evaluated for P2.

Table 2.4reports the ES intensity voltages and the VAS discomfort scores for the
individual participant at the ha mstring site for each ES threshold. The analysis
showed that sensory ES at the hamstring site was applicable and tolerable for nine
out of the 10 participants. The data for one participant (P10) did not satisfy
2" O0EDPUDOOwWh? OwWE Ul wU theairEMTY ofdf B8 Bthaltattring FUE OQwU O
site was applicable and tolerable for seven out of the 10 participants. The data for
UPOwxEUUPEDXxEOUUwg/ EOE w/ HEMIEEPH)AMDEMIUEUDUI a w
5 2w-.3ws21 YI Ul zZAOwWEUWE wU o théir @O additiors Y D O1T wE Ou
two patrticipants (P1 and P9) recorded a severe VAS discomfort score at their EMT.
Table 2.5 reports the ES intensity voltages and the VAS discomfort scores for the
individual participant at the quadriceps site for each ES threshol d. The analysis
showed that sensory ES was applicable and tolerable for all participants. Motor ES
was applicable and tolerable for eight out of the 10 participants. The data for one
xEUUPEDxEOUwmp/ A wE b E (EMD YEPT)RANDENTAVASNGTOEDPUDP OO U
$s21 YI Ul ZAOWEUWEwWUI U0OOUwWOI wi EYPOT wWEOQWS, 3wl @

participants (P1 and P9) recorded a severe VAS discomfort score at their EMT

27



m m momMM™x QO ONEXIEIDEN O G 0 (M MEQOAOI M 1N | BB NAA | BHE ‘086 / BT * $)

d d Al 9TY AlT '8¢ AlT 9Ty | 30@G ° 9'52 0T
e, d Al 8'09 AlZ 2’18 Al zse | 30aG ° v'ee 6
d d Al v'vS 30 9'TY 30 88z | 30@G ' v'ee 8
d d Joa 8 Joa 9TV Joa 9TV Joa ze /
d d 30 ° ¢'1s 30 ° 8'vv 30 ° 8y | I0G° 82T 9
d d AlZ 9Ty AT 9Ty | 330G ° ze | 3oa@ 9T g
d d AlZ 9Ty AlZ Z'se 30 882 | 30@G ' 9T v
d d 30 ° 8'vy 30 ° vee | J0aG ¢ce| Foa’ 26T €

I d - - Foa 9 - - F0aG 9'/5 Z
toO d Alz 9Ty Al ¥'8¢€ Al 9Ty 30a@ 9'Ge 1
woon | Atosuss SVA S)OA SVA SHOA SVA S)OA SVA SHOA o

1d3 1a3 I 1s3

" 9IS Uole|nwiNsS SNajos 8yl e ST Jojow pue Alosuss Jo Aljigelalol pue Aljigeodddy €2 ajqel

28



mmmmmmnmna N/ A | BHE ‘036 / BEE ' e B\ [ By

d e Al v'ze Al vee| 330G ° 9T | 330G ° 9T o1
o] d AlZ ¥'8¢e Alz 43 Al 9'Ge 30a@ 9T 6
d d AlZ 8'8¢ 30 9'6z 30 ° v'eze| 3oa@ Z6T 8
d d 30 ° 43 30 ° 9'se 30 ° ggc| 3I0a ° o1 L
(@) d 30 ° 9'S¢ 30 ° [} 30 ° 9'S¢ 3oa’ 9T 9
d d Al 8'8¢ Al 8'82 30 ' vee| 330G ° 9T g
d d AlZ 8'8¢ Al 96z | 3J0G° Z6T| 320G ° 91 v
d d 30 9'GZ 30 ° v'ze| 3oa ! Z6T| 3I0G 9T g
d d 130G 28| 330G ° 9Ty | I0G ° Zze| Joa@ v'ee Z
100 d Al 8'8¢ 30 9'G6¢ Al 88z | 3I0G Z61 T
woon | Kosues SVA S)OA SVA SHOA SVA S)OA SVA S)OA o
1d3 1a3 INLE! 1s3

" 91Is uone|nwns sbulswey aylle  S3 Jojow pue Alosuas Jo Aljigesalol pue Aljigqedlddy vz ajgel

29



mmmmmmmm Q SM QN 1A lzmeme ‘obg Mpee ‘ $)

d d AlZ 9'Ge 30 ° v'ze 3oag 26T 30a@ 9T o1
e, d Al 2'se AlZ e Al 962 | 330G 9T 6
d d AlZ 8'8¢ 30 ° 9'Ge 3oag v'ee 30a@ 9T 8

d d 30 88z | 3I0aG 9G6¢| 3JI0@E 96z | 3JI0@ " Z'6T /

d d 30’ 8'82 30 ° 8'8C 30 9Ge| 0@ Z6T 9

d d 30 ° 9'Ge 30 ° 9'se 3oag v'ee EfoNcan 9T g

d d AlZ ze Alc 9'G6e 30 ° 26T Joa 9T v

d d 30 ° 9'Ge 30 ° v'ze 3oag 26T EfoNcan 9T e

d d =l 9'LG 30" 8wy Efoln 8'82 Fo " 2z 4
1o O d AlZ 9'G2 Al v'ze AlZ 96z | 3I0G 9T 1
woon | Kosues SVA S)OA SVA SHOA SVA S)OA SVA S)OA o

1d3 1a3 INLE! 1s3

* 9IS uonenwns sdasupenb ayl e S3 Jojow  pue A10Suas Jo Alljigela|ol pue Aljigedlddy gz ajgel

30



| & tDdfdrence in Stimulation Sites

The mean participant threshold ES intensity voltages and VAS discomfort scores

recorded at each threshold (EST, EMT, EDT, and EPT) across all stimulation sites

(tibialis anterior, soleus, hamstrings, and quadriceps) are reported in Tables 2.6

2.7and Figure 2.3.

| 6+ @ hBUT OOEwI Ol EOUDUPEEOwWUUDOUOEUDPOOWDOUI OUDU
w6 DOEOR QOHA®L @I EOwUT Opl EwOOwWUDT OPIi PEEOUWEDI

Ol TwUUDPOUOEUDOOWUDUIT U wBduv AU O § U E U uud 11 BuGhul

OUI UPOUOwWI K&+t | 5w p Wbl N&kN hosuduOOC8 RdIyw Aud uk$d,+ 3 us quipb E |

e pP A5 0OwlOoal K ud ks Wk sawpy ! WAOwWS # B wpUDEDE

A5 0w U OO IpUaING WEKA ufXUEd wé NERAEEDE wB O U il G Wapl ®
luy 8+ 50wUO0WGYé & Owus Nitd) i AUW WA O w %D 1

Qu

E
t
A

Qu

Table 2.6. Mean + /- SD stimulation intensity voltages in responseto the four stimulation
sitesfor the four threshold categories

EST EMT EDT EPT
Tibialis 24.32 £ 8.95 32.64 +11.67 35.2+7.67 44.44 +10.3
Soleus 2432 +£12.91 34.84+7.41 42.88 +9.08 46.93 +7.33
Hamstring 17.28 +2.24 24 +5.06 26.88 + 6.26 31.04 + 8.27
Quadriceps 17.28 +2.24 23.36 +3.9 27.52+6.78 31.36 £ 9.75

Table 2.7. Mean + /- SD VAS scores in responseto the four stimulation sites for the four

threshold categories.

EST EMT EDT EPT
Tibialis 22 +27.95 35.78 + 34.28 56.44 + 18.87 72.44 +21.01
Soleus 9.9+5.07 39.78 £ 24.80 63.11 +£19.34 72.56 £ 17.85
Hamstring 9.1+4.48 47.89 £ 25.96 63.11 + 20.13 73.83+17.18
Quadriceps 14.6 +14.32 37.67 + 28.43 61.78 + 19.97 76.06 + 15.17
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Figure 2.3. A: Stimulation intensity voltages in response to the four stimulation sites fo r
the four threshold categories. B: VAS scores in response to the four stimulation sites for the
four threshold categories. All values are expressed as means, grey area highlights ++SD.

| 6t BBRBUEOWEOEOOT Ul wWUEEOI WEDPUEOOI OUUWUEOUI U
Before the application of any ES, discomfort VAS levels indicated mild pain in all

participants, 10.7 + 12.07. Results show that the mean discomfort levels increase as

the ES intensity increases from the EST to the EPT, Figure. 2.3B. A Friedman tests

showed no significant di fference between the mean VAS discomfort scores at the

EST (tibialis anterior: 22 + 27.95; soleus: 9.9 + 5.07; hamstrings: 9.1 + 4.48;
quadriceps: 14.6 + 14.32; p = 0.175), EMT (tibialis anterior: 35.78 + 34.28; soleus:
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39.78 + 24.80; hamstrings: 47.89 15206; quadriceps: 37.67 + 28.43; p = 0.430), EDT

(tibialis anterior: 56.44 *+ 18.87; soleus: 63.11 + 19.34; hamstrings: 63.11 + 20.13;
quadriceps: 61.78 £ 19.97; p = 0.392) and the EPT (tibialis anterior: 72.44 + 21.01;
soleus: 72.56 + 17.85; hamstrings: 783 + 17.18; quadriceps: 76.06 + 15.17; p =0.918)

for each of the stimulation sites..
2.4 Discussion

In this paper, we report for the first time on a comprehensive evaluation of the
tolerability and applicability of surface ESapplied to PwP at multiple upper and

lower leg stimulation sites.

This study focused on EST,EMT, EDT, and EPT assessmentin responseto ES.
These thresholds are important in the context of evaluating the tolerability and
applicability of ESfor sensory and motor cueing in PD. The applicability of ESfor
cueing may rely on its ability to compensate for the physiological disturbances
which underline the pathophysiology associatedwith FoG. Therefore, ES must
provide a stimulus that can be perceived either as a tactile sensation and/or
stimulates the proprioceptive system.Furthermore, the tolerability of ESfor cueing
may rely on the comfort level associatedwith the ESintensities required to provide

tactile sensationand/or to stimulate the proprioceptive system.

Results from this study show that the discomfort of motor ESwas perceived as
s 2 1 Y folUdome PwP. For two participants (P1 and P9), motor ES of each
stimulation site was only achieved at an intensity that was either equal to their
electrical pain threshold or was perceived ass 2 | Ydistbimfprt on the VAS. These
findings of lower electrical pain thresholds for some PwP, may result in poor

compliance with motor ESby some PwP.

Results from this study also show that for all participants, sensory ESwas both
applicable and tolerable. However, the applicability of sensory ES was not
universal at all stimulation sites. This was particularly evident at the tibialis
anterior site, as four participants (P2, P3, P8, and P10) reached their sensory
threshold at an intensity that was equal to or greater than their motor threshold at
the tibialis anterior site (Table 2.2).In the caseof the hamstring stimulation site,
one participant (P10) failed to perceive the ES before reaching their motor
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threshold (EMT < EST). It is unclear if thesefindings can be attributed to hypo-

sensitivity to ESat thesetwo sitesfor these participants.

Thesefindings suggestthe application of sensory ESat the tibialis anterior site may
be unsuitable for cueing applications in some PwP. However, a very positive
finding is that all participants perceived ESbefore reaching their motor threshold

(EST<EMT) at the soleusand quadriceps stimulation sites.

There is a clear characteristic differential level of response to ES at sites on the
lower leg (tibialis anterior and soleus) and on the upper leg (hamstrings and
quadriceps) (Figure 2.3A). A higher ESintensity was required to reach eachof the
four stimulation thresholds in the lower leg stimulation sites when compared to
the upper leg sites. The observed variation in responsemay be partially explained
due to variability in muscle tone and partial peripheral neuronal degeneration,
common in PD [62], thus requiring larger ES intensities to elicit a substantial
contraction through surface stimulation. However, a previous study of $ 2 3ip U
healthy participants found a similar differential level of the ESTfor the lower leg
and the upper leg [63], indicating that partial peripheral neuronal degeneration

may not be responsible for the differential level in the EST.

Importantly in the context of future development of ESbased cueing
interventions, in this paper we demonstrate that the stimulation voltages required

to perform ESsignificantly vary between stimulation sitesand individual PwP

The development of sensory ES cueing systems designed on the basis of
stimulating the upper leg may offer the advantage of reduced energy requirements
(lower voltage stimulation required with a consequentreduction in stimulation
current). To generalize the voltages required to perform sensory ESin PwP,
" 1 1 E a UihdgualityUor non-normal distribution canbeimplemented [64]. This
theorem statesthat at least 93.8%of PwP will have a maximum ESTequal to EST
+ SD*4. Therefore, we can infer that a sensory ES cueing system, designed to
stimulate the quadriceps site, needsto provide amaximum stimulation voltage of
26.24V.In contrast, a sensory EScueing system, designed to stimulate the tibialis
anterior site would be required to provide a maximum stimulation voltage of

60.12V. These values should be used with caution, as the theorem gives the
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minimum proportion of the data (93.8%),which must lie within four standard
deviations of the mean; the true proportion found could be greater than that
suggested by the theorem. Both mechanical stimulation and ES can provide a
means of somatosensory cueing. However, it remains unclear which technology
will prove to be most effective and this is a topic for further discussion. The
literature indicates that both technologies have advantages and disadvantages as

cueing modalities [65t 68].

Compared with ERM mechanical stimulation, EShas advantagesin that it offers
increased performance, as both the amplitude and frequency of the stimulus can
be independently controlled [67]. Therefore, in comparison to the stimuli created
by $ 1, zB3énablesmore complex stimuli to be created. Although currently a
more expensive alternative to ESin terms of cost and power requirements, coil-
basedactuators and piezo actuators decouple the amplitude and frequency of the

stimulus, soamplitude can be varied without affecting frequency.

Furthermore, in comparison with mechanical stimulation, ES has a simple
structure because it utilizes electrodes for stimulation, as opposed to a skin
mounted mechanical actuator [35]. Despite many advantages, there is a potential
barrier to the practical use of ES,it has the potential to elicit undesired electrical
responses, which may cause pain and discomfort [66]. For example, with a
constant current stimulator, if the electrode peels, the current becomes
concentrated in a smaller area on the surface of the skin and can result in an

elevated current density and a potential skins T O®OUz 6

However, to reduce variability in perceived sensation, efforts have been made to
modulate stimulation parametersin responseto measurements of impedance [66,
69]. Therefore, increasing the safety of ES by reducing the risk of undesired

electrical responsesor loss of sensation causedby changesin impedance.

It isthe EUUT @awlizat the PwP should be provided with a range of cueing
options, so that they, with their care team, can identify which option works best

for them.
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| 6 Kitibations of the Study

Our conclusions are limited by the fact that the study population was composed
of 10 participants. Therefore, the results must be interpreted aspreliminary due to
the relatively small sample size. The approach to psychophysical somatosensory
measurementsof threshold detection performed in this study is a Method of Limit,
which has been widely used in several studies investigating electrical threshold
detection [70-76]. However, a more rigorous psychophysical approach could be

desirable, including the use of a two -alternative forced choice procedure [77].
| 6 HExtdnsions and Future Work

The work presented in this paper can be extended in several ways. We used
stimulator parameters based on our previous experience of using electrical
stimulation in venous return assistapplications. We also used adhesive-basedgel
electrodesto provide electrotactile stimulation becausetheseelectrodesprovide a
more comfortable stimulation sensation. However, if ESproves to be an effective
method of managing FoG, the work would need to be extended to accountfor the
optimization of stimulation parameters. It is currently not clear if either
stimulation of cutaneous afferent nerve fibers and/or proprioceptive fibers is

required.

Another important opportunity for future work is to further study the benefit of
functional ES.As Mann et al. identified, the functional movement of limbs through
Functional Electrical Stimulation (FES)may be effective in ameliorating FoG [78].
Such techniques have proven beneficial for other gait dysfunctions such as drop

foot and other gait problems in patients following stroke.

In addition to cueing in PD, several studies have investigated the effect of auditory
cueing to ameliorate gait impairments associatedwith ' U O U B O idi€k&sé(m)
[79,80].While we did not explore ESE U1 D ©lérability and applicability applied
to HD, our findings open up the possibility of using the ES cueing technique in

other movement disorders
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2.5Conclusion

The primary aim of this study was to carry out the first comprehensive assessment
of both the applicability and tolerability of ESfor sensory and motor cueing in
PwP. The data presented in this paper indicate that ES can be applicable and
tolerable for both sensory and motor cueing, however, motor ESwas not tolerable
for two participants at any stimulation site. Therefore, for some PwP the use of
motor ESmay have to be considered with caution. A very positive finding from
this study is that all participants perceived ES before reaching their motor
threshold (EST< EMT) at the soleus and quadriceps stimulation sites, indicating
that these sites are suitable for sensory EScueing. In contrast, the tibialis anterior
stimulation site had poor applicability to sensory ES. Additionally, in future
investigations of motor EScueing in PwP, care must be taken with the selection of
PwP participants . In this study, motor ESwas not tolerable for two participants at
any stimulation site. Therefore, for some PwP the use of motor ESwould have to

be considered with caution.

In addition to $ 2 applicability and tolerability, another factor that may influence
the selection of the lower limb stimulation site for future EScueing applications
relates to the particularity of electrode placements and stimulator design
requirements. Our findings demonstrate that the upper leg sites require lower
voltages to reachthe ESTand EMT compared to the lower leg sites, thus reducing
the power consumption (lower voltage stimulation required with a consequent
reduction in stimulation current) of an ESstimulator engaged in this task. Also,
from a practical point of view, the upper leg sites facilitate an easily accessible

stimulation site in the caseof awaist-worn stimulator device.
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Chapter2 established that SES can be applied at disepttBgye intensities, which are both
applicable and tolerable and highlighted a pathway for further research into the potential
application of thisEScueing therapy t@melioratd=0G in RvP. Over the last decade, a
significant number of research studieséstigating the effect of cueing therapies on FoG
have been published. These publications preseatlth of knowledge to inform engineers
and cliniciars looking taadvanethis field of research. Therefore, prior to the development
of the sES cueingsydem and the suite of associatedsES cueing strategigst

was necessaro carry out a comprehensive reviewtlod relevant scientifiditerature. In

this chapter, wwill reviewthe stateof-the-art in cueing systems and the cueing strategies
that they emloy. This reviewwill alsoinvestigatehe study methodologies used to evaluate
the efficacy of cueing therapiesorder to identify bestpractice for study design and

outcome measures for cueing systems and strategies

3.1 Introduction

/| EUOD OU Geése URD)E B Ucharacterized by four cardinal symptoms

(bradykinesia, rigidity, tremor, and postural instability) occurring due to the

degeneration of dopamine-producing neurons [1,2]. One of the most debilitating

symptoms of PD is Freezing of Gait (FoG), which is especially present in more

advanced stages of the disease [3]. FOG is defined as a "brief episodic absence or

marked reduction of forward progression of the feet despite the intention to walk"
CZKgBwnO&wWDPUwWOI Ul OwEIT UE UD ERwWR)la&having thed fe&1 wp D UT w/ EU
"glued to the ground” [5]. Three forms of FOG have been identified: a pure akinesia

i OUOwW pOOw OOUPOOWOT wUOTT wxT UUOOzUwWOI T UwbUwOEUI L
(inability of the person to step with their legs trembling at a frequ ency of 2 to 4 Hz)

and a "shuffling” form (spontaneous increase in cadence and decrease in step

length) [6,7]. Tremble in place and shuffling are the most common forms of FoG,

while total akinesia is rare [8]. The presence of FoG is an important contributor to

falls in PwP [9411] and is a major cause of hospitalization and nursing home

admissions for this group [6,12,13]. This results in a huge personal strain on the

PwP, including their carer(s) and substantial economic strain on the health system.

Beyond its direct effect on gait, living with FOG has additional PD associated non -
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motor complications such as anxiety, social isolation, and depression and
EUEOEUDPEEOOQawEI I T EUUWUT T wk9UUOOz Uw@UEODPUa woi
The pathophysiology of FoG is complex and unclear, and despite limited
understanding of the disrupted physiological processes associated with FoG,
several treatment options are currently available. However, clinical consensus on
a cohesive treatment protocol for FoG does not exist [20,21]. FOG ca also be
categorized based on its responsiveness to dopaminergic medication (Table 3.1)
[22]. Although no large -scale studies on the prevalence of dopaminergic
responsive FOG were reported, an observational multi-centre study by Amboni et
al. described 616% of 325 PwP with FoG that only occurred in the off-medication
state [23]. The primary treatment option for dopaminergic -responsive FoG is to
increase dopaminergic medication [3]. However, for some PwP, increasing the
dose of dopaminergic medication is often complicated by dose-limiting side -
effects, such as dopaminergicinduced dyskinesia [24]. Under these circumstances,
surgical procedures such as pump-delivered therapies and deep brain stimulation
(DBS) of the subthalamic nucleus (STN) may become an dkctive treatment option
[21].

Table 3.1. Freezing of Gait subtypes and response to dopaminergic medication.

FoG Subtype Off -Medication State On-Medication State
Dopaminergic -Responsive FoG FoG Occurs No FoG
Dopaminergic -Induced FoG No FoG FoG Occurs
Dopaminergic-Resistant FoG FoG Occurs FoG Occurs

Dopaminergic -induced FoG is uncommon, and in the case of Amboni et al., only
1.8% of the 325 PwP had FoG that only occurred in the oamedication state [23].
The primary treatment option for dopaminergic -induced FoG is to reduce
dopaminergic medication [3]. However, the reduction of dopaminergic
medication is impossible for some PwP, due to unacceptable worsening of the
cardinal symptoms of PD. Under these circumstances, DBS of the STN may again
become an effetive treatment option [21]. However, this treatment option does
not directly improve dopaminergic -induced FOG, but only alleviates the problem

indirectly by treating the cardinal symptoms of PD, enabling a reduction in the
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dopaminergic medication. No large -scale studies on the prevalence of
dopaminergic -resistant FoG were reported; however, Amboni et al. described
36.6% of 325 PwP had FoG in the ormedication and off -medication states [23].
Treatment options for dopaminergic -resistant FoG are primarily in t he research
setting and are not currently implemented in clinical practice. Limited evidence
suggests that Levodopa-carbidopa intestinal gel therapy [25]; transcranial direct
current stimulation (tDCS) [26]; and DBS of the pedunculopontine nucleus (PPN)
[27] may become possible treatment options; however, further research is required

if they are to be clinically accepted.

The above-mentioned treatment options for FOG have some limitations: (1)

changing dopaminergic medication to manage dopaminergic -responsive, or

dopaminergic -induced FoG can result in dose-limiting side -effects or worsening

of the cardinal symptoms. (2) Surgical options are invasive and costly ($35,000 to

JkKYOYYYw I OUw #! 2w p- EUDPOOEOwW / EUOD Qliaedz Uw %OUOEE
treatments for dopaminergic -resistant FoG lack clinical evidence. Consequently,

there is a need to provide new and improved treatment options for FoG. One such

treatment option is the adoption of cueing techniques.

Cueing is a well-established technique that has been slown to improve gait in
PwP, including increasing walking speed, step length, cadence (total number of

steps taken per minute), and reducing the number of FoG episodes [2,28].

Cueing can be defined as using external stimuli which provides temporal (related
to time) or spatial (related to space) information to facilitate movement (gait)

initiation and continuation [29].

The effect of cueing modalities on the specific subtype of FoG (i.e., dopaminergic
responsive, dopaminergic-induced, or dopaminergic -resistant FoG) is poorly
reported in the literature. This may be due to the fact that distinguishing the
different FoG subtypes requires a comprehensive motor assessment in at least
three medication states [30]. It is more common for the literature to report the effect
of cueing modalities on FoG that occurs while the PwP is in either; (1) the on-

medication state (referred to as On-State FoG); (2) the offmedication state (referred
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to as Off-State FoG) or (3) the endof-dose-medication state (referred to as EoD
FoG).

Three cueing modalities are extensively reported in the literature: visual cueing,

auditory cueing, and somatosensory cueing. These modalities reflect the specific

external stimuli that the cueing technique utilizes (i.e., visual cueing provides

visual stimuli). A further modality may be considered when combining two types

of cueing modalities (i.e., visual-auditory cueing simultaneously provides both

visual and auditory stimuli).

3TT wxUlI EPUI wOl ET EOPUO@UAWUOET UOaD&IFoT 1 WEUI
is unclear; however, previous studies have suggested

1. Cueing may compensate for the defective internal rhythm generator of the
basal ganglia, consequently affecting the coordination and execution of
movement [31,32]. In this way, the PwP may use auditory, visual , or
somatosensory cueing to provide temporal information (external rhythm)
to which movement can be coupled [33].

2. Another theory is that the PwP may use visual cueing to provide spatial
information to scale and guide movements, which may allo w the PwP to
bypass their defective basal ganglia during gait [34].

3. Previous studies also have suggested that cognitive/attentional
mechanisms might explain the positive effects of cueing on FoG. Namely,
auditory, visual , or somatosensory cueing may shift the PwPz attention to
the task of walking, helping them to consciously think of what to do next
[35].

4. Studies indicate that enhanced proprioceptive information processing
could be the mechanism underlying the positive effects of cueing on FoG.
In this way, the PwP may use visual or somatosensory cueing as an
artificial means to stimulate the proprioceptive inputs, providing enhanced

information on limb position and movement during gait [36].

The use of visual cueing to ameliorate FOG was reported as earlyas 1990 [37]. Dietz
et al. demonstrated that walking over parallel lines marked on a floor (visual

stimuli) could reduce the occurrence of FOG. Parallel lines can provide a simple
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method of conveying spatial information, such as step length, through the sp acing

of each line (Figure 3.1A). For instance, Dietz et al. spaced parallel lines every0.305

meters and instructed the PwP to step over each line as they walked across the

i OOOUOWUT UU0wUI TUGEUDPOT wOTT PUwWUUT xwOepdT UT 6 w( Uwh
length directly results in a reduction in the number/duration of FoG episodes or

the simple method of drawing attention to the stepping process (i.e., thinking

about stepping over the lines) was the contributing factor. Or indeed, if visually

focusing on the lower limbs during the stepping process (providing enhanced

proprioceptive information) was a contributing factor

A Visual Stimuli ——» Spatial Information ——» Spatial Processing ——» Improved Gait

Step Lenght

v

Line Line Line

| NS NS A
‘ d J & Time

Beat Beat Beat

C

Somatosensory Stimuli —» Temporal Information ——— Temporal Processing —— Improved Gait

A7 Step Duration

i >
A2\ VAR Y ')

Figure 3.1. Three cueing modalities to ameliorate FOG. A: Visual cueing: parallel lines
marked on the ground at a fixed distance apart, conveys spatial information, such as step
length; B: Auditory cueing: a metronome producing auditory stimuli at a set beat, conveys
temporal infor mation, such as step duration; C: Somatosensory cueing: Tapping of a
people with Parkinsonz (PwP) shoulder at a set rhythm, also conveys temporal
information, such as step duration. Both spatial and temporal information may be
perceived by PwP and processed through multiple brain regions (BG| basal ganglia,
SMA| supplementary motor area and cerebellum) to ameliorate FoG and improve gait.

Auditory cueing was reported to ameliorate FoG in a study by Enzensberger and

colleagues in 1997 [38]. In this paper, Enzensberger proposed the use of a
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metronome to investigate its effect on FoG. Metronomes are devices that provide

a regular, repeated audible sound (i.e., tick, beat and click) at an interval that can

be adjusted, typically in beats per minute (bpm). They provide a simple method of
conveying temporal information, such as step duration, through the rhythmical

timin g of each beat (Figure 3.1B). For instance, Enzensberger et al. set the rhythm

of the metronome to 95 beats/minute and instructed the PwP to step in time to the

EIT EOwOil wOTT woOl OUOGOOO0T OwUT T UIT OUTl woOOEDPI apOol
duration to 0.63 secords. In addition, Enzensberger et al. also proposed using
shoulder tapping (somatosensory stimuli) to investigate its effect on FoG [38].
Shoulder tapping can convey temporal information, such as step timing, through

Ul a0l OPEEOOa wUE x x b Odr igueeBAC¢).] w/ b/ z UwUI OUOE
Initial reviews by Lim et al. in 2005 and Nieuwboer et al. in 2008 on cueing,
suggested insufficient evidence for the effectiveness of cueing to ameliorate FoG

[2,35]. However, only six studies were included in the reviews [29,3741], possibly
reflecting the limited number of published studies investigating cueing as a

method to ameliorate FoG before 2008.

Over the last decade, a significant number of studies investigating the effect of
cueing on FoG have been published. These studies carbe grouped into two

categories

1 Immediate cueing: most studies have investigated the immediate effect of
cueing on FoG [36,42 59]. These studies predominantly evaluated the effect
of cueing over a single session of use, with the cueing's objective to provde
an immediate benefit in terms of a reduction in the number/duration of FoG
episodes.

i Therapeutic cueing: several studies have investigated the cueing's
therapeutic effect [60t 70]. During these studies, the PwP engaged in many
therapy sessions per week (reatment period). The cueing, in this case, was
only delivered during the therapy sessions. These therapy sessions aimed
to provide a therapeutic benefit, which ameliorated FOG when the person
was walking at home or in the community without any cueing bei ng

provided .
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These different approaches to ameliorate FoG have provided various technical
challenges that led to the development of novel cueing systems. Examples of these
cueing systems are custombuilt metronomes [44], laser light canes [42], optical
head-mounted displays [56], custom-built vibratory units [36] and electrical
stimulation systems [54]. The effectiveness of these systems to ameliorate FoG has
been suggested to be strongly dependent on the cueing modality adopted and the
specific information that the cue provides [35]. Additionally, Lim et al. [2]
identified a key challenge as to whether positive laboratory -based results translate
into similar performance in daily living environments. Therefore, to enhance our
understanding of the technical characteristics of current cueing systems and the
effectiveness of these systems, this paper aims to present a chronological review of
the literature relating to the development and performance of cueing systems. This
technological literature review may pro ve instructive for future researchers
looking to enhance this modality's effectiveness and may serve to further inform

the development of cueing systems for take-home applications.
3.2 Methods
3.2.1 Review Questions

A technological review of the literature on cueing devices addressing FoG in PD
was carried out in an attempt to address the following research question: what is
the current state of the art in cueing systems that have the potential to be used at

home as a selfadminister intervention for FOG an d how effective are they?
3.2.2 Article Search Strategy

Article selection was based on a search for publications following the PRISMA
guidelines [71] of the following scientific databases: IEEE Xplore, Embase,
PubMed, Science Direct, Scopus, and Web of Sence. All publications from
January 2009 to December 2018 were included in the search. The electronic
databases were searched by the first author (D.S.) for relevant articles using the
following search terms mentioned in the title or abstract or keywords: ? / EUODOU OO w
-#wWwEREUl 2w. Tw?EUI U? w. 1 w MEadbitid @l tre wearthw ? 1 UT 1T a D OT -
terms, the following search filters were applied: (i) full journal article; (ii) written
in English; (iii) appeared in a peer-reviewed academic source. To identify
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additional articles, a snowball technique was used through additional hand -

searching of references and citation racking from relevant articles.
3.2.3 Article Screening

Articles were initially screened by the first author (D.S.) based on title and abstract.
Articles were excluded from the systematic review if they fulfilled any of the
following criteria: (i) did not present a wearable cueing system to address FoG in
PD; (ii) systems could not be used for take-home applications (ii) present
insufficient technical detail on the cueing system (iii) not full journal article or
reported on previously published work and (iv) written in any language other than
English. Where the title or abstract did not provide sufficient detail to determine
exclusion, full -text articles were reviewed. Based on the above criteria, fulktext
revisions were performed by the first author (D.S.) and then assessed

independently for eligibility by the second authors (G.OL. and L.R.Q.).
3.2.4 Quality Assessment

The studies included in this rev iew primarily used single -case design approaches.

These types of studies involve within -subject repeated measures and can provide

a viable alternative to large group studies. Quality assessment tools for single-case

However, a well -established tool that has been recommended for use in systematic

reviews of single-EE Ul wUUUEDBPI UOwPUwUT T w?6T ECwe OUOUw" O
[73]. This tool assesses the validity of singlecase studies, classifying them as either

2,11 UPOT w2UEOEEUEUO?w?, 11 UPOT w2UEOQOEEUEUwWPHUI
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describe the systematic manipulation of the independent variable with the

researcher actively determining when and how experimental conditions were

changed. Upon successful demonstration of control of the independent variable by

the researcher, studies were then further assessed as follows:

9 Each outcome variable was systemdically measured and an inter-observer
agreement (IOA) was reported for a minimum of 20% of data for each

experimental condition. The I0A score must meet or exceeded 80%.
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9 The study included at least three replication attempts of intervention
effects at different points in time or in three different phase repetitions.
1 Anintervention phase met the minimal data point threshold for the design

type as specified by WWC guidelines [74].
3.3 Results

The outcome of the systematic search is summarized inFigure 3.2. The initial
search identified 4480 records. Reference manager software EndNote X5
(Thomson Reuters, Philadelphia, PA, USA) was used to collate results. Duplicates
were removed and a screening process of both the title and abstract of the
remaining records was subsequently conducted. The full text of the remaining
records were then assessed for relevance to the review. Following this procedure,

18 articles remained for the systematic review.

Records identified through database

= searching (n =4480)

2 Embase (1105)

[}

= Records after duplicates removed | PubMed (1001)

= (n=1434) B Science Direct (169)

g Scopus (1125)

- Web of Science (1063)
IEEE Xplore (17)

Y
Records screened by title Records excluded
(n=1434) > (n=1111)

Lo

c

£ l

Q

e

o

v Articles screened by abstract Records excluded

(n=323) > (n=195)
A 4 Full-text articles excluded, with reasons

F= Full-text articles assessed for (n=110)

E eligibility . Not a full research article

B (n=128) (n=7)

w Not presenting a system for take-home
applications to address FoG in PD
(n=103)

B Total articles included for data

= extraction

E (n=18)

Figure 3.2. PRISMA flow diagram of study selection.
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3.3.1 Auditory Cueing Devices

In 2010, Bachlin and colleagues identified limitations with metronome cueing
devices, such as those previously reported by Enzensberger et al. and Cubo et al.
[38,39]. When activated, these devices continually delivered auditory cueing
regardless of whether FOG was present or not. This design limitation was
identified by Cubo et al., who commented on the possible problem of continuous
auditory cueing, reporting that PwP may become habituated to the auditory
stimuli, thus reducing the effec t of cueing [39]. To address this limitation, Bachlin
and colleagues presented an auditory cueing system that provided auditory
cueing only during an actual FoG episode [75,76]. In comparison to a continuous
cueing system, which aims to prevent FoG from occurring through continuous
EUI DOT OQw! EET Ob O 700-hdinarid Bueidyuwhiohtpionget t6 ralieve
FoG once it happened. The system was implemented using a wearable research
platform designed for rapid prototyping ( Figure 3.3). The platform provided a
custom wearable computer that interfaced with sensors and the user. On a 3.3 Ah
battery, the wearable computer ran for more than 6 hours. In its then configuration,
PPUI Ewll EExT OO01 Uwbl Ul wxOEET EWEUOUOEwWUT T wUUT L
wearable computing (132 x 82 x 30 mm and 231 g) worn on the waist. An
acceleration sensor (22 x 41 x 12 mirand >22 g) was attached to the shank (just
above the ankle) of the user and transmitted data to the small wearable computer
over a Bluetooth classic communication link. Seminal work carried out by
Hausdorff et al. [7]; and Moore et al. [77]; into the principles of FOG detection
algorithms enabled Bachlin and colleagues to develop a FoG detection algorithm
for real-time operation. The algorithm was implemented wi th a lag time (time
between the occurrence of a FOG episode and its detection) of less than 2exonds.
The main computational part of the algorithm used a fast Fourier transform (FFT)
calculation to determine the power content of the acceleration sensor daa between
0.5 and 3 Hz (walking band) and 3 and 8 Hz (freeze band), as suggested by Moore
et al. [77]. A thresholding method was used to determine if the user was in a
standing, walking, or FoG state. By implementing their algorithm within the Linux
operating system of the small wearable computer, the system would produce a

rhythmic ticking sound at a tempo of 60 beats/minute whenever a FoG episode
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was identified, and this lasted until the user resumed walking. For all users, this
provided a cue every one second, during the period the user was in FoG. Bachlin
et al. did not explain why they choose to use auditory cueing with a fixed tempo
of 60 beats/minute. Interestingly, the normal cadence for men and women aged
65t 80 years was 8125 steps/minute and 96 136 steps/minute, respectively [78].
This was significantly higher than the 60 beats/minute produced by the auditory

cueing system.

Wearable Computer

Wired
Headphones

Acceleration
Sensor

1
1
1
1
1
1
1
1
1
1
1
i
\ "
sy  ---- Bluetooth Link

Figure 3.3. lllustration of user wearing the On-Demand auditory cueing system, presented

by Bachlin et al. A wired headphon e was worn around the neck of the user and connected
to a wearable computer that was attached to the lower back. An acceleration sensor was
attached to the shin and connected to the wearable computer over a Bluetooth classic

communication link.

In a repeated-measures proof of concept study, Bachlin and colleagues carried out

measurements on 10 participants (eight in the Off-medicated state and two in the

On-medicated state) to understand the technical effectiveness of their system and

to collect feedback alout the system. During laboratory -based waking tasks, both

Ul wWEEEUUEEA WOl wOT T wOOODPOT wnd&wWEI Ul EUPOOWEOT OUH
at reducing the frequency and duration of FOG episodes was evaluated. Using a

subjective questionnaire, Bachlin et al. presented data on the experience of eight

participants (two of the 10 participants did not experience FoG during walking

tasks). Three patrticipants expressed no change in frequency of FoG episodes, and

five expressed a lower frequency of FoOG episodes wth the cueing system

compared to without the system. In addition, two participants expressed no
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change in the duration of FOG episodes; five expressed shorter FoG episodes, and
one expressed longer FoG episodes with the system than without the system.
How ever, no statistical data were presented on the frequency or duration of FoG
episodes during the walking tasks. Therefore, no statistical conclusion could be
OEE] wOOwWUIT I wUauuUl OzUwliilTEUDBYI Ol UUWDPOWEOI OPO
colleagues acknowledged the short time available for the participants to test the
system (<1 four) and were only in a position to speculate on what might be the
benefit of the system over a longer duration. A drawback of the system was the
varied sensitivity and specificit y of the online FoG detection algorithm among
participants, with average values of 73.1% and 81.6%, respectively. For some
participants, the low specificity value resulted in the participants requesting to
hear the auditory cueing less, and for some participants, the low sensitivity value

resulted in the participants requesting to hear the auditory cueing more often.

This was reported by Bachlin et al. to affect the overall acceptance of the system.
Although Bachlin et al. showed that a user-specific optimi zation of the FoG
detection algorithm could improve sensitivity and specificity to 88.6% and 92.4%,

this was demonstrated during offline post -processing.

It is worth noting that, although the system was bulky, only one participant

commented that it should be miniaturized. Participants also commented

Ol TEUDPYI CawbOwlT 1T wUUT woOi wUT T wi 1 EExT 001 UWEUOL
in the surroundings should not notice they are wearing such a system, either by

Ull DOT wbUwOUWE a wl I EUD OTticipart suggesieé ittddddingiU OUOE 2 8 u
variations in the audio tone and rhythm to avoid becoming used to the system.

Bachlin et al. also presented data on the feedback of four physiotherapists on the

system. Two physiotherapists saw potential in the system to support PD

participants in their everyday life, although, two thought it less suitable, mainly

due to the size and the attachment method to the belt. However, the

xT auUbOUT 1 UExPUUWEDPEWOOUWPOEPEEUI wOIl EQwUT 1T wUa
normal gait. One physiotherapist suggested adjusting the tempo of the auditory

cueing according to the cadence of the participant. This was a critical comment, as

previous work had identified that when different tempi were utilized, auditory
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cueing changed some of thealtered walking parameters (stride length, cadence,

and gait velocity) in PwP [79].

Interestingly, Bachlin et al. also investigated multiple on -body locations for the

optimal location of the acceleration sensor during the trial; shank (just above the

ankle), and thigh (just above the knee of the same leg) and the trunk of the

participant. Offline comparative analysis of these on-body sensor locations

showed little difference in the accuracy of the FoG detection algorithm, indicating

that an acceleration sersor may be placed at multiple locations without losing

significant accuracy. However, Bachlin et al. reported that the best result was

achieved when using the vertical axis of the acceleration sensor located at the knee,

and the worst was achieved when using the vertical axis of the acceleration sensor

located at the hip. Bachlin et al. commented that performance might be further

enhanced by using multiple sensors, especially for users that do not exhibit

trembling of both legs during FoG. In conclusion, Bachlin et al. acknowledged

there were further possibilities for technical improvements. These improvements

included; (1) the integration and miniaturization of the system into a single sensor

node and (2) adjustment of the auditory cueing tempo using sensor recordings of

Ul wOUIl Uz UwOEUVUUDUEOWEEET OEI 6

In the same year, Arias and Cudeiro presented a custombuilt portable device that

provided auditory cueing via a headphone set [44]. In this paper, Arias

hypothesized that auditory cueing delivered at a tempo scall Ew UOw UT 1T wUUI Uz Uw
cadence (10% above the normal cadence of the user), would modify their walking

pattern and help to alleviate EoD-FoG. To investigate the hypothesis, Arias et al.

developed an auditory cueing device that provided a rhythmic 4625 Hz auditory

tone, delivered in bursts of 50 ms duration with an adjustable tempo. The

i UOGEUPOOEOPUA WOl wUTT wUauUUl OwOEEOI EwUTT wUOxT HU
comparison, did not provide auditory cueing when required but instead provided

continuous auditory cuei OT WE UWE w0l Ox OWUEEOI EwUOwWUT T wOUI Uz UwE
an adjustable tempo was an important feature of Arias and Cudeiro device, as the

ideal cueing tempo to improve gait in PD is now receiving widespread attention

[50,80]. Within the paper, the authors did not explain the choice of a 4625 Hz tone,
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delivered in pulses of 50 ms, but it may reflect that humans are most sensitive to

low -intensity sounds at frequencies between 2000 and 5000 Hz.

To investigate the effect of their system on EoD-FoG, Arias and Cudeiro carried

out measurements on 10 participants as they performed a ~16 neter walking task

with and without auditory cueing. Video footage analysis from each waking task

was performed by a specialist, who identified the frequency and duration of FoG

episodes. Arias and Cudeiro observed a significate immediate positive effect of

auditory cueing on the mean frequency of EoD-FoG episodes (without cueing: 5.9

+6.707; with cueing: 1.4 + 1.265y = 0.014) and mean duration of EODFoG episodes

(without cueing: 3.119 + 4.93sconds, with cueing: 1.02 = 1.699 sconds, p= 0.017).

However, the study failed to meet WWC single -case design standards due to a lack
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acknowledged the short ti me provided to the participants to test the device, and

therefore its efficacy during repeated, daily use is not reported.
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development of custom-built wearable auditory cueing devices to the utilization

of technologies available in the market-place. In 2012 and 2016, Lee et al. and

McCandless et al. respectively investigated the effect of rhythmic auditory cueing

on FoG using commercially available electronic metronomes [45,50]. The SDMB0O

SAMICK Metronome (SAMICK Musical Instruments Co., Ltd, Enmseong County,

South Korea), featured two large tempo and tone control knobs (401216

beats/minute and 45t 440 Hz tone), a built-in speaker and a headphone jack. The

device was comparable insizeOw! EET OPOz UwUI Ul EUET wx OEUI OUbO
a means to attach it to the user Figure 3.4).

While investigating the immediate effect of auditory cueing on Off-State FoG Lee

et al. carried out measurements on 15 participants with FOoG as they performed a

~14 meter walking task without auditory cueing, with auditory cueing and with

visual floor markers. Based on previous results (which investigated the effect of

tempo on stride length and walking speed of PwP in the On -medicated state) [81],

and unli ke Arias and Cudeiro, Lee et al. choose to set the tempo of their device

from 10% to 20% below the normal cadence of the participant. Lee et al. reported

a significant immediate negative effect of auditory cueing on the mean frequency
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of Off-State FoG episodes (with cueing: worsened by 56.7 + 8.2%p= 0.024).

Although video footage was analyzed for outcome measures by two assessors, an

inter-assessor agreement was not documented using a statistical measure.

Therefore, this study failed to meet WWC single -case design standards. It was

unclear if headphones or the speaker were used during the study, as Lee et al. did
OOUwxUOYDPE]I wbOi OUOEUPOOWOOWUT 1T wOl DUOGOOOI zUwUI UL
were not reported, which could have provided insight into the e ffectiveness of

commercial metronomes, during everyday use, to manage FoG.

Figure 3.4. Both the SDM300 SAMICK and Peterson BodyBeat Pulsing Metronomeprovide
features suchas tempo, tone and volume adjustments, a built-in speaker and a headphone
jack.

The BodyBeat Pulsing Metronome (Peterson ElectreMusical Products, Inc. Alsip,
lllinois, USA), featured a digital LCD, a keypad control, a built -in speaker and a
headphone jack (Figure 3.4) [45]. The device is smaller in size to the SDM300
metronome and prov ided a clip for attachment to the user. The auditory cueing
tempo could be adjusted between 10 and 280 beats/minute, and the device could
produce four different metronome rhythmic sounds (Rimshot, Clave, Wood Block,

and Beep).

To investigate the immediate effect of auditory cueing on Off -State FoG,
McCandless et al. carried out measurements on 20 participants as they performed
a >3 meter walking task with and without auditory cueing. McCandless et al. set
the tempo of their device to either 70, 60, or 50 bats/minute, based on the
xEUUPEDxEOUzUwxUI i1 Ul OEI UB
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McCandless et al. reported an immediate positive effect of auditory cueing on the
mean percentage of OffState FOG episodes during the walking task (without
cueing: 81.58 *+ 7.53%; with cueing: 44.44 + 74%). An inter-assessor agreement was
not documented. Therefore, this study failed to meet WWC single -case design
UUEOEEUEUSwW UwbOw+i11 zUWEEUI wgkyY¢gOw, E" EOEOI UL
setup of metronome or user experience results.

In 2014, researb attention shifted from laboratory -based evaluations to home-
based evaluations, and with it, the development of auditory cueing devices
designed for PwP and take-home applications. In this year, Sama et al. presented
the REMPARK system [82]. The system was developed as a personal health device
for the remote and autonomous management of PD and included an auditory
cueing system developed to improve gait and relief FoG. Although Bachlin et al.
previously proposed that their auditory cueing system could be m iniaturized into

a single sensor unit that could detect FOG and transmit a trigger signal to a
feedback device [75], Sama et al. were the first to present such a system (Figure
3.5).

Ear-set

Sensor Unit

Smartphony‘

..... Bluetooth Link

Figure 3.5. lllustration of a user wearing the auditory cueing system, developed by Sama
et al. Wireless Samsung (Samsung Group. Seocho District, Seoul, South Korea) HM3500
ear-set, a sensor unit around the usergs waist and a smartphone (Samsung Galaxy Nexus)
with auditory cueing application was worn on -body. The smartphone connected to the ear
set and sensor unit over a Bluetooth classic communication link.

Sam4 et al. presented a custorrbuilt single sensor unit (77 x 37 x 21 mmMand 78 Q)

that attached to the trunk of a user. The sensor unit implemented frequency
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analysis and machine learning approaches to determine the presence of PD
symptoms such as bradykinesia, dyskinesia, and FoG. The main reference for the
algorithmic approach is described by Ahlrichs et al. [83]. Upon detection of a
symptom(s), the sensor unit would t ransmit a trigger signal to the feedback device
(smartphone), which streamed rhythmic auditory cueing to an ear -set until the

user resumed walking without FoOG or bradykinesia.

To increase acceptability and reduce possible stigmatization, Sama et al. adopte
a smartphone as the feedback device. This refinement in the design of auditory
cueing systems enabled the development of smartphone application interfaces
specifically tailored to the needs and abilities of PwP. In a further follow -on
publication, Nunes et al. presented detailed information on the development of the
auditory cueing smartphone application [84]. In summary, the smartphone
application allowed the user to select their preferred auditory cueing settings: turn
on/off auditory cueing, change vol ume, change the type of auditory stimuli
(metronome sounds, musical beats, clapping, and verbal cueing) and adjust the
tempo (beats/minute). Another refinement in the design of auditory cueing
systems was the use of a single wireless easset. This refinement enabled the users
to hear the auditory cueing and to perceive other auditory stimuli from the
surrounding environment.
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effectiveness to ameliorate FoG. However, Sama etal. reported that the FoG
detection algorithm could be employed with a lag time of roughly 3.2 seconds
(time between the appearance of a FoG episode and its detection) with a sensitivity
of 82.2% and specificity of 92.8%. The long lag time may prove to bea drawback
of the system as it reduced the applicability of the system to provide auditory

cueing for FoG that persists for less than 3.2 seconds.

In 2015, Mazilu et al. presented the GaitAssist system, an auditory cueing system
developed to provide motor training and gait assistance at home [85]. The
GaitAssist system was similar to the Sama et al. auditory cueing system. However,
Mazilu and colleagues presented further refinements to the design of an auditory

cueing system. In comparison to the Sama et & auditory cueing system, Mazilu et
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computing capabilities to perform FoG detection. Mazilu et al. developed a
smartphone application that implemented frequency analysis and mac hine
learning techniques to detect FoG and produce a rhythmic ticking sound when
FoG was identified or anticipated. Based on prior works investigating the optimal
sensor location for the detection of FoG [75,86], Mazilu et al. presented two
custom-built sensor units that attached to each ankle of a user (Figure 3.6). By
streaming movement data from these sensor units in real-time to the smartphone,
Mazilu et al. demonstrated that their FoG detection algorithm could be employed
with a lag time of approximate ly 0.5 seconds at a sensitivity of 97.1% and a false
negative rate of 26.5%. The reduced lag time was partially due to employing a
processing data window of 2 seconds, while Bachlin et al. and Sama et al. used a

window of 4 and 3.2 seconds, respectively.

Earphones

Sensor Units

Smartphony‘ \‘\\
\
\

----- Bluetooth Link

Figure 3.6. lllustration of a user wearing the GaitAssit system. Wired earphones were
placed in the userg ear, two sensor unit are attached to each lower leg and a smartphone
(Samsung S3 mini) with auditory cueing application was worn on -body. The smartphone
connected to each sensor unit over a Bluetooth classic communication link.

In addition, the smartphone application could be used to automatically customize
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data. This method was an innovative step that enabled a fast, robust, and

straightforward setup of the auditory cueing tempo. The system performed

automatic customization of the auditory cueing tempo by requesting the user to

walk naturally in a straight line, for30 Ul EOOEUOWET Ub1 I OWEwW? 20UEUU? wk
given by the smartphone. Following the request, the system would analyze the
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movement data from the two sensor units, automatically count the number of
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In a proof of concept study, Mazilu et al. carried out a three-day study on five

participants, which assessed the immediate effect of their system on FoG during

natural daily life activities. Results showed a reduction in the tread of FoG

frequency and durations for four out of five participants over the three days.

However, the analysis was made on sensing data from five participants, and
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ameliorating FoG. Interestingly, Mazilu et al . evaluated the system's performance

using the system's FoG detection capabilities. The system stored the frequency and

duration of FoG episodes detected during the three days of study. Moreover, as

highlighted by Moore et al., wearable sensing data is considered a valid objective

method of assessing FoG [77]. This evaluation method reduces the complexity of

performing home evaluations, which would require video recordings (for gold -

standard measurements) and provoke privacy issues.

Using a subjective quesionnaire, Mazilu et al. also presented data on the
experience of nine participants who used the system for approximately three hours
in total over one week. Mazilu et al. observed one common wearability drawback
of the system; participants reported difficu Ities attaching the sensor units and
requiring help from another person. Participants also commented on the use of the
earphones, and although there were no reported issues with plugging the
EIl EEUUIl wUOT T AawEOUOEWEOUOwWIT T EVUwUT 1 wEUEDPUOUaAWUUD
speaker. Overall, participants presented a favourable opinion toward using the

system in daily life.

In 2016, following the introduction of smartglasses by Google (Google LLC.
Mountain View, California, USA) and Microsoft (Microsoft Corporation.
Redmond, Washington, USA), Zhao et al. suggested that this new technology may
make cueing more accessible to PwP [48]. Smartglasses share similar features with
smartphones (eg., GPS, WiFi, accelerometers, and audio/visual output); however,
unlike smartphones their displays can be conveniently worn like conventional

glasses. To investigate the feasibility of smartglasses as cueing devices, Zhao et al.
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proposed to use Google Glass as a platform to evaluate the effect of continuous
auditory cueing on FoG. Zhao and colleagues developed an Android app for
Google Glass that utilized the bone-conduction and voice/gesture control
capabilities of Google Glass (Figure 3.7). Boneconduction allowed users to hear
the rhythmic auditory sound through vibrations of Google Glass. Users interfaced
with the app through voice/gesture control which allowed the user to adjust the

auditory cueing tempo between 50 and 150 beats/minute.

Smartglasses

Bone-Conduction Speaker

Figure 3.7. lllustration of the continuous auditory cueing system, used by Zhao et al. The
Google Glasgsystem provided features such as monocular display and bone-conduction
sound. During auditory cueing the monocular display is clear and the bone -conduction
speakerdelivers a burst of audio cueing at a set tempo.

To investigate the immediate effect of auditory cueing on EoD -FoG, Zhao et al.
carried out measurements on 12 participants. During laboratory -based, 20, and 8
meter walking tasks, the frequency and duration of EoD-FoG episodes were
evaluated with and without auditory cueing. In line with previous research [46],
Zhao et al. chose to set their device's tempo to the normal cadence of the
participants. Zhao et al. reported no significant changes in the frequency and
duration of EoD -FOG episodes when all walking tasks were considered together.
However, Zhao et al. observed a significant immediate effect of auditory cueing
on the mean frequency of EoD-FOG episodes ¢ < 0.05) during walking tasks with
360° turning. This study meets WW(C single-case design standards; however, due
to the small sample size of FOG episodes (six participants experienced EoBFoG
more than once, four exhibited no EoD-FoG two had a single EoD-FoG episode),

the effect of auditory cueing on EoD-FoG was reported to be inconclusive.
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Using a subjective questionnaire, Zhao and colleagues presented data on the
experience of participants tested with the device. Nine participants were willing
to use Google Glass at home to address FoG. Seven participas reported they
found Google Glass easy or very easy to use, and nine participants reported the
instructions on the screen clear or very clear to read. One participant particularly
liked the bone-conducting headphone because the metronome was less audibleto
others around them. Zhao et al. acknowledged there were further possibilities for
technical improvements before Google Glass can be adopted for daily use,

including the ability to detect FoG.
3.3.2 Visual Cueing Devices

In 2010, Espay et al. highlighted that cueing systems predominantly provided
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preliminary clinical studies indicated that when the tempo of cueing was not
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gait could be improved [79,87]. To investigate this hypothesis, Espay et al.

developed the Visual-auditory walker, a continuous visual -auditory cueing

system for home-based use by PwP [61]. The system was composed of a sens

unit and a head-mounted micro -display with earphones (Figure 3.8). The system

simulated optic flow (pattern of apparent motion in a visual field of view) by

displaying a virtual checkerboard -tiled floor superimposed on the real world. The

virtual checkerboard-UD Ol Ewi OOOUwWUI Ux OOEI EWEAOEOPEEOOGa wlUOu
moved toward them at a speed set equal to their gait speed, as measured by the

sensor unit. The checkerboardtiles provided targets for the user to step on with

long strides as they walk. In addition to the visual display, the system offered

In a feasibility study, Espay et al. carried out measurements on 15 participants to
assess the effect of optical flow visual cueing on FoG overa two-week treatment
period. During the reported study, participants were instructed to use the visual

cueing system while walking for no less than one hour a day. Before and after the
treatment period, a FOG questionnaire (FOGQ) [88] was used to evaluatethe effect
of visual cueing on FoG. The FOGQ is a validated clinical tool that uses a sixitem

guestionnaire to assess the severity of FOG in everyday life subjectively. The
66



questionnaire scores the severity of FOG from 0 to 24, with the higher scores

corresponding to more severe FOG

Headset
Users Field of View
— |
e
T1
Sensor Unit

T2

l Optic Flow

Figure 3.8. lllustration of the Visual-auditory walker, developed by Espay et al. The system
was composed of a sensor unit and a headmounted micro -display with earphones. The
sensor unit was attached to the users clothing and the headset worn around the eyes. The
system provided continuous optical flow visual cueing. During cueing, a virtual
checkerboard-tiled floor is overlayed on top of the user z field of view (T1) and continually
moves forward on the screen at a rate equal to the userz reaktime gait speed (T2).

Over the two-week treatment period, Espay et al. observed a positive effect of
visual cueing on the mean FOGQ score (pretreatment: 14.2 + 1.9; postreatment:
12.4 + 2.5p =0.002). In addition, a trend towards an improvement in the frequency
of FoG was reported (pre-treatment: 2.92 episodes/day; posttreatment: 2.54
episodes/day, p = 0.09). However, Espay et al. reported that two participants did
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Interestingly, Espay et al. did not directly monitor the usage of the system at home.
Although they did request verbal confirmation of compliance, it could be
concluded that the independent variable (intervention) was inadequately
controlled, meaning the study would fail to meet WWC single -case design
standards. Interestingly, participants were instructed to use both visual cueing and
auditory feedback. Espay et al. reported that personal preference forced some to

rely on only one or none. Four participants favo ured the combination of visual
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cueing and auditory feedback; three participants preferred just auditory feedback,

three visual cueing alone, and two neither.

In the same year, Bryant and colleagues presented a walking cane device that
projected a continuous visual cueing via an attached laser [43]. As the user walked
with the walking cane, the laser continuously projected a static horizontal laser
line onto the ground at the base of the walking cane. This horizontal laser line was
reported to mimic the effect of parallel lines marked on a floor. Although walking
canes with attached lasers were available commercially to PwP in 2010, Bryant et
al. identified that these devices only projected a red laser line, and there was no
current evidence on the benefit of different laser line colors on FoG. Therefore, to
investigate the effect of laser line colors, Bryant and colleagues presented a
walking cane device that projected a red or a green laser line through an attached

commonly available laser pointer.

In a pilot study, Bryant et al. carried out measurements on seven participants (all
participants usually used walking aids to ambulate) during two different
laboratory -based waking tasks (15.2 neter straight walking task with a 180° turn
and a 360° turning task) and evaluated the frequency of Off-State FoGand On-
State FoGepisodes during each task. Participants used the walking cane for each
walking task while it either projected a red laser line, a green laser line, or no laser

line.

Bryant et al. reported a significant positive immediate effect of a green laser line
on both the mean frequency of Off-State FoG episodes during the 15.2 meter
walking task (without laser line: 0.67 = 0.52; with green laser line: 0.0 + 0.0p < 0.05)
and 360° turning task (without laser line: 2.14 + 1.35; with green laser line: 0.29 +
0.49,p < 0.05). The effect of a red laser line was negative during the 15.2 m walking
task (without laser line: 0.67 £ 0.52; with red laser line: 0.83 £ 0.75 > 0.05) and
positive during the 360° turning task (without laser line: 2.14 + 1.35; with red laser
line: 1.43 £ 0.98p > 0.05). When the participants were tested in the Onmedicated
state, Bryant et al. also rerted an immediate positive effect of a green and red
laser line on the mean frequency of On-State FoGepisodes during the 15.2 meter
walking task (without laser line: 0.29 + 0.49; with green laser line: 0.0 = 0.0; with

red laser line: 0.14 + 0.38p > 0.(®) and 360° turning task (without laser line: 1.0 £
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1.0; with green laser line: 0.57 = 0.79; with red laser line: 0.57 + 0.79,> 0.05).
However, due to the small sample size of participants (seven), the generalizability
of the results was limited. In add ition, it was not reported if two assessors
performed an analysis of the outcome measures. Therefore, this study failed to

meet WWC single-case design standards.

Bryant et al. suggested that the more positive effect of the green laser line on FoG

I x B U Gréguddgy may be due to two factors. Firstly, the general perception that
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Secondly, under lighting conditions, the human eye is most sensitive at a

wavelength of 555 nm. Therefore, the green colar line appeared brighter

(approximate wavelength of 532 nm) than the red line (approximate wavelength

of 650 nm) during the walking tasks. Using a subjective questionnaire, Bryant et
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laser line colours and observed that most participants believed the green line

helped the most during both walking tasks.

In 2011, Donovan et al. described a homebased evaluation of the commercially
available U-Step U-Step Mobility Products, Inc; Skokie, lllinois, USA) walking

cane and U-Step walking stabilizer with an attached red laser ( Figure 3.9) [57].

«— lLaser

Weight /‘

Activation Switch

Figure 3.9. lllustration of the U -Step walking cane. The walking cane device projected a red
laser line on the ground only when pressure was applied to the weight activation switch.
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Although these devices were developed outside this review period (2006),
Donovan et al. were the first to publish an evaluation of the devices. In contrast to
the walking cane presented by Bryant et al., the U-Step walking cane included a
weight -activated switch that triggered the projection of a static red laser line only
when the user placed a downward force on the cane. The U-Step walking stabilizer
was a four-wheeled rolling walker with a red laser attached at the ankle level. A
switch located on the handlebar of the walking stabilizer switched on and off the

projection of a static red laser line onto the ground in front of the user.

In an open-label study, Donovan et al. carried out measurements on 26 participants

to assess the effect of continuous visual cueing on FoG and the sustainability of the

effect over time. During the reported study, participants who normally used a

walking cane at home to ambulate received the U-Step walking cane f = 16),

participants who normally used a wheeled walker to ambulate received the U -Step

walking stabilizer ( n = 5) and participants who normally used both to ambulate

received both the U-Step walking cane and walking stabilizer (n = 5). During a

baseline assessment period (without the red laser attachment), participants used

their walking aids during ambulation for one to two months. Following this

period, the U-Step walking cane and the walking stabilizer had the red laser

attached. Participants continued to use the devices over a onemonth treatment

duration. During the treatment period, a FOG questionnaire (FOGQ) was used to

evaluate the effect of visual cueing on FoG. Donovan et al. suggested that the

FOGQ may be a more relevant outcome measurethan an assessment of FoG in a
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expectation of the treatment benefit, the results may have been biased (recall bias).

Over the four weeks treatment period, Donovan et al. observed a significant effect
of visual cueing on the mean FOGQ score. The mean reduction in the FOGQ score
per-week was: week one: 1.51 + 0.68p(= 0.036); week two: 1.15 0.67 p= 0.099);
week three: 1.73 + 0.65 = 0.013); and week four: 0.53 + 0.43(= 0.263). Although
Donovan et al. identified a trend towards improvement at the end of each of the
four weeks, they acknowledged the short duration participants had to u se the

devices, and therefore their effectiveness during longer periods of use is unknown.
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Following Donovan et al. subjective evaluation of the U -Step walking cane and
stabilizer, the systems would be objectively evaluated by Bunting -Perry et al. in
2013[49] and McCandless et al. in 2016 [45]. In a pilot study, Bunting-Perry et al.
carried out measurements on 17 participants as they performed laboratory-based
walking tasks with and without the projected laser line. In contrast to the previous

visual cueing system modalities, the walking stabilizer offered On-Demand
cueing. In this mode of cueing, the participant pressed the on/off button during

FoG episodes to initiate the laser line and then re-pressed the on/off switch to turn

the laser off after the FoG episode was aborted.

Bunting -Perry et al. reported an immediate negative effect of visual cueing on the
mean frequency of On-State FoGepisodes during walking task with gait imitation,
straight walking, approaching destination and turning FoG triggers (wi thout
cueing: 0.94 + 1.9; with cueing: 1.2 + 2.3 = 0.84) and walking task with gait
imitation, straight walking, approaching the destination, turning and passing
through doorway FoG triggers (without cueing: 6.2 + 4.8; with cueing: 7.8 £ 7.8,p =
0.58).However, an immediate positive effect was reported during walking tasks
with gait imitation, straight walking, and approaching destination FoG triggers
(without cueing: 2.1 + 3.6; with cueing: 1.8 + 3.3p= 0.58). It was suggested by
Bunting -Perry et al. that the concurrent use of the walking stabilizer and the self -
activation of the laser represents a duakttask that may have reduced the effect of
visual cueing. Additionally, Bunting -Perry et al. also suggested that the small
sample size of participants and the lack of On-State FoGin a quarter of the cohort
may have contributed to the null results observed. Although video footage was
analyzed for outcome measures by multiple assessors, an interassessor agreement
was not reported. Therefore, this study failed to meet WWC single-case design

standards.

In conclusion, Bunting -Perry et al. acknowledged the many pitfalls of studying

FoG and provided instructions for future researchers. These included; (1)

minimizing dual -tasking by using continuous visual cuein g; (2) ensuring adequate

training with visual cueing devices; (3) test various lasers colours and (4) collect
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characterizing any subgroup that may respond.

71



To investigate the immediate effect of U-Step walking cane on Off-State FoG
McCandless et al. carried out measurements on 20 participants as they performed
>3 meter laboratory-based walking task with the projected laser line, without the
projected laser line, and without the wa Iking cane. McCandless et al. reported an
immediate positive effect of visual cueing on the mean percentage of Off-State FoG
episodes during the walking (without cueing: 40.00 £ 7.85%; with cueing: 27.50 £
7.34% and without walking cane: 81.58 + 7.53%). Iterestingly, the walking cane
without cueing activated showed an immediate improvement compared to no
walking cane (baseline), suggesting that a walking cane alone may have a
beneficial effect on overcoming FoG. However, as walking tasks only involved two
FoG provoking elements, the generalizability of the results during daily activities

is limited. An inter -assessor agreement was not documented. Therefore, this study

failed to meet WWC single-case design standards.

In 2012, Buated et al. presented the LaseCane device that was developed at the
Chulalongkorn Center of Excellence for PD and Related Disorders (CCEPDRD) in
Thailand (Figure 3.10) [42]. The LaserCane was similar to the UStep walking cane
and projected static green laser line when the walking cane was pressed down on
the ground. With full battery power, the cane provided a laser beam of 3 mm in
width and 750 mm in length. To investigate the immediate effect of continuous
visual cueing on Off-State FoG and On-State FoG Buated et al. carried out
measurements on 30 participants as they performed a laboratory-based 5 m
walking task. During the walking task, participants used the LaserCane while it

projected or did not project a green laser line.

Buated et al. reported an immediate effect of visual cueing on the mean frequency
of On-State FoGepisodes (without cueing: 0.33 £ 0.84; with cueing: 0,p < 0.05) and
Off-State FoG(without cueing: 4.20 + 6.38; with cueing: 0.76 + 1.85p < 0.05). Buated
et al. also reported that visual cueing was able to reduce FoG in PwP, with greater
impact observed among PwP in the moderate Hoehn and Yahr stage (Hoehn and
Yahr stage is a commonly used system for describing the progress of PD
symptoms) compared to the mild Hoehn and Yahr stage. However, it was not
reported if two assessors performed the analysis of outcome measures. Therefore,

this study failed to meet WWC single -case design standards.
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Figure 3.10. lllustration of the LaserCane, developed at the Chulalongkorn Center of
Excellence for Parkinsorg disease andRelated Disorders. The LaserCane projected a green
laser line on the ground only when pressure was applied to the weight activation switch.

In 2016, research attention shifted from the integration of visual cueing devices

and walking aid devices (walking ¢ anes and wheeled walkers), to the development
of visual cueing systems that were more wearable and accessible to PwP who do
not require the use of walking aids. In this year , Zhao et al. proposed to use Google

Glass as a platform to evaluate the effect ofvisual cueing on FoG [48].

Zhao and colleagues developed an android application for Google Glass that
provided either optic flow or rhythmic visual cueing. Vertically oriented lines on
both sides of the Google Glass screen that continually moved forward at a steady
rate (ranging from 50 to 150 lines/minute) provided optic flow visual cueing. This
type of visual cueing simulated optic flow (pattern of apparent motion in a visual
scene) Figure 3.11). In contrast, rhythmic visual cueing was provided by
rhythm ically flashing on and off the Google Glass screen at a preferred steady rate
(ranging from 50 to 150 flashes/minute), as illustrated in Figure 3.11. Although
both types of visual cueing have previously been implemented in prototype
devices to improve PD gait [29,89], Zhao et al. suggested that implementing them
within the Google Glass platform may make visual cueing more accessible for a
wider audience. The system allowed the user to interface with the app through

voice/gesture control, enabling the user to adjust the optic flow and rhythmic rate .
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Figure 3.11. lllustration of a user wearing google glass and their field of vision during
continuous visual cueing. The Google LGlass system provides two modes of continuous
visual cueing. During optical flow m ode, a virtual vertically oriented line continually
moves forward on the left and then the right side of the screen at a steady rate (THT4).
During rhythmic mode, the display flashes on and off a transparent red screen at a set rate
(TLT2).

To investigate the immediate effect of visual cueing on EoD-FoG, Zhao et al.
carried out measurements on 12 participants in a laboratory setting. During three
20 meter waking tasks and a single ~8 meter walking, the frequency and duration
of EoD-FoG episodes were evalwated with optic flow visual cueing, with rhythmic
visual cueing, and without visual cueing. With all walking tasks considered
together, Zhao et al. reported no significant changes in the frequency and duration
of EoD-FoG episodes. Although, this study meets WWC single-case design
standards, due to the small sample size of FoG episodes (six participants
experienced EoD-FoG more than once, four exhibited no EoD-FoG, and two had a
single EoD-FoG episode), the effect of visual cueing on EoDFoG was reported to

be inconclusive.

Additionally, Zhao et al. suggest that concentrating on the display while walking
potentially created a visual dual -task, which may have reduced visual cueing
effectiveness. In addition, optic flow visual cueing produced by the system was in
reported, this type of system may have adverse effects on PwP, such as dizziness,

loss of balance, and even FoG [87].
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Using a subjective questionnaire, Zhao and colleagues presented data on the

experience of participants who were tested with the device. Four participants

found it difficult to synchronize with the continuous visual cueing. They described

the continuous visual cueing as annoying, distracting, demanding too muc h

concentration, and hard to see. Conversely, some participants disliked Google
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images be projected binocularly or more focally in the visual field. Before Google

Glass coud be adopted for daily use, Zhao et al. acknowledged that there were

further possibilities for technical improvements. These included the placement of

the display binocularly or towards the cent re of the visual field to optimize visual

cueing effects.

In 2017, Tang et al. presented a custonrbuilt wearable device that provided visual

cueing via a chestworn laser that continuously projected either a static or
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sternum, with an elastic bandage. In this paper, Tang et al. hypothesized that

continuous visual cueing delivered rhythmically compensated for the deficiency

of previously reported static vi sual cueing devices. Flashing on and off the

projected laser line at a preferred tempo provided rhythmic visual cueing.

In an experimental study, Tang et al. carried out measurements on 23 participants.
FoG was evaluated with static visual cueing, with rhythmic visual cueing, and
without visual cueing. Tang et al. reported a significant immediate positive effect
of rhythmic visual cueing on the frequency of On-State FoGepisodes (without
cueing: 66; with cueing: 23,p = 0.001) and immediate positive effect of static visual
cueing on the frequency of On-State FoG episodes (without cueing: 66; with
cueing: 44,p= 0.742). Although favourable results were shown, Tang et al.
acknowledged the limited number of participants tested limited the
generalizability of the results. In addition, analysis of outcome measures was
reported to be performed by multiple assessors. However, the inter-assessor
agreement was not reported. Therefore, this gudy failed to meet WWC single -case

design standards.
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Shortly after the Tang et al. publication, Ahn et al. presented the Smart Gait-Aid

system (Figure 3.12) [56]. In contrast to the Zhao et al. Google Glass system, Ahn

I OWEOS wUUI EwUT 1 wEoerpor@tidn, SuwapRadgdaq) Caped ) Mdverid

BT-200 smart glasses as a platform to evaluate the effect ofOn-Demand visual

cueing on FoG. The BT200 shared similar features with Google Glass (e.g.,

accelerometer and gyroscope). However, the BT200 featured abinocular display

that projected images towards the centre of the visual field. This feature was

DPOx OUUEOUOWEUwW9T EOwl DWEOSwlI EEwxUI YDPOUUOawbEI OU
monocular display [48]. In an innovative step, Ahn and colleagues developed an

Android app for the BT -200 that implemented real-time FoG detection and
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their head. The adaption of the visual cue to how fast the user walks and their

current head directio n implied a dynamic system. This was in contrast to the Zhao

et al. proposed Google glass system, which provided visual cueing at a rate equal

OOwUT 1T wOUIT Uz UwWEYIT UETT wEEE] OEl WEOEWPEUWOOUWEI T 1 E
speed.

Users Field of View

Headset

Level Head
Orientation

Low Head
Orientation

Control Unit

Figure 3.12. Visual stimuli system presented by Ahn et al. The system consisted of the
Moverio BT-200 smart glasses (headset, a control unit and cables) and an android
application that displayed parallel blue lines when FoG was detected (T2+T3). As
illustrated, these lines move forward in sync to the user s gait speed and head orientation.
For example, as the user lowers their head (to look down) the distance between the lines
increases.
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Based on work carried out by Coste et al. [90], who developed a FoG detected

algorithm us ing stride length and cadence, Ahn et al. presented a new a reattime
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displayed blue lines onto the smart glasses binocular display whenever a FoG

episode was identified. The displayed blue lines remained on the screen until the

user turned them off by touching the BT -200 controller pad. The projected blue

lines (0.5 x 0.1 M) give an effect of parallel lines regularly placed on the floor and

moved in position based on the downward gaze angle and gait speed of the user.

Thus, giving the effect that the lines approached the user while walking. Ahn et al.

suggested that such an adaptive projection of the projected blue lines on the glasses
PEUWEUPUPEEOQWUOWOERDODPADOT wlUT T wUauuUl Oz Uwi iil
Ahn et al. carried out measurements on 10 participants to understand their
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duration of FoG episodes was evaluated during the five Timed -Up and Go (TUG)

tests [91].

By comparing the performance of the FOGDOG to video recordings, Ahn et al.
report that their FOG detection algorithm could be employed with a lag time of
roughly 1.1 seconds (time between the appearance of a FoG episode and its
detection) at a sensitivity of 97% and specificity of 88%. Ahn et al. reported some
limitations of the system, including the limited computing capability of the smart
glasses and battey capacity. To minimize power consumption, Ahn et al. designed
the system such that it was automatically activated upon detection of FoG episodes
or manually activated by the user depending on the need. However, despite such
an effort, Ahn et al. observed that the battery capacity was not enough to use the
system all day long without recharging the battery. Although Ahn et al. did not
report user experience of the system, several participants refused to participate in
their experiments due in part to technophobia and doubtfulness about the
effectiveness of visual cueing. In conclusion, Ahn et al. acknowledged there were
further possibilities for technical improvements, such as developing a cloud -based

solution to offload the image processing task of smart glasses.

77



Furthermore, in 2017, Barthel et al. identified limitations with previous wearable

visual cueing devices, which included a lack of ease of application during daily life

[51]. Barthel and colleagues reported that the use of smart glasses in daily lie poses
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devices. In an aim to provide a practically acceptable visual cueing device for

domestic use, Barthel et al. presented the Laser shoes. The Laser shoes

incorporated two la ser attachments attached to a pair of regular shoes and two
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each Laser shoe attachment projected a static horizontal red laser line orthogonally

in front of the opposite fo ot during heel strike of said foot. The laser line would

remain until the user raises their heel. This cycle repeats itself step after step,

delivering visual cueing alternately to each foot .

Heel Pressure

!

Heel Pressure
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Figure 3.13. lllustration of the Laser Shoes, developed by Bathel et al. Each laser
attachment projected a red laser line in front of the opposite foot when pressure was
applied to the heel switch within the shoe.

To investigate the immediate effect of continuous visual cueing on On-State FoG
and Off-State FoG episodes, Barthel et al. carried out measurements on 19
participants as they performed laboratory -based walking tasks with and without

visual cueing. Barthel et al. reported a significant immediate positive effect of

visual cueing on the percentage of time in Off-State FoG(without cueing: 19.6 +
5.2%; with cueing: 12.9 + 5.0%p = 0.004) and inOn-State FoG(without cueing: 8.8

*+ 4.1%; with cueing: 6.0 £ 3.1p= 0.004). In addition, Barthel al. also reported a
significant immediate positive effect of visual cu eing on the frequency of Off-State
FoG episodes (without cueing: 6.0 + 1.3; with cueing: 3.3 + 1.0p = 0.007) andOn-
State FoGepisodes (without cueing: 3.3 + 1.0; with cueing: 2.0 £ 0.9p= 0.028).
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However, it was reported that only one assessor performed the video analysis of
outcome measures. Therefore, this study failed to meet WWC single-case design

standards.

Using a subjective questionnaire, Barthel et al. presented data on the experience of
the participants who were tested with and without the sys tem. When asked about
the efficacy of laser shoes, 12 out of 19 participants reported a moderate to large
improvement, four a small improvement, and three no effect. No participants

reported a negative impression. Furthermore, 12 out of 19 participants expressed

interest in acquiring laser shoes, six were unsure, and one not interested
3.3.3 Somatosensory Stimuli Devices

In 2016, McCandless et al. proposed using the commercially available BodyBeat

Pulsing device to investigate the immediate effect of somatosensory cueing on FoG

(Figure 3.14) [45]. The device provided rhythmic tactile stimulation (pulsed

vibration) at an adjustable tempo of 10 to 280 beats/minute via an attachable

vibration clip. McCandless et al. purposed to attach the vibration clip anteri orly
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Metronome

Vibration Clip

Figure 3.14. lllustration of a participant wearing the BodyBeat Pulsing Metronome . The
metronome was clipped to a belt at the back of the participant and the vibration clip was
placed anteriorly over the right side of the pelvis.

To investigate the immediate effect of somatosensory cueing on Off-State FoG,
McCandless et al. carried out measurements on 20 participants as they performed
>3 meter walking task with and with out somatosensory cueing. McCandless et al.
set the tempo of their device to either 70, 60, or 50 beats/minute, based on the
xEUUPEDxEOUz UwxUIT1TUI OEl UBw, E" EOEOI UUwI DwEOS
of somatosensory cueing on the mean percentage 6Off-State FOG episodes during
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the walking task (without cueing: 81.58 + 7.53%; with cueing: 68.29 + 7.25%).
However, as walking tasks only featured two FoG provoking elements, the
generalizability of the results to daily activities is limited. Although t wo
experienced neuro-physiotherapists analyzed measurement outcomes, an inter-
assessor agreement was not documented. Therefore, this study failed to meet

WWC single-case design standards.

In 2018, Rosenthal et al. proposed the use of sensory electrical stulation to
provide somatosensory cueing [54]. In this paper, Rosenthal et al. hypothesized
that somatosensory cueing delivered at a fixed tempo would modify the users
walking patterns and help to alleviate On -State FOG. This hypothesis was based
onprevioUUOa wUI x QUUI EwlOIi ET EOPUOUWUI UxOOUDPEOI wi OUwWE
as step synchronization and enhanced proprioceptive information processing
[33,36]. To investigate the hypothesis, Rosenthal et al. used a custonbuilt
electrical stimulator, cueStim. The cueStim device (105 x 65 x 19 mi100 g) was a
Bluetooth enabled voltage-controlled two -channel electrical stimulator developed
within the REMPARK (FP7 project REMPARK ICT -287677) project. The device
was worn on the waist and delivered a continuous s eries of electrical stimulation
(ES) bursts through the use of PALS 50 x 50 mrhaskin surface electrodes placed on
the skin surface of the hamstring or quadriceps muscle of the body side most
affected by PD (Figure 3.15).

In its then configuration, each ES burst was delivered at a rate of 86 burst/minute
and consisted of 100 ms Rampup time, 500 ms ON-time, 100 ms Rampdown time,
and 0 ms OFFtime. The amplitude of the stimulation burst was adjusted for each
participant (using a smartphone application desig n to communicate with the
cueStim device) such that a sensory response was elicited but that the amplitude

was not of sufficient intensity to produce a motor response.

To investigate the effect of continuous somatosensory cueing, Rosenthal et al.
carried out home-based measurements on nine participants as they performed a
self-identified walking task with and without somatosensory cueing. The walking
task aimed to reproduce daily activities that usually elicited FoG episodes.
Rosenthal et al. reported an immediate statistically significant positive effect of

somatosensory cueing on the reduction on On-State FoG (58.28 + 33.89%).
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only performed, meaning the study failed to meet WWC single-case design

standards.

cueStim Device

Somatosensory Cue

Continuous series of biphasic ES bursts

Ramp-up
time
—

Ramp-

1
1
! down time
| I

1
"" ON-time "'

Electrodes

Figure 3.15. lllustration of a user wearing the cueStim continuous somatosensory cueing
device. The device was worn on the waist and delivered a continuous series of biphasic
electrical stimulation (ES) bursts through the use of 50 x 50 mn skin surface electrodes
placed over the skin surface of the hamstring or quadriceps muscle of the body side most
affected by the user.

In the same year, Gongalves et al. focused on investigating the optimal vibration
frequency and minimum duration of vibration to be used in a somatosensory
system for PwP, to help them to overcome FoG [92]. To investigate the hypothesis,
Gongalves et al. developed a custombuilt somatosensory cueing system (Figure
3.16). The system was encapsulated in a waitband and provided tactile
stimulation (pulsed vibration) at the navel, spine, right side and the left side,
allowing the system to meet the previously reported requirements for developing

a robust, functional, ergonomic and wearable system to provide vibr ation cueing
for addressing FoG [93]. The processing unit was developed on the Arduino Mega
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DRV2605 haptic drivers. The vibration units were mini -vibration motors 2.0 mm
(Sead Studio Electronic), a special type of coin vibration motor, also known as
Hz, with an amplitude of 0.2 +2.8 G. The system was Bluetooth enabled, and both

smartphone and desktop graphical interfaces were developed to allow the wireless
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configuration of cueing parameters (frequency and duration of vibration). A single

12-volt Lithium -lon battery powered the system.

Waist Vibration Device

_—
L9

Figure 3.16. lllustration of a user wearing the continuous somatosensory cueing device
developed by Gongalves et al. Four haptic drivers/vibration units were placed inside the

waistband and arranged with an intermediate spacing (15 cm) that facilitated a 76 to 110
cm waist size, while providing the stimulation to the navel, spine, right side and left side
of the waist. The waistband was designed to be robust enough to support the electronics
(overall weight of 458 g).

Although Goncalves et al. did not evaluate the performance of their system on
ameliorating FoG, they did investigate the optimal vibration frequency and
minimum duration of vibration required to perceive best cueing. Based on
previous works, Gongalves et al. concluded that a vibration frequency range
between 80 and 250Hz must be considered and carried outmeasurements on 15
healthy and 15 PwP patrticipants. Although it has been observed that PwP presents
a lower perception than healthy subjects, Gongalves et al. reported that it was
possible to conclude that, on average, the frequency by which all subjectspresent
a high vibration sensitivity at the waist body level, was 180 Hz. It was also
observed that greater than 250 ms of vibration duration was detectable by almost
all PwP and the healthy subjects. This was reported to be the first step in
implementing their system to help PwP ameliorating FoG. Gongalves et al. also
reported that participants did not consider the use of the waistband uncomfortable
and considered it possible to perform their daily tasks while receiving

somatosensory Cueing.

In 2018, Manchi et al. further proposed the use of vibration to provide

somatosensory cueing [94]. In this paper, Mancini et al. hypothesized that
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enhancing proprioceptive stimuli, in the form of tactile stimulation, may be useful

in improving sensory integration and t herefore alleviating FoG in PwP. To test the
hypothesis, Mancini et al. used the VibroGait, a wearable somatosensory cueing
system, previously described in [95] (Figure 3.17). The system plugged into inertial
microcontroller) that senses through a gyroscope when the foot is on the ground
and activates the tactor unit to generate a vibration. The tactor was a G2 tactor
(Engineering Acustic, Inc) with a primary resonance in t he 203 300 Hz range.

When a pulse width modulation sine -wave was sent from the control unit into the
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The vibration intensity was reported to be similar to that of a cell phone operating

in vibration mode.

Tactor Unit

T

Inertial Sensor
&
Control Unit

s

Figure 3.17. lllustration of a user wearing the continuous somatosensory cueing device
VibroGait, developed by Mancini et al. A haptic drivers/vibration unit was placed on wrist
and connected to a control unit and inertial sensor.

-

To investigate the immediate effect of continuous somatosensory cueing on Off-
State FoGepisodes, Mancini et al. carried out measurements on 25 participantsas
they performed laboratory -based walking tasks with and without somatosensory
cueing. The following measures were extracted to objectively characterize FoG
using inertial sensors and were previously described and validated in Mancini et

al. [96]; (1) FdG ratio as an index of freezing severity calculated as the power
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spectral density ratio between high (3+8 Hz) and low (0¢3 Hz) frequencies of

antero-posterior shin accelerations; and (2) the percentage of time spent in FoG

during the task, calculated as the time in which the FoG ratio was higher than 1

(for either right or left foot). Mancini et al. reported an immediate positive effect of

somatosensory cueing on the percentage of time inOff-State FoGduring cueing

(single task: 19 + 18%p = 0.5; duattask: 18 + 15%p = 0.2). The majority of cueing

studies to date validate FOG measurement outcomes, such as the number and

duration of episodes subjectively, using experienced clinical judgment.

Interestingly, this study analyzed outcome measures through a sensor-based FoG
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previously shown to correlate with a subjective clinical assessment of FoG severity

[96], in the current study by Mancini et al. [94], the results presented only re flected
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FoG and a subjective measure of the percentage of time in FOG by two assessors

(with an inter-assessor agreement) was not performed. Therefore, we would

conclude that this study failed to meet WWC single -case design standards.

Results from subject impressions on the efficacy of somatosensory cueing on FoG
while turning based on a Likert scale showed that ~50% of the participants

reported an improvement in FoG using closed -loop cues.
3.4 Discussion

This paper aimed to provide a systematic review of current cueing systems
focusing on systems with the potential to be used at home as a selfadminister
intervention. Both system technical characteristics and system efficacy are
described. Of the 18 papers included in this review, 18 different cueing systems
have been identified, of which eight of them (44%) have been published since 2015,
indicating t hat this is an expanding field of study. The general overview of the

reviewed cueing systems is presented in Tables 3.£3.4. These tables highlight the

key technical characteristics of all the identified cueing systems.
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Since 2010, auditory cueing systems have evolved from the development of
custom-built technologies (as presented by Bachlin and Arias) to the use of stand
alone commercial devices (i.e., digital metronomes), to the integration of custom-
built devices (i.e., movement sensors) with commercially available units such as
smartphones and smartglasses. Similarly, visual cueing systems have evolved
from custom-built technologies to stand-alone commercial devices (i.e., the UStep
Lasercane and the UStep walking stabilizer), and the integration of custom -built
Android applications with commercially available smar tglasses (i.e., Google Glass
and Epson BT200). Somatosensory cueing systems have not had the time to evolve
in parallel with auditory or visual cueing systems as a method to ameliorate FoG.
However, both novel custom -built technologies and stand-alone commercial
devices (i.e., digital vibrating metronome) have been utilized to investigate

somatosensory cueing.

From the 18 identified cueing systems, five of them provided auditory cueing,
seven of them provided visual cueing, three of them provided somatosens ory
cueing, and a further three provided dual cueing modalities (two auditory and
visual cueing systems and one auditory and somatosensory cueing system).
Auditory cueing has been shown to ameliorate EoD -FoG episodes [44,48], Off
State FoG episodes [45], ad On-State FoG episodes [75]. Visual cueing has been
shown to ameliorate Off-State FoG episodes [42,43,45,51] and OState FoG
episodes [42,43,49,51,55]. The effect of somatosensory cueing has also been shown
to ameliorate Off-State FOG episodes [45,94] md On-State FoG episodes [54].
However, due to the limited number of studies [45,48] that directly compared
different cueing modalities, further investigation will be required to establish

which modality is the most effective in different circumstances.

Cueing systems have been described that are capable of providing Continuous or
On-Demand cueing. Of the 18 identified cueing systems, 13 of them (72%) have
been characterized as Continuous cueing systems, five of them (28%) as On
Demand cueing systems. Continuous cueing systems provide cueing
continuously, even if not required, and predominantly aim to prevent FOG from
occurring. An advantage of Continuous cueing systems is the simple technical

requirements of the system and the ease of application, which typically consists of
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a single device (i.e., digital metronome or lasercane). However, due to the
continuous delivery of the stimulus, these systems may prove to be less effective
during extended periods of usage due to possible habituation and compliance

issues.

Due to the identified weaknesses of Continuous cueing, On-Demand cueing was
proposed and provides cueing only when required (during a FoG episode) and
predominantly aims to relieve FoG episodes by reducing their duration. In
comparison to Continuous cueing systems, On-Demand systems are more
sophisticated and predominantly incorporate a FoG detection algorithm
[56,71,82,85]. A key characteristic of OaDemand cueing systems relates to the
sensitivity and specificity and lag time (time between the appear ance of a FoG
episode and its detection) parameters of its FOG detection algorithm. These
parameters define the performance of the algorithm. However, it is unclear which
parameters are most important to the overall efficacy of the systems. In 2010,
Bachlin and colleagues implemented a reattime FoG detection algorithm with an
average sensitivity of 73.1% and specificity of 81.6% at a lag time >2 s [75]. For some
patients, this low specificity value resulted in the patients requesting to hear the
auditory c ueing less often. For some patients, the low sensitivity value resulted in
the patients requesting to hear the auditory cueing more often and was reported
to affect the overall acceptance of the system. Interestingly, Bachlin et al. suggested
that sensitivity and specificity are equally important [72], while more recently,
Kwon et al. reported that sensitivity is more important than specificity, suggesting
that low false negatives matter more than low false positives [97]. However, due
to refinements in FOG detection algorithm designs and increased processing power
Ol wUOO! wEUI POT w U aDgruand tiéing Bysténis iaveu repor@d
sensitivity values of 82.2% [82], 97% [56] and 97.1% [85]. In addition, specificity
values of 92.8% [82] and 88% [56] were dtieved. The cueing system presented by
Mazilu et al. operated at a lag time of 0.5 s [85], this was a significantly lower lag
time than previous systems 1.1 s [56] <2 s [75] and 3.2 s [82]. However, a short lag
time typically results in reduced specificity . The need for such a short lag time is

up for discussion, and it may be suggested that providing cueing for FoG episodes
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that last only a short time may not be required, as these FoG episodes may not be

troublesome for PwP.

Interestingly, Bunting -Perry et al. evaluated an On-Demand cueing system that
was self-activated. Unlike other On-Demand cueing systems, the user
activated/deactivated cueing by pressing a button. Therefore, the system's
sensitivity and specificity and lag time were dependent only on th e user's ability
to detect FOG and press a button. However, the concurrent use of the walking
stabilizer and the self-activation of cueing were suggested to represent a duaktask

that may reduce the effect of selfactivated cueing.

Whether Continuous cuein g is more effective than On-Demand at ameliorating
FoG, or vice versa, remains to be established. Continuous cueing systems have
been shown to reduce the frequency of EoD-FoG episodes [44,48], OffState FoG
episodes [42,43,45,51], and OfState FOG episodeq42,45,51,54,55]. Interestingly,
Zhao et al. demonstrated that their Continuous cueing system was only effective
at reducing the frequency of EoD-FoG episodes while the PwP were performing
turning manoeuvres with auditory cueing and had no effect during o ther walking
scenarios [489]. In the same study, it was also shown that the Continuous cueing
system did not affect the duration of EoD -FoG episodes. However, Arias and
Cudeiro demonstrated that their Continuous auditory cueing system might have

a positive effect on the duration of EoD-FoG episodes [44]. In comparison, On
Demand cueing systems have been shown, in some cases, to reduce the duration
and frequency of FoG episodes for some PwP. However, results are limited and

based on small participant cohorts [49,75,85].

Another key characteristic of cueing systems is the cueing stimulus and the
information that it presents. In the last decade, cueing systems have used three
types of cueing stimuli; rhythmic, static, and optic flow. These stimuli may provide
temporal, spatial, and/or proprioceptive information and aim to ameliorate FOG
through different mechanisms, which remains to be established. Of the 18
identified cueing systems, nine of them (50%) have been characterized as rhythmic
cueing systems, five of them (28%) as static systems, two of them (11%) as optic
flow systems, and two of them (11%) as dual systems (one rhythmic/static and one

rhythmic/optic flow).
90



Auditory and somatosensory cueing systems have predominantly provided
rhythmic cueing stimuli. These systems deliver cueing rhythmically at a set tempo
that is either fixed [54,75], adjustable [44,45,49,82,85,92] or dynamic [94]. Auditory
stimuli have been provided in the form of sounds at a given frequency and
duration. Similarly, somatosensory sti muli have been provided in the form of
vibrations [45,92,94] or electrical stimulation [54] at a given frequency and
duration. However, detailed information on the stimulus produced was not
presented for all systems. The importance of presenting details of the stimuli used
should not be overlooked as recent evidence suggests that improvements to gait

in PwP are directly influenced by the specific nature of cueing stimuli [59,98].

The majority of visual cueing systems have used static cueing stimuli
[42,43,4,49,51,55]. However, a limited number of systems have provided optic
flow [48,56,61] or rhythmic [48,55] cueing stimuli. A static visual stimulus has been
provided in the form of a horizontal laser line projected on the ground.
Interestingly, Bryant et al . demonstrated that the laser line's colour might affect the
efficacy of the cueing systems [43]. It was suggested that a green laser line was
more effective than a red laser line at ameliorating FoG. In an alternative method
of visual cueing, an optical flow visual stimulus has been provided through
smartglasses in the form of moving virtual checkerboards [61], moving vertical red
lines [48], or moving horizontal blue lines [56] that may enhance the perception of
movement. In a similar fashion to rhythmic cueing stimuli, these systems deliver
cueing at a set tempo that was either adjustable [48] or dynamic [55,61]. A rhythmic
visual stimulus has been provided through a laser cane in the form of a flashing
horizontal laser line projected on the ground [55] o r through smartglasses in the
form of a virtual flashing screen [48]. The most effective type of visual cueing
stimuli remains to be established. Considering that most of the cueing systems
identified in this review were evaluated in a laboratory setting, with limited results
often reported, many questions remain on the effectiveness of such systems in

ameliorating FoG in a home setting and subsequently improve QoL for PwP.

It remains to be seen which characteristic of cueing systems will prove to be most
appropriate in the long -run. This is perhaps expected for a growing field of

research and may be due to experimental nature of the cueing studies and the lack
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of a gold standard for evaluating the effect of cueing systems on FoG, which
resulted in the adoption of various cueing technologies and evaluation

methodologies making comparisons between systems difficult.

The limited number of statistically significant findings is disappointing. For

example, only Arias et al., Barthel et al., Buated et al., Bryant ¢ al., McCandless et
al., Rosenthal et al., and Tang et al. reported statically significant improvements in
outcome measures. Additionally, only one of the studies (Zhao et al.) passed the
WWC quality test for a single case study design, indicating that mo re attention
and rigour must be applied to the design of studies used to evaluate these

technologies.

Another consideration is the cost and usability of these cueing devices. The cost of
electronics hardware continues to come down, and when compared to possible
surgical interventions, the cost of these systems should not be a significant barrier.
However, the usability of these systems is a very important consideration and can
be best achieved with user-centred design approaches, where the user community
is a key stakeholder in the design process. Our group's previous work has shown

that good usability can be achieved with older adults using this approach [99 ¢ 102].

There is potential for future work to exploit to the full benefit of cueing therapies
for FoG in PD through the use of new technologies as they emerge. While it is
challenging to perform the kind of clinical evaluations described in this review,
there is a particular requirement for a more thorough validation of these systems.
Much work to date has involved low participant numbers, with studies carried out

in laboratory environments rather than home environments. There is also scope in
future studies for enhanced experimental design to enhance the robustness of the

evidence being produced.
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A

Human Centered Design of a
sensory Electrical Stimulation

(SsES) Cueing System for

Parkinson's Disease



In Chapter 2, we have established that SES is applicable and tolerable for cueing
applications in PwP and subsequently endordelfurther investigation of SES cueing.
Chapter 3 outlined a wealth of knowledge to inform the development of an SES cueing
system and a suite of cueing strategies that can be implemented to assess sES cueing as a
new theapyfor FoG. Building on thesédhapters, a detailed description of the development

of an sES cueing system designed using a Huantred Design process is presented in
Chapter 4The iterative developmenfthe sES cueing stamincluded the ugadaption

of NMES sysems developed byhatr members of the group (iteration | and II) and the
development of a ne\ES cueing syemby the PhD candidat@teration IIl and IV) based

on these NNES sysems. The HumanCentred Design process will focus on a design
methodology that uses an iteratidesign process to progressively develop the sES cueing
system in parallel to an evolving set of user and system requirements. We expected that the
design process would enable the development of the system hardware & software in parallel
with the assessmenf SES cueing, which would place the cueing system on a path to a

final design solution that is usable to the greatest extent possible.

4.1 Introduction

When developing devices for healthcare applications, usability, user -experience,
and human factors aUl wbOx OUUEOUWEOOEI xUUwUI OEUDPOT wlUOw
the device. The incorporation of these concepts into design of the device should
enable users to achieve their required goals effectively, efficiently, and with

satisfaction, in a particular context of use.

A design process that is heavily focused on usability, user-experience and human

factors is the Human-Centred Design (HCD) process [1]. The ISO defines HCD as

Pan approach to interactive systems development that aims to make systems ukable an
useful by focusing on the users, their needs and requirements, and by applying human
factors/ergonomics, and usability knowledge and techniques. This approach enhances
effectiveness and efficiency, improves humanlveatig, user satisfaction, accesgipand
sustainability; and counteracts possible adverse effects of use on human health, safety and
performance. [@]. HCD has four defined phases: (i) understand and specify the

context of use, (ii) specify user requirements, (iii) produce design solution s to meet

user requirements, and (iv) evaluate the design solutions against the requirements.
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These four phases are repeated in an iterative process until the developed solutions

meet the user requirements (Figure 4.1).

Plan the Human-Centered
Design Process

%

/"'ﬁ;s_igned Solutions ™ Understand and
| Meet User ) = Specify the Context of
\\--H_% Requirements 27 Use
S — ,
rd
. e ———— =
A
i S
~
LY
Evaluate the Designs \ Specify the User
Against Requirements | |:orate Where \\ Requirements
Appropriate

I
v
Produce Design
Solutions to Meet User
Requirements

Figure 4.1.1SO HCD iterative design process. Image from [2].

4.2 Development of sES Cueing System

The design methodology for the SES cueing system, presented in this thesis, used
the ISO HCD framework and adopted it to the greatest extent possible, within the
constraints of a PhD project. Figure 4.2 illustrates how the HCD process was
applied to the sSES cueing system, where, using an iterative process, we
progressively developed the sES cueing system hardware & software in parallel
with the assessment of SES cueing as a new therap for FoG in PD. Through this

iterative approach, the sES cueing system evolved over time.

4.2.1 lteration |

4.2.1.1Understanding & Specifying the Context of Use I:

-4 ( WE&EOPEaAzUwbOYOOY!I O1 OUwPhOwWUIT 1T ww/ AwxUONI EQwl $,
for the Remote and Autonomous, EQOET I O OUwOi w/ EUODPOUOOz Uw# bPUI EL
2011, provided the impetus for an investigation of SES cueing. The core objective

of Iteration | was to perform an initial proof -of-concept case study at the University

Hospital Galway (UHG), and to ide ntify for the first time the potential of On -

Demand sES cueing to ameliorate FoG in PwP.
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To carry out Iteration I, a design solution was required to en able On-Demand sES
cueing. Thus, a set of User and System Requirements for the solution to be used

were proposed.
4.2.1.2Specifying the User Requirements I:

The User Requirements (UR), which specified what the users (engineering

researcher & clinician) required from the design solution were :

1 URZ1: The engineering researcher user shall be alpmgyam and control a full
range of SES parameters

1 URZ2: The clinician user shall be abledontrol the delivery of SES cueing while
they are also focussed onshéety of the participant and on the presence or absence

of FoG.

In addition to these UR, to ensure safe skin surface sES was provided, several

System Requirements (SR) were also proposed.

1 SR1:Thedesign solutiorshall accurately output SES to at least:20% level of
accuracy of programmed ES pulse parameters (i.e., pulse duratiopliatss gap,
pulse frequency, and pulse amplitud&he rationale for this requirement
resulted from IEC 60601-2-10:2012, Requirements for the Safety and
Essential Performance of Nerve and Muscle Stimulators [3]. Within the IEC
606012-10:2012, an accuracy oft20% was deemed adequately safe for
therapeutic applications.

1 SR2:Thedesign solutiorshall provide voltage regulated sB®ltage-regulated
ES, often referred to asconstant voltage (CV), offers a minimized risk of
injury to the user [4]. As the current density magnitude applied to the skin
determines the potential for tissue damage [5], in a constant voltage
stimulator an increase of impedance due to the degradation of the
electrode-skin interface results in a current decrease, thus lowering the
potential for tissue damage. Therefore, with the user's overall safety in
mind, a CV regulated SES cueing system was considered a key prerequisite
system requirement.

1 SR3:The design solutiorshall providecharged balanced biphasic SES with an
inter-phase gapVarious charge balancing methods for ES exist p]. It has
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been shown that charge balanced biphasic pulsing (uses anodic and
cathodic phases) with an inter-phase gap, rediced tissue damage of the
EDxI EUPEwWxUOUPOT ZUWEOEWUI gUDPUI EwOOPI Uw x
physiological response [6]. Therefore, balancing the effects of efficacy,
tissue damage, and electrode corrosion, charge balanced biphasic sES with
inter -phase gap was considered akey prerequisite system requirement.
SR4:Thedesign solutiorshall be capable of providiEy with pulse amplitudes
Ux wUOOWEUwWOI EVUCwt kw5 0wxUO0UI whPEUheUwOIl wt kY
group had extensive experience in the evaluation of skin surface
Neuromuscular Electrical Stimulation (NMES) parameters optimised for
comfort and safety with mo re 2,700 hours of use and the parameters
selected were based on these data [16].

SR5:Thedesign solutiorshall accurately output sES to at leastt&% level of
accuracy of programmed sES envelope parameters (i.e.;Upatinpe, ONtime,
Rampdown time, and OFFtime). The requirement for accuracy of the
programmed SES envelope parameters reflected the need to provide sES at
critical time points in the PwP gait cycle. As previously identified by the
authors, somatosensory cueing applications on the upper leg (i.e.,
quadriceps) of PwP required ES voltage amplitudes in the range of 10-35 V
[17].

SR6: The design solutiorshall be capable of providitgo stimulation output
channelsThe optimum approach to SES cueing has yet to be established,
therefore it is important to ensure that the design solution would be
sufficiently flexible to allow the investigation of different cueing strategies.
From a practical perspective > 2 channels of skin surface stimulation can
introduce significant usability challenges for the user, therefore a two-
channel solution should be developed to provide a balance between
flexibility and usability [18].

SR7:Thedesign solutiorshall useoffthe-shelfPALS electrodes from Axelgaard
Manufacturing Co. Limited (California, USA)Due tOwUT T wT UOUxz Uwl RUI
experience with these electrodes [7-16], we were satisfied that PALS

electrodes were a safe solution and that the company had an excellent
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international track record for the supply of safe and reliable skin -surface
electrodes.

1 SR8:Thedesign solutionshall monitorand indicatechanges in electroekin
impedanceAn increase of impedance due to the degradation (i.e., electrode
peeling) of the electrode-skin interface of the SES system may result in
reduced delivery of current. As su ch, the effectiveness of the SES may be
reduced.

1 SR9:Thedesign solutiorshall be compliant with regulatory requirements for ES
device categoryl.o ensure the safety of participants, the stimulator needs to
be compliant with applicable safety standards, these included: the
IEC606011:2006, General Requirements for Basic Safety and Essential

Performance (Section 14: Programmable Electrical Systems) [19].
4.2.1.3Produce Design Solution to Meet User Requirements I:

A pre-existing first-generation, general-purpose, voltage controlled, two -channel,
programmable, waist -worn stimulator (150 x 100 x 40 mm, 335 g), developed by
the NUI GawayOw s-280, zw !l YEw Ol Ow Ul T Ul wUThadUDUI O OUUC
stimulator was independently certified for compliance to EN60601 -1 by TUV

Rheinlan and available for immediate use.
A detailed Technical note on the Duo-STIM is presented by Breen et al. [20].

Stmulus Test LowerSimulus Raise Stimulus
Output 1 Stimulus  Intensity Intensity

o
c

?

w
—
=
S~

Figure 4.3. The Duo-STIM unit. Image modified from [20].
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4.2.1.4Evaluate the Design against Requirements I:

The stimulus parameters delivered by the stimulator are within the range used by

existing muscle stimulator devices: pulse width (10045004 U A O vptsd [bterual

(100t5004 U A O wifredii€ntyl (10t 50 Hz), Ramp-up time (0+ 10000 ms), ON time

(0 10000 ms), Rampdown time (0410000 ms), and OFF time (810000 ms) These

parameter were programmed through an accompanying programming unit,

enabling an engineering researcher to program and control a full range of SES

parameters. In addition the pulse-voltage (0t 72V) could be controlled by either

x Ul UUDPOT wOT 1 ws+0pPT Uw2U0UPOUOUUwW( 601 OUPUaz wOU ws
the Duo-STIM.

In order to test whether or not SES would be effective as a cuethe Duo-STIM was

Figure 4.4, when the clinician detected a FoG episode, he manually activated sES
EUI DOT OwEawxUl UUPOT wEOE wWl OOEDOT usTiM fons 31 UO w2 (

as long as the FoG episode lasted.

Test Stimulus

SES Burst

Output 1

PwWP Pulse P9|53
amplitude W}lth
Clinician 1 /H_HJ
«—>
% Pulse
Period
A B

Figure 4.4. (A) Photograph and illu stration of clinician tethered to the Duo-STIM unit
during UHG testing with PwP. (B) lllustration of PwP entering a FoG episode andthe s 31 UUw
20DOUOUUZWEUUUOOWET EOODPOT WEEUDYI wi DT T WEUI wOOwUT
button, resulting in an sES burst on the output channel of the Duo-STIM.
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31T PUws 31 UUw2 UP O U O USTiMwbsl ofglodilydiesigied to fadilitater # U O

correct electrode placement and when pressed delivered a burst of stimulus (500

ms Ramp-up time, 1000 ms ON time, 300 ms Rampdown time, and Oms OFF time).

3TTUTTOUI Owbl T OQwUT T wEOPOPEPEOwW xUIT UUT EwUOT T ws3I
stimulus was delivered to the quadriceps skin surface of the PwP, when FoG was

detected. Thus effectively providing On -#1 OEOEWEUI DPOT wUOUXOE wUT T ws EC
technique [21] (it was proposed that On-Demand cueing, in a home-use context,

would be delivered automatically under sen sor control).

Bench testing of Duo-STIM was completed by Breen et al., the accuracy of the
stimulators output was reported within all the specified requirements. Measured
charged balanced biphasic (with inter-phase gap) pulses from the Duo-STIMz U w

output had stimulus parameters within +2% of the programmed values.

Both 5 cm x 5 cm and 5 cm x 10 cnPALS skin surface electrodes were supplied by
Axelgaard for use with the Duo-STIM. Duo-STIM provided a warning on the
stimulator's LCD screen in the event of inadequate electrode contact with the skin

before stimulus is applied.

The use of Duo-STIM provided a convenient first iteration design s olution and it
enabled the team to establish proof of concept and to develop an initial
understanding of the context of use. Preliminary observation suggested that the
therapy worked and that PwP were receptive to sES, delivered through a pair of

skin surface electrodes.
4.2.2 Iteration Il
4.2.2.1Understanding & Specifying the Context of Use II:

Duo-STIM had some limitations, with Duo -STIM the clinician was required to be

physically tethered to the patient via the stimulator, as illustrated in Figure 4.4.

The use of the tethered connection when the participant was walking, was highly

cumbersome and undesirable. Additionally and importantly, with this design

solution, the clinician was not blinded to the delivery of the therapy and was

ITTTTEUDYI DEWUf WHOEWOPYEOUEUOUZ wOIl wOT T wiii1 EUDYI

again was undesirable.
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In addressing these limitations, it was identified that a Bluetooth (Bluetooth SIG
Inc., Kirkland, WA, USA) enabled stimulator would facilitate the use of custom

smartphone applications that could:

(i) Enable a clinician to wireless activate SES cueing and thus the PwP could
walk unimpeded.

(i) Blind the clinician to whether or not therapy (On -Demand cueing) was
being delivered, and to which anatomical skins surface site it wa s or was
not delivered.

(iii) Provide autonomous On-Demand sES cueing through the integration of

third -party Bluetooth enabled real-time FOG detection systems.

An observation made during Iteration | was that the majority of PwP did not freeze

in the clinical setting at UHG, even though they would experience FoG on a regular

basis in their daily life. An explanation for this was that the novelty of the visit to

Ul 1 uEOPOPEwWs UUPOUOGEUT EzwUT 1T w/ b/ wEOEWEOOUI @UI
It was decided that during Iteration Il testing would be performed in the NUI

Galway campus, where a FoG provocation setup could be created in a human

movement laboratory.
4.2.2.2Specifying the User Requirements I

In developing the design solution for Iteration I, based on our experiences with
Iteration |, an additional set of UR and SRfor the revised design solution were

proposed:

1 URS3: The clinician user shall be ablegmgram and control a full range of SES
parametersvirelessly

1 URA4: The clinician user shall be labto wirelesslycontrol the delivery of sES
cueing while they are also focussed on the safety of the participant and on the
presence or absence of FoG.

1 URS: The clinician user shall be blinded to whether or not therapy@@&mand
cueing) was being delived through an autonomous process of treatment

allocation concealment and assignment.

The additional set of SR for the revised design solution were:
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1 SR10:Thedesign solutiorshall provideES with amaximum pulse amplitude of
P kw5 O0Owx UOUT whDEUT U wéximul Uy YuyQull suli0d uElh ulEdd Tul t ukoad U ud
frequency of 50 HzExtensive work has been carried out on ES envelope
parameter recommendations by Rancho Los Amigos [23]. More
specifically, skin surface ES is typically applied at relatively low
i Ul gUI OEPI Uwp@kYw' A AWECEwWxUOUI whPEUT Uwli wadl
[24]. Furthermore, investigators have empirically determined the
relationship between ES charge delivery and tissue damage, Equation4.1.

[6]:
0 Wopm Equation 4.1
Where Q is the charge perpulsex T EUI wbOw4 " wpEl | DOT EWEUWUT 1 wh
ES current), A is the surface area of the electrode in crf and k is an
empirically determined constant. If k exceeds 1.7, then tissue damage can
occur [6]. Thus, considering the minimum skin surface electrodes size of 5
cm x 5 cm for the SES of the lower limb (as identified in [17]), the maximum
charge per phase that the system can deliver without causing tissue
damageP EU wt k w4 " 6

1 SR11Thedesign solutiorshall include risk control measures for hardware failures
and potential misuse, ensuring ES is delivered safely and effeciielyisk of
injury to the user as a result of system hardware failure or misuse was
assesed, and with the user's overall safety in mind, a key safety
requirement of the SES cueing systemwas to avoid the inappropriate
delivery of stimulus as a result of failures or misuse of the system by the
user.

1 SR12:Thedesign solutiorshall be compliarwith regulatory requirements for ES
device category and the industry standards for manufacture and assembly of
printed circuit boardsDue to the proposed sES stimulator being a potential
medical device, applicable regulatory standards and the design criteria
need to be considered. These included: the IEC 60602-10:2012,
Requirements for the Safety and Essential Performance of Nerve and
Muscle Stimulators [3]; the IPC-2221, Generic Standard on Printed Circuit
Board Design [25]; and the IPCtA-610, Acceptability of Electronic
Assemblies [26].
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4.2.2.3Produce Design Solution to Meet User Requirements |l

The design solution, meeting these requirements, was a pre-existing second
generation, voltage controlled, two -channel, programmable, waist-worn NMES
stimul ator (150 x 92 x 27 mm, 335 g), which was at hand and available for use
Figure 4.5. While this pre-existing NMES stimulator met all the system
requirements, including built -in diagnostics, the NMES stimulator was required
to be re-configured as a wearable Bluetooth-enabled sSES stimulator, and a
supporting smartphone app was designed and developed to meet user

requirements.

Channel 1
Channel 2

® Microchip Microprocessor @ Bluetooth
Reservoir Capacitor MicroSD Card
Electrode Lead Jack DC Power Jack

Figure 4.5. Photograph of participant wearing the sSES stimulator during NUI Galway
testing and the clinician using the accompanying smartphone application to apply On -
Demand cueing.

4.2.2.4Evaluate the Design Against Requirements Il:

An important feature of the design solution was that it enabled the clinician user

to program, using the smartphone application, the full gamut of stimula tion

parameters: pulse amplitude from 0-34 V, pulse frequency from 0-50 Hz, pulse

duration 100-500 ps, inter-phase gap from 100500 ps, which reflect typical skin

surface NMES stimulator parameter values [27]. Wireless functionality was

provided v ia an on-board Bluegiga WT12 Classic Bluetooth module (Bluegiga
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Technologies Inc, USA). To enable the dynamic wireless control of the SES
stimulator in real -time a smartphone executed a customdesigned application,

developed in Java (Oracle Corporation, CA, USA). The Samsung Nexus® S
smartphone (Samsung Electronics, Suwon, Republic of Korea) was selected to run

the custom-designed application.

The smartphone application was intended for research use by clinicians and was
designed to be ergonomic, supporting clinici ans to adjust control settings in
situations where they are focussed on the safety of the participant and on

observing the presence or absence of FoG.

To mitigate the possibility of accidental or incorrect use of the application,
safeguards were incorporated through tactile and visual feedback. During
adjustment of sESparameters, safeguardswere employed to checkand verify that
newly entered values are within predetermined safety ranges of the sEScueing
parameters. In the event of an invalid value being entered the clinician is alerted
via aprompt. The application also provided avibration alert to the clinician when
they have taken action to deliver stimulus (i.e., pressesthe s %. Bugton on the
application). This tactile feedback was incorporated to guide the clinician user to

deliver stimulus without the needto visually interact with the application.

Additionally, the smartphone application featured an allocation concealment and
assignment algorithm, to facilitate the clinician user being blinded to whether or
not therapy was being delivered. This feature was to eliminate observer bias and

thus increase the rigour of the assessment of the therapy.

To check the accuracy, the output of the SES stimulator was measured using a

PicoScope 3425 (Pico Techrlogy, UK) oscilloscope as the sES intensity was

increased from 10-100% (in steps of 10%). The test was performed with a single

stimulation channel connected across a 3component skin equivalent circuit

model, as proposed by Birlea et al. [28]. The modelc UD U U1 E wOi wE whk OYYY w. wU
corneum resistance (RJ), 92 nF stratum corneum capacitance (GA OWE OE wt NY w, wUIl UDI U

resistance of the electrodes, wet stratum corneum, and deeper tissues (8.

The accuracy of the pulse amplitude output of the SES stimulator was within the
specified requirement of 20%. The maximum charge per phase of the SES
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imbalance applied to the user as a result of applying alternating cathodic and

anodic leading pulse was found to be 4 nC. The results from the stimulus

waveform validity test demonstrated that stimulus output values were accurate to

within the specified requirement of 5% of the programmed parameters. The

accuracy of the electrodeskin impedance meter was evaluated using a resistor box

(MODEL 901) connected to the output of the SES waistworn stimulator . During

testing, the resistanceof the resistor box was increased from dtuyY Y Y w, wbOwU Ul x Uu

within the specified requirement of 5% of the resistor box value.

The use of the SES stimulator and the accompanying smatphone application

enabled the team to continue to explore the generalisability of the therapy through

continued testing with different PwP. A new study was carried out at NUI Galway

with five PwP using the FoG provocation setup of Figure 4.6. As illustra ted in

%DT UUl wKEkOwbPT T OwUT 1T wEOPOPEDPEOwWw m/ EUODPOUOOZ L
I xDUOEI Owl 1l wpPUI Ol UUOAWEEUDPYEUI EwUS2wEUI DOT
button on the application, for as long as the FoG episode lasted and a burst of

stimulus was delivered to either the quadriceps or wrist skin surface of the PwP

during the experimental condition. We were thus again providing On -Demand

EUI POT wOUPOT wUOT 1 ws EOOGEDI UTT zwUI ET OPGUI wegl hg d
Additionally, we continued to develop our understanding of the intend ed context

of use of the therapy. Observations in Iteration Il continued to suggest that the

therapy worked and that PwP were receptive to sES, delivered through a pair of

skin surface electrodes. The wireless arrangement in the design solution for

Iteration 1l worked well and the PwP was afforded more personal space as they

navigated the walkway, with the clinician now not required to be right beside the

PwP.

The allocation concealment algorithm [29] was used during PwP testing, where
three conditions werl w Ul UUI Ews" OOUUOOzwp/ P/ wbhl EUDOT wi
EOOOI EUIl EwUOOwWUT T wU$2wUUDPOUOEUOUWEUUwWOOwWUUDO
EUUUOOWPEUwWxUI UUT EwEawl0T 1 wEOPOPEDPEOAWEODE ws $R
at the quadriceps and wrist with a wired ¢ onnected to the sES stimulator and

115



UUPOUOUUWPEUWET 0BDYI Ul EwOOwWOOT wOUwWUT T wOUT T Uwpki 1 C
the clinician). This feature of the design solution for Iteration Il worked well and

enhanced the rigour of testing carried out.

was constructed to provoke FoG in a controlled setting, with fixed handrails throughout
the length of the corridor providing support if required by the PwP.

4.2.3 Iteration IlI
4.2.3.1Understanding & Specifying the Context of Use llI:

Up to this point in the HCD process, On -Demand cueing was being achieved with
Ul 1T wEOPODPEDE OuwE E Omlél Biédvever Jwe Ineedged & g pointhkd 1 z
progress the development of an autonomous On-Demand cueing solution and

there were three possible approaches to achieving this:

(i) Use a third party external hardware sensing solution with a built -in real-
time FoG detection algorithm.
(ii) Incorporate sensing hardware resources into the sgS stimulator and embed

the third -party real-time FoG detection algorithm in the stimulator
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firmware or develop an in -house FoG detection algorithm and embed that
in the stimulator firmwar e.

(iii) Use a third party wrist - OUOw s UPPDUET zOQwbi PET wbOUOEwWEC
activate the switch and thus deliverOn-#1 OEOQOE WEUI DOT 6 w31 1 ws UP DI

be implemented in a smart watch using a smart watch application.

Option 1 and Option 2 were not feasible as thereal-time performance of these third

party algorithms did not meet the timing requirements for real -time FoG detection
(FoG detection time > 2 s). Option 3 was feasible and therefore in the next iteration,
Iteration Ill, we needed to create a new design solution with a companion wrist

worn switch functionality.

Prior to the development of the design solution in Iteration Ill, the research team

UOUT T OwUOWET UUIl UwUOET UUUEOQCEwWUT T wxUOxOUI EwUS$
functionality that might be required to support this. Using inputs from PwP and

clinicians, who were able to share their views on how the PwP might interact with

the cueing system and in what context it would be used on a daily basis by PwP.

Additionally, input was sought from our partners i n the REMPARK consortium,

PIT OWEUwWUTT wUDPOl whkl Ul wEI UPT OPOT wEwWUI 6001 Ow
management system. With these inputs, a first revision Use Case document

(Appendix E) was created, subject to the following constraints:

9 Skin surface ES would be employed, as implanted ES was not feasible with
the technological and financial resources available to the development
team.

1 The skin surface electrodes would be off-the-shelf PALS electrodes from
Axelgaard rather than in -house designed electrodes, aghe group had very
positive experience with using these electrodes.

9 The electrodes would be located on the skin surface of the upper leg, based

on a tolerance and comfort study completed by the group [17].

Thus, the SES cueing system, as presented in th&Jse Case document, consisted of:
(i) skin surface ES electrodes, (ii) SES waistvorn stimulator, (iii) SES smartphone

application and (iv) wrist -worn switch.
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Eight different scenarios were described in the Use Case document:

(i)  Donning the equipment, as they might do each morning.

(i)  Doffing the equipment, as they might do each evening, before bedtime.

(i)  Walking at home or outdoors, experiencing FoG and delivering On -
Demand cueing to relieve FoG by activation of the wrist -worn switch.

(iv) Resting, taking meals at home, while wearing the equipment.

(v) Dealing with a low stimulator battery alert.

(vi) Dealing with an electrode fault alert.

(vii) Dealing with a stimulator Bluetooth connection lost alert.

(viii) Dealing with a wrist -worn switch Bluetooth connection lost alert.

Some sample fgures from the Use Case document are shown in Figure4.7-4.10.

ON-State ON-State

Opens Electrode Packet
A

ON-State

=N a
1 i
\ %y

Unplug Wrist Switch L 1 Attach Wrist Switch
C D

Figure 4.7. Example scenario of PwP donning the PALS electrodes and the wrist-worn
switch, while in the on-state. (A) The PwP removes a pair of PALS electrodes from their
sealed packet. (B)The PwP places a pair of electrodes over the belly of their left quadriceps
muscles. (C) The PwP unplugs the wrist -worn switch from its charging cable. (D) The PwP
fastens the wrist-worn switch on their wrist.
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ON-State

A

)

Secure ES Stimulator in Belt Pouch
B

ON-State

Attach Belt Pouch around Waist

Plug Electrode lead into ES Stimulator
D

Figure 4.8. Example scenario of PwP donning the SES waistworn stimulator, while in the

onstate. (A) The PwP unplugs the sES waistworn stimulator from its charging cable. (B)

The PwP places the sES waistworn stimulator inside a belt pouch. (C) The PwP fastens the
belt pouch on their waist. (D) The PwP plugs the electrodes into the sES waistworn

stimulator.
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Wearing OFF-State

]
@
®
i

FOG Detected

Wearing OFF-State

CRAY—

ES is Delivered

Wearing OFF-State

o
S\MADL
N

FOG-END Detected

Wearing OFF-State
(]
&

ES is Ceased

D

Figure 4.9. Example scenario of PwP delivering On -Demand cueing to relieve FoG by
activation of the wrist -worn switch, while in the wearing off-state (i.e., the positive effect of
the PD medication is beginning to wear-off). (A) While the PwP performs there normal
activities of daily living a FoG episode occurs. (B) The PwP presses and holds the centre
button on the wrist -worn switch. Consequently, the wrist -worn switch triggers SES
delivery v ia the sES smartphone application. (C) The FoG episode is ameliorated.(D) The
PwP releases the centre button on the wristworn switch. Consequently, the wrist -worn

switch cease SES delivery via the sES smartphone application.
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Electrode Alert Electrode Alert

@l

| 4]

3\ B B
- /\—

Electrode Alert Check Electrode Lead Connection
A C

Electrode Alert Electrode Alert
S% 4] ]
a L
El

REMPARK ES

Switch Check Electrodes

Wrist

D
C1

. @
Electrode m
~ M

PRESS TO MUTE

\\A DL

Mute Electrode Alert Electrode Alert Fixed
B E

Figure 4.10. Example of a scenario presented in the Use Case documentPwP dealing with
an electrode fault alert. (A) The sES smartphone application displays and emits an auditory
electrode alert. (B) The PwP acknowledges the alert and mutes it by pressing the mute
button on the sES smartphone application. (C) The PwP verifies that electrode lead
connection on the sES waistworn stimulator is OK. (D) The PwP checks the electrodes to
make sure they are firmly attached to the leg and finds one of the electrodes has become
lose. The PwPreattaches the electrode and theelectrode alert stops on the sES smartphone
application. (E) The PwP continues their normal activities of daily living.

To evaluate the Use Case document, 17 PwP were recruited through a local
/ EUODPOUOOZ UwU U xEAPEGw EUQbddiiddz Uw UUOEDEUDO
structure was used to elicit feedback on the Use Casedocument from the
participants and they were asked to complete questions relating to different
elements of the Use Case. Each question was put to the PwhRising a 5-point Likert
scale, and the scoring was used to determine the perceived usability of different
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aspects of the system, either identified by the team as likely usability challenges
for PwP or other relevant aspects of the system. The question respmses were
EOETI EwUOwWUT EVwWwEwWs Yz w+DOI UDwWUEOUT wEOUUI UxOOEIT Euw
UEOUI wEOUUI UxOOET EwUOQws xOOUz wUUEEDPODPUA S
wOl EOQw?21 YI UPUa w1l E UD O identifibdiisahilfyEr@leny® ByO I Ewi OU wl EE
averaging the Likert scores for a question across all participants (Equation 4.2). The
list of identified usability challenge s and associated Severity Ratings are presented
in Table 4.14.5.

Yo 0 ORQAVYhe 1T Q

B
D QW¥QUL QIYRQO 0 G Equation 4.2

Table 4.1. Severity Ratings for identified usability challenges with electrodesuse.

Severity Rating
Activity (mean + SD)
Removing the electrodes from their packet. 1.12+ 0.86
Attaching the electrode lead to the electrodes. 1.12+ 0.86
Attaching the electrodes to the upper leg. 1+£0.79
Connecting the electrode lead to the SES Stimulator. 1.41+1.28

Table 4.2. Severity Ratings for identified usability challenges with sES smartphone
application use.

Severity Rating

Activity (mean % SD)
Opening the sES smartphoneapplication. 1.35+0.79
Understanding how the sES smartphone application works. 2.44+1.09
Checking if the sES Stimulator or wrist -worn switch is connected 231+ 0.79
to the sES smartphoneapplication . R
Enabling the sES stimulator from the SES smartphoneapplication . 2.12+1.11
Muting an Electrode alert from the SES smartphone application . 1.18+0.81
Understanding the types of Alerts generated in the SES 0.94+ 0.66

smartphone application .
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Table 4.3 Severity Ratings for identified usability challenges with wrist -worn switch use.

Severity Rating

Activity (mean * SD)
Putting on the wrist -worn switch. 1+0.76
Fastening the wrist-worn switch. 0.87+0.52

Prgss!ng and holding the centre button on the wrist -worn switch 0.82+ 0.53
while in FoG.

Table 4.4 Severity Ratings for identified usability challenges with sES stimulator use.

Severity Rating
Activity (mean + SD)
Putting on the sES stimulator pouch. 1.06+0.56
Fastening the sES stimulator pouch. 1.12+ 0.60
Plugging or unplugging the charging cable of the sES stimulator. 1£0.61
Placing the sES stimulator on charge every night. 1+0.71
Understanding the functions of the 3 status LEDs. 2.35+1.17

Table 4.5. Severity Ratings for identified usability challenges with public perception of the
design solution.

Severity Rating
Activity (mean % SD)
Being seen in public while wearing the wrist -worn switc h. 2.07£1.03
Being seen in public while wearing the sES stimulator. 1.88+1.11
Being seen in public while wearing the smartphone. 211+1.11

While, these data reflect the PwP perception of their ability to complete an activity,
rather than based on observing them attempting to complete the activity, the data

however had merit and indicated that :

() The PwP had low levels of concern relating the different tasks associated
with the electrodes and their connection to the stimulator unit.

(i) The PwP had low to medium levels of concern relating the different tasks
associated with sES smartphone application.

(ili) The PwP had low levels of concern relating the different tasks associated

with the proposed wrist -worn switch.
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(iv) The PwP had low levels of concern relating to the stimulator pouch and
charging the stimulator each day. However, there was higher levels of
concern relating to the stimulator status LEDs.

(v) The PwP had medium levels of concern relating to all aspects of being seen
in public with the equipment, whether that is the switch, the stimulator or
the smartphone. The issue of stigma while wearing assistive technology in
public is well established and understandable as the visibility of the
technology is possibly perceived by the PwP as sending a signal to the
gedl UEOwx UEOPEwWOT EOwOT 1 awEUl ws EDUEEO] Ez 6

The presented Severity Ratings indicated that the use of the design solution
proposed in the Use Case might pose some usability challenges for PwP. While not
all identified problems could be easily fixed within the co nstraints of the project,
the research team felt that the identified usability issues could be at least reduced

through a Use Case and design solution revision.

Additionally, the design team had viability concerns about the wrist -worn switch.
This unit added an additional hardware unit to the cueing system and in the

process added complexity, cost and potential reliability challenges to the system.

Following a brain -storming session by the team, it was identified that the required

sUPPUET zwi O00PEREOREEIDPWR I EUBDYDOI WOEUEEBHOE DA WE |
into some MEMs accelerometers. By adding accelerometers to the stimulator PCB,

Ews EUEFQIWEEUDPDOOwW OOwUT I wUUDOUOEUOUwWI OEOOUUUI w
EEEI Ol UOOI U Pz »wis BThiE BoBdlkltap action on the stimulator

enclosure would thus enable self-activation of cueing by the PwP.

A feedback session with REMPARK clinicians highlighted that having a FoG

sxUI YI OUPOOzZwOOETI OwbkT 1T Ul wUOTT wU$2wUUDOUOEUOUWE]
thus preventing FoG occurring, would be beneficial, in addition to the current On -

#1 OEOEWEUI POT wxUOxOUEOOwPT PET WEEUI EwUOws Ul ODI YI
this feedback was that the REMPARK clinicians noted that most auditory cueing

devices use contnuous cueing as a means to ameliorate FOG. Based on this

feedback is was decided that the next design solution should have both a

Continuous and On-Demand cueing capability.
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Additionally, the feedback from PwP was that the current design solution was
simply too bulky and would create social stigma and embarrassment while being

worn, as it would be difficult to conceal the device under clothing .

In response to the PwP feedback, the brairstorming session and REMPARK

clinician feedback, a second revision Use Case was created.

The sSES cueing system now consisted of three components (skin surface ES
electrodes, sES stimulator, and SES smartphone application) and two new

scenarios was added to the second revision Use Case document:

(i) The PwP seltactivated On-Demand sSES cueing in response to a FoG
episode through double tapping on the stimulator enclosure.

(i) Continuous cueing was delivered to the PwP whenever they started to
walk.

Some sample figures from the Use Case document are shown in Figure 4.144.12

N ADL \%
ADL
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FOG Event
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Therapy is Delivered FOG Event Ends
C D

Figure 4.11.Example of a scenario presented in the Use Case documenPwP self-activated
On-Demand. (A) The PwP performs their normal activities of daily living. (B) The PwP
experiences a FoG episode,(C) The PwP performs a double-tap on the sES stimulator
enclosure FoG. Consequently, the sES stimulator delivers three bursts of sES.(D) The FoG
episode is ameliorated and the PwP continues their normal activities of daily living.
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Double tap

!

Continuous Therapy is Delivered

Stop Therapy Delivery
C

Figure 4.12. Example of a scenario presented in the Use CaseContinuous cueing was
delivered to the PwP whenever they started to walk. (A) The PwP performs a double-tap
on the sES stimulator enclosure FOG. Consequently, the sES stimulator delivers a
continuous bursts of SES. (B)The PwP performs their normal activities of daily livin g. (C)
The PwP performs a double-tap on the sES stimulator enclosure FoG. Consequently, the
delivery of sES is stopped

4.2.3.2Specifying the User Requirements llI:

In developing the design solution for Iteration Ill, based on the second revision
Use Case an additional set of UR and SRfor the revised design solution were

proposed:
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URG6: The clinician or PwP user shall be ables&lect either at©®n-Demandor a
Continuous sSES cueing strategy.
1 URY7: A PwP shall be able tmigger On-Demand cueing through doubletap action
on the stimulator enclosure.
1 URS8: A PwP shall be able twear thesystemcomfortably during activities of gait and
the size and weight of the SES stimulator should be comparable to that of a smartphone.
1 UR9: A PwP user shall be able tse the system for a fudiay without the need to e
charge the systerfio decrease the time the PwP is without the system, the battery
capacity should be large enough to use the system during waking hours without
recharging the battery.
U10: The designalution should provide a user interface designed to maximise ease of
use by providing a minimum set of user interaction points which enables the user to
easily power on and off the system and interpret the current operating status of the
system withoubve complexity and confusion
T SR13 The design solution shall facilitate doutde gesture interactions through
a MEMs accelerometer mounted on the sES stimulator PR requirement
will enable self-activated On-Demand cueing EOE ws 1 Ox ObP1 Uz wUT 1 w/ E

control, themselves, when they do or do not receive a cue.
4.2.3.3Produce Design Solution to Meet User Requirements III:

The design solution meeting these requirements was a third-generation,
Bluetooth-enabled, voltage controlled, two -channel, programmable, waist-worn

US2w UUPOUOEUOUW psEUI 2UDPOw UUDPOUOEUOUZ Aw bDUI
ExxOPEEUDOOwmps EUI 20D OwWE (652x A5xulS rnh, W08 hhs2 UPOwU U D
comparable in size and weight to an Apple iPhone 7 (138 x 67x 7 mm, 138 g).

As shown in Figure 4.13, the hardware architecture of the cueStim stimulator can

be viewed as 7 component units: (i) Power Management Unit, (i) H -Bridge

Switching Unit, (iii) uSD Card Unit, (iv) Micro -Controller Unit, (v) Motion -Sensing

Unit, (vi) User -Interface Unit, and (vii) Bluetooth LE Unit. While the Power

Management, H-Bridge Switching, uSD Card and the Micro -Controller Units were

all designed using the pre-existing circuit designs from the NMES stimulator

(iteration II), three new hardware component (Motion -Sersing, User-Interface and

the Bluetooth LE Units) were developed to meet user requirements.
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Figure 4.13. Block diagram of the cueStim stimulator (Y Y General /O line, Y Y
Communication Buses, Y Y Diagnostic feedback sensing signals)

An important feature of the design solution was that it enabled the PwP to self-
activate On-Demand sES cueing, through a new form of interaction for a cueing
device. The interaction is doubletap gesture interactionwhere the PwP performs a
double-tap gesture to interact with the cueStim stimulator . To facilitate this feature
the cueStim stimulator was fitted with an onboard LIS2DH tri -axial accelerometer
(STMicroelectronics), whose firmware is configured to a detect double-tap impact
shock for a range of embedded applications. The cueStim stimulator was fitted
with an additional three LIS2DH accelerometers to facilitate the possible
implementation of different methods of On-Demand sSES cueing(i.e., automatic

FoG detection).

The cueStim stimulator was fitted in a belt -worn pouch, as shown in Figure 4.14.

371 wUUPOUOEUOUZUwUUI UwbOUI Ul EEl whEUWEIT UDPT O EwU
users by minimizing the number of cont rols. Thus, the interface provided a single

Power ON/OFF button (membrane dome switch) which can be operated using a

lateral pinch grasp pattern (i.e., the cueStim stimulator is held between the radial

side of index finger and thumb) . The stimulator also included three status LEDs

that provided status information on different stimulator activities, as shown in

Table 4.6.
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Power ON/OFF Button

@ Microchip Microprocessor

Reservoir Capacitor

2.5mm Electrode Lead Jack

Status LED's

Channel 1 Channel 2 Power Jack

@ Bluetooth LE Module
@ Accelerometer

1.6 mm DC Power Jack

Figure 4.14. Photograph of participant wearing the cueStim stimulator, the stimulators
external enclosure, and internal circuity.

Table 46. Status LED colour codification for the cueStim stimulator.

Colour Colour Sequence Function
Sequence | Description
+$#z0w. 01 Power OFF
. Constant blue Powered ON, Connected to app
® Blinking blue (1 second) Powered ON, Not Connected to app
Blink ing orange (1 second) Low battery
Blinking orange (5 second) Charging battery
@ Constant orange Battery Ok
o Constant red Electrode Ok
@ Blinking red (1 second) Electrode fault
Cycling blue, orange, red (1 .
OO0 second) MicroSD card fault
Cycling blue, orange, red (5 .
OO0 second) Power on self-test failure

129




In addition to these interactions, the user was required to connect and disconnect
the charger and electrode leads to and from the cueStim stimulator . Two 2.5 mm
audio jacks were used to support the connection of commercial electrode leads,
and a standardized 1.6 mm power jack was incorporated into the design to support

the use of a medical approved lithium -ion charger (Model 2241, Masco).

Wireless functionality was provided via an on-board Bluetooth LE module
(BLE113, manufactured by Bluegiga), which provided Bluetooth 4.0 connectivity.
Bluetooth LE was selected as it provided lower power consumption (Transmit:
18.2 mA and Receive: 14.3 mA), fast connection times, reliability, and security. To
enable the dynamic wireless control of the cueStim stimulator in real -time a
smartphone executed the custom-designed cueStim app (Figure 4.15), developed
in Java (Oracle Corporation, CA, USA).

=) i@ e
Set Therapy Intensity ‘
%
% Y —TrE
= gk —
| - o =] RS =
ECECY TR TR N o xH
(=3 1 @ o
1 Ramp_up 500,
& — Ramp_down 300 me
Set Therapy
On_time 1000
a. Q fr— ‘O"_mm' 3™
5 — @ O 7 U T T
C eg‘\ Configuration | = 3 ‘e \E, 310 1@ -
u/ Enter cueStim Device ID
| - o = | [ - o = | = 180ms r"l-n
[aaaes — covico]
CrT— NN =
— ~y— - 85 3.0
Bond Device 9
Pair and Connect L
. = ]
]
@ | |
Tap Settings
| - o = |

Figure 4.15. Screenshotsof the cueStim app and its workflow.

The Moto G (1%t Gen) smartphone (Motorola, lllinois, USA ) was selected to run the
cueStim app. The smartphone was comparable in size and weight (129.9 x 65.9 x

11 mm, 143 g) to thecueStim stimulator .
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4.2.3.4Evaluate the Design Against Requirements ll:

To check the accuracy, the output of the cueStim stimulator was measured using
the PicoScope 3425 and the 8omponent skin equivalent circuit model, as

proposed by Birlea et al. [28]. The accuracy of the pulse amplitude output,
maximum charge per phase, the awerage net charge imbalance, the stimulus
waveform validity test, and the accuracy of the peak electrodeskin impedance
meter of the cueStim stimulator was identical to the SES stimulator present in
design solution of Iteration 1. However, this was to be e xpected as internal
circuitry responsible for the generation of sES waveforms was identical in both

stimulators.

The battery life of the cueStim stimulator was tested using a trapezoidal stimulus
profile with the following parameters: Ramp -up time = 500ms ON-time = 1000ms;
Ramp-down time = 500ms; OFFtime = 250ms; Pulse width = 350ps; Interphase
gap = 100pus; pulse frequency = 36Hz. The stimulator was programmed to
continuously outputting the stimulus across the 3-component skin equivalent
circuit model. With a battery capacity of 1400mAh, the cueStim stimulator was

found to be capable of providing 18 hours of stimulus.

To meet the requirement UR7 that a PwP shall be able to trigger On-Demand
cueing through a double -tap action on the stimulator enclosure, an experimental
protocol was developed to test this capability (the detailed design of the capability
is described in Chapter 5). A total of 9 (5 men and 4 woman) PwP were enrolled in
an experimental protocol with the participants performing repeated doubl e-tap

EEUDOOUWOOWEWEU]I 20D6zUwl OEOOUUUI Ow%bl UUI wKE h

Figure 4.16. Participant performing a double-tap on a prototype enclosure.
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The PwP complete a questionnaire relating to their perception of the usability

challenges associated with performing a double-tap OO wE wWE Ul 2 UDb.Each wi OEOOUUUI
question was put to the PwP using a 5-point Likertscale. wOl EOw? 21 YI UPUawl1EUDPO
was calculated for eachidentified usability challenge by averaging the Likert scales

from 0-4 (with O corresponding to a perfect score and 4 corresponding to the most

severe), Equation 4.2. The list ofidentified usability challenge s and associated

Severity Ratings are presented inTable 4.7.

Based on these results, we concluded thatperforming a double -tap on the
EUI 2 Ub Oz U wiprésEnting b 0wlével Bf Usability challenge for the PwP.

The use of the cueStim stimulator and the cueStim app (design solution Iteration
lIl) enabled the team to continue to explore the development of the therapy

through multiple exploratory clinical st udies (discussed in Chapters 59) [30-33].

Table 4.7. Severity Ratings for identified usability challenges with performing a double -
tap.

Severity Rating
Action (mean * SD)
Performing a double -tap OO wUT T wEUI 2 UP Oz Ul 0.7+ 0.48
Straining the hand, fingers or wrist while performing a double - 074048
tap.
Preferring to use a switch or button rather than a double -tap. 2.1+0.88

4.2.4 Iteration IV
4.2.4.1Understanding & Specifying the Context of Use IV:

Up to this point in the HCD process, t he evaluation of SES cueing as a therapy for
FoG was being achieved through short-term studies under the direct supervision
of a clinician. However, we needed to progress the development of a cueing

solution for potential long -term use by the PwP in their living environment.

In such a scenario, it was envisaged that the cueing system would be donned each
morning and doffed each night. While the electrode donning and doffing
procedure, using the proposed off-the-shelf electrodes, was not ideal, feedback

from clinicians and PwP indicated that the actions required to don and doff the
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electrodes should be possible for most PwP, albeit that in some cases, these actions

might require the support of a caregiver or spouse.

While a caregiver or spouse may support the donning and doffing of the

equipment, it would be preferable and desirable if the PwP could operate the

cueing device autonomously during the remainder of the day. Therefore, any

interaction points on the system used during this period would need to be assessed

for usability for a PwP user. The key interactions points required to be performed

autonomously by the PwP included: (i) the manual handling of the cueStim
UUPDOUOEUOUZ Uwi OEOOUUUTI OwpdDAwUT T wxOPIT Uw. - ¥. 9

(iii) the status LEDs on cueStim stimulator, and (iv) all aspects of the cueStim app.

With this approach in mind, prior to the development of the design solution in
Iteration 1V, a design audit of Iteration Il was carried out by a multi -disciplinary
team using established usability metrics to identify possible usability issues in
relation to these key user interactions points (refer to Appendix F for design audit
results). Each usability metric was assessed by themulti -disciplinary team ( three
members) as a group. If the design solution was not consistent with a given
usability metric, then the usability metric was deemed violated , and a usability

issue was flagged.
The usability metrics adopted were:

Neilson's Heuristics [34].
AAMI/CDV -1 HE75 Standard [3].
 NatoOE Ow# b UE E b O b Teéhnicali GuidelihesQBi@Ea Design of
In-Home Displays: Guidance on SmartMi U1 UPOT w2aUuUIl OUwi OGUw( U]

This design audit identified 11 usability issuesconcerning the cueStim stimulator:

These included:

1 Relating to National Disability of Ireland [36], the Power ON/OFF button
on the cueStim stimulator was identified as violating the reported
minimum size (10 mm). Similarly, the colour contrast ratio of the Power
ON/OFF button was identified as violating the reported min imum value.

4.5:1(as illustrated in Figure 4.17). In addition, the Power ON/OFF button
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on the cueStim stimulator was identified as violating the reported
minimum protruding depth from the membrane surface (at least 1 mm).
high level of force (>3.3 N). For PwP, this may make the device physically
difficult to switch on and off. The AAMI/CDV -1 HE75 standard specifies
that the force required to activate controls should be as low as posside
(low -force controls facilitate the use of a device by people with disabilities)
and high enough to prevent inadvertent activation, particularly if
activation has safety consequences [S]. While the standard does not
present a recommended force for membrane dome switches, the standard
suggests that pushbuttons should have an actuation force of at least 2 N.
Furthermore, button actuation force should be kept below 8.9 N to
accommodate the vast majority of users. Keeping the actuation force
between 2 N and 3.1 N will accommodate many disabled users while still
providing adequate tactile feedback [35]. The actuation force for the Power
ON/OFF button was in excess of 3.3 N and was deemed a usability issue.
Relating to National Disability of Ireland [36], due to the location of the
/ Obp1 Uw. - ¥v. %Y%suedadsibilify@asWnore difficult during single -
handed use of the right hand in comparison to the single -handed use of the
left hand. Therefore, the Power ON/OFF button could not be adequately
operated used dther hand.
The cueStim stimulator failed to provide clear information about a user's
actions [35]. In particular, feedback on pressing the Power ON/OFF button
lacked clarity as the status LED for this function provided dual
functionality (i.e., indicate s both Power ON/OFF button status and
Bluetooth connection status, Table 4.6).
The coding of the cueStim stimulatorz Uw+ $ # U WwE D E annBeentx UOY DET w
associated meaning of colour to help the user distinguish controls. In
general, the number of colours used for coding should be kept to the
minimum needed to make information sufficiently distinctive  [35].
61101 YI Uwil EUPEOI OwbPbUwbhUwUI EOOOI OET EwUT ECWE
should remain the same across applications within and across devices [J&].
4 Ul U Peiende mnd existing conventions should also be considered in
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the use of colour. For example, if a LED indicator is green when the status
of the device is good and red when there is an error [35]. Therefore, the
current colour of the status LEDs and their codification was deemed a
usability issue.
f The layout of the cueStim stimulatorz UwB OUl UEEUDOOwx OPOUUWED
adequate grouping. For example, the grouping of controls with similar
function should be placed together according to the Gestalt principl es [3].
The Power ON/OFF status LED is not grouped beside the Power ON/OFF
button in the current layout (as illustrated in Figure 4.17). Therefore, the
current layout of the cueStimstimulatorz Uwd O U1 U E wdd Beériedix ODPOU U w

usability issue.

Button Colour Contrast Complex Codification of Status
(1.75:1). Less than the LED’s [35], Void of common Colour Battery Status LED
Requirement (214.5:1) [35]. Vonventions, see Table 4.6. ) Battery OK

B Battery Low

Button Diameter (9mm).
Less than the Requirement
(210mm) [36].

Bluetooth Status LED
@ Power ON & Connected

- to app
Button Depth (0.5mm). Less ~
than the Requirement (B) Power ON & Not Connected
to app

(21mm) [35].

Electrode Status LED
@ CElectrode OK

Button Actuation Force (3.3
N). Greater than the

Requirement (<3.1N) [35]. Power Button not grouped
with Power Status LED [35]. (® Electrode Fault

Figure 4.17. Examples of identified usability issues with the cueStim stimulator.

The design audit identified 9 usability issuesconcerning the cueStim app. These

included:

1 Relating to AAMI/CDV -1 HE75 Standard [35] the size of the text within
the cueStim app violated the minimum size (11pt font or 3.9mm).

1 Relating to AAMI/CDV -1 HE75 Standard [35] the contrast colour of
elements within the cueStim app violated the reported minimum contrast
ratio (4.5:1) for older adults (as illustrated in Figure 4.18).

1 Relating to AAMI/CDV -1 HE75 Standard [35] and the National Disability
of Ireland [36], several words within the cueStim app were presented in

block capitals (as illustrated in Figure 4.18) which is contra-indicated.
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11 OEUDPOT wUOw- Bl OVdbilty of usysierd st@uUDE twks¢ghQuRU T 1 w
cueStim app did not provide adequate feedback for operation actions. For

example, significant actions such as modifying the stimulation parameters

should provide feedback to verify to the user that the action was

completed.

Relatinl wUOw- D1 OU OOz NhatsH Hetwée® systenEandsthe weal

p O U @3];several words within the cueStim app use terminologies which

may not be familiar to PwP. For example, Stimulation parameters, Bond,

pulse width, and frequency .

cueStim app failed to provide adequate user control and a means to reverse

unintentional or accidental actions easily (Figure 4.18). For example,

features which enable the user to return from or cancel adions quickly are

not provided .

11 OEUDPOT wOOw- bl Ewdideyantion 4 WENDKIA®UE Wis Ik wi2UT 2 UD O wk
did not provide adequate error messages to prevent a problem from

occurring. For example, major actions such as modifying the stimulation

parameters did not present users with a confirmation option before

committing to the action .

11 OEUDOT wlOw- Bl ®RecOitiol rathelr thiad B talyBUEFUGEE uus?ruyY w

?Help and documentation? wZ+t K¢ OwUT 1 wEUI 2 U afyélpc x WEDE wdO O U u
information which was e ither visible or easily retrievable.

11 OEUDPOT wUOw- I OU QXK U uibl EGUERO EFULBHBRGEDUIOED D U U wE T |
several words within the cueStim app were not needed . For example, the

UUT woOl wUOT 1T wk 60U E Wwere radurdantu Euéermare, theddpe Uz w

design was over-complicated with several features also not needed. For

example, the PwP user should not be required to configure the stimulation

xEUEOI Ul UwOUwWxEPUwWPBUT wUT 1T weEUI 20POwWwUUDOUOE U
design is overly inflated due to th e use of a deep navigation pattern. For

example, to view the status of the cueStim battery, the user has to navigate

i UOOwWUT 1T ws, EPOw, 1 OUzwUEUT T OwOOwUi 1 ws" 0061 BT U
s! EOUIl UazwUEUI | OOWEOOWEIT | OUlstatud. 1 a wEEOwY DI b uw
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= -
| Colour Contrast (1.75:1).
Use of Block Less than the Requirement
é (24.5:1) [35].
/-—-—_____-_-—\

Capitals [34,35] ~—

Colour Contrast _— (—_Set Therapy Intensity 2 Use of Block Capitals [34,35].
(1.75:1). Less than

the Requirement
(24.5:1)[35] 20
% 4 \

" Text Size (3.5mm). Less than

. [n the Requirement (=3.9mm)
[35].

Inadequate use of
User Controls [34].

Figure 4.18. Examples of identified usability issues with the cueStim app . Use of block
capital words, poor colour contrast, text size violates the reported minimum size , no basic
user controls which may enable the user to easily navigate through the app.

In addition to the design audit , the research team sought to better understand
possible motor skill limitations of PwP. O f particular concern was the PwP ability
to power on and off the cueStim stimulator , due to dexterity limitations associated
with PD.

Furthermore, due to the prevalence of unilateral hand tremor with PwP, the ability

of the user to hold and operate the system with both hands may be compromised
and therefore reduce user satisfaction if dual hand operation is required. This
would indicate that single hand operation of the cueStim stimulator should be a

design objective.

Therefore, a total of 7 (4 men and 3 woman) PwP were enrolled in an experimental
protocol to evaluate the preferred location for the ON/OFF button of the cueStim
stimulator during single hand operation. We examined the thumb movement
coverage by evaluating to the PwP's level of satisfaction on activating the power

ON/OFF membrane switch at different locations, Figure 4.19.

A B C
DXEXF
G H I

Figure 4.19. Button locations (A -I) to accesspreferred location for the ON/OFF button .
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Due to a prevalence of PD symptom onset on the dominant side, a majority of PwP
may find it less difficult to operate the system using their non -dominant hand.
Therefore, as the prevalence of righthanded people is significantly greater than
left-handed people, both the thumb movement coverage of the dominant and non -

dominant hand were investigated.

Testing involved 18 tasks, requiring the participant to perform a press and hold of
nine button locations (A -I) on the cueStim stimulator enclosure shown in Figure
4.19 using both their dominant and non -dominant thumb. After the participant
completed a press and hold at each button location, they were instructed to answer
a user satisfaction questionnaire. A 5point Likert scale was used to measure the

satisfaction level of participants, Figure 4.20.

Strongly | Disagree| L 5 2| Agree | Strongly
Disagree Know Agree

I have difficulty in holding the devict
with one hand.

I have difficulty in pressing an|
holding the requested location with
my thumb.

| feel strain in my hand, on my finger
or wrist while moving my thumb to
the location.

Figure 4.20. User satisfaction questionnaire for ON/OFF power button location.

All participants responded to the Liker t statements for each button location. Based

on their responses, button locations were ranked in order of least difficult to most

difficult to perform. Results demonstrated that the most difficult button location

UOwx Ul UUwWEOE wi O0E wbpfiedlt buttan tocatto®td prds$ dandthold E U U wE D |
PEUw?%$28w | Ul UwWXEUUDEDXEOQOUUWEOOxOI Ul EWEOOWEUUU
to identify their preferred location for the ON/OFF button. Results indicated that

the majority of participants (71%) preferred button location E, when using either

their left or right hand. Therefore, we concluded that the ON/OFF power button

should be located in the centre of the cueStim stimulator enclosure surface4.2.4.2

Specifying the User Requirements IV:

In developing the design solution for Iteration IV, based on our experiences with
Iteration Il and the feedback from the design audit, the following additional UR

for the revised design solution were proposed:
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1 UR11:A PwP user shall be able ppwer on and off the system withethse of a
button locatedin the centre of the upper surface of the cueStimmulator

enclosure

In addition to these UR, an additional SR was proposed for the revised design

solution:

1 SR14 The design solution shoulte compliant with usability and esgomic best
practice for PwPTo ensure the PwP user will be able to use the design
solution to the greatest extent possible, the key interaction points of
solution should be compliant with established usability principles, these
included: Neilson's Heuristics [34], AAMI/CDV -1 HE75 Standard [34, and
usability principles identified in the literature the National Disability
U0T OUDUa wddchnicdl Gudditd& @newsgl Design of In-Home
#PDUxOEaUOwW&UDEEOE]l wOOw2O0EUUW].1 U1 UPOT w2aul

4.2.4.3Produce Design Solution to Meet User Requirements |V:

The design solution meeting these requirements was the redesign of both the
EUI 20D OwU U b Otdrtaéepdints and thé®duaStim app.
The redesign of the EUT 2 UD O w U keyGriletidce) fohts tholuded a new

membrane solution, Figure 4.21 In comparison to the previous membrane

solution, the new membrane solution provided :

1 A Power ON/OFF button of diameter: 15mm @Ol | UUw UT 1T w ahy OO
requirement [36]); E1 x 0T o whiOOwOi 1 OUwUOT 1 wanaOOwUi gUf
actuation force: 2.75 N (meets the >2 N and <3.1 N requirement [35]).

1 A Power ON/OFF button with a colour contrast O1 wN®& Wl 6 vwpedl 1 OUwOT
requirement [35]).

T A Power ON/OFF button placed in a more single-handed accessible
location (meets the requirement of being operated using either hand [36]).

1 A Power status LED placed beside the Power ON/OFF button (meets the
requirement to group controls with similar function [35 ]).

1 Adedicated Power status LED (meets the requirement toprovide adequate
control feedback [35]).
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9 Bi-colour status LEDs, offering associated meaning of colour (i.e.,green
when the status is good and red when there is an issug and simplified
codification of status LEDs (meets the requirement to use recommended
colours, simple codification, aninherent associated meaning of colour, and

existing conventions [35]).

Battery Status LED
Battery OK

Electrode Status LED
Electrode OK

@ Check Battery Status

! ‘ @ Electrode Fault
in cueStim App

Power Status LED
Device On

Power ON/OFF Button

Diameter:15 mm
Depth: 1Imm

Actuation Force: 2.75N
Color Contrast:9.82.1

@ Device Fault

e .

Figure 4.21. Photograph of the cueStim stimulators new membrane solution with revised
Power ON/OFF button and status LED colour codification.

The redesigned cueStim app provided an interface between the PwP and the
cueStim stimulator, which enabled the PwP to perform six main functions

(illustrated in Figure 4.22):

(i) Login to app: Touching the Enter button on the Welcome screen and
entering their 4-digit pin code enables the PwP to login to the cueStim app.

(i) Change the therapy mode: The PwP can change their therapy mode by
pressing the Therapy Settings button on the Main Menu screen. Options
are then provided to select either Relief Mode (i.e., On-Demand) or
Prevention Mode (i.e., Continuous).

(iif) Change the therapy level: The PwP can change their therapy level by
pressing the Therapy Settings button on the Main Menu screen. Options
are then provided t o select either a low, medium or high Therapy Level .

(iv) Configure the double -tap settings: The PwP can change their doubletap

settings by pressing the Tap Settings button on the Main Menu screen.
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Options are then provided to select the tap speed (i,e., slow, medium or

fast) and force (i.e., soft, medium or hard).

(v) View the battery status of the cueStim stimulator .

(vi) View the cueStim app help information: The PwP can view a short

description that explains the function of the therapy mode, therapy level,

tap speed and tap force.

E D
[-ene o e T e I -+ " [ " |
Notice Notice ) Therapy Mode Tap Speed \ Notice Notice
Your new Do you wish to 04 - a Do you wish to Your new
cueStim therapy save new m save new tap cueStim tap was
was successfull therapy: successfull
y ) Therapy Level Tap Force Fast Speed y
Relief Mode —— i i e > soft Force saved
High Level ( v v
(Vg [erd
pre— ey > o
< No ) BN e | T | T
+| e - =
A ? B l C
EEDET T | Ssaveo ia0v onul R Ty _
: 1234 " v X
g.\ cueStsl{ntBanery = ? -« cueStim Help Notice
atus erapy ap
cu; n a Settings A Settings Therapy 1\/\59 Are you sure you
Welcom Help wish to exit the
e | A =
Pre- Usage Tap application?
. scription ] Data Help & ppBcat
200 —
94 ] Prescription &@
- —e T
|

|

Figure 4.22. Examples of revised cueStim app screenshots and main workflow. (A)
Welcome screen and initial entry point of the app. The PwP can press the Enter button and
after entering their pin code they can move to the main menu of the app (B) The Main
Menu screen of the app allows the PwP to navigate through the main functions of the app.
(C) When the Exit button is pressed a confirmation option is presented to the PwP before
committing to the action . (D) When the Save Therapy button is pressed aconfirmation

option is presented to the PwP before committing to the action . (E) When the saving a new
Therapy Mode or Level, to verify that the action was completed feedback is provided to

the PwP.

In comparison to the previous cueStim app, the redesigned cueStim app provided:

1 A minimum text size of 4 mm (meets the >3.9mm requirement [35]);

A minimum colour contrast ratio of 6.41 Ol I OUwUOT | w3

[35]).

1 No Block capital words (meets the requirement [36]).

waKa©b

1 Feedback for operation actions(for example, actions such as modifying the

Therapy Mode or Therapy Level provide feedback to verify to the action

was completed, Figure 4.22E) meeting the requirement [34].

141

k

0

hvw U |

@



Only terminologies that are familiar to PwP (meets the requirement [34]) .
Control b uttons to enable the user to more easily havigate through the app
(Return and Exit buttons are provide) , meeting the requirement [34].

1 Confirmation options before committing to an action (for example, major
actions such as exiting or modifying the Therapy Mode/Level now present
a confirmation option before committing to the action , Figure 4.22GD),
meeting the requirement [34].

1 Helpinformation screensto instruct the user on how to operate the cueStim
app, meeting the requirement [34].

1 An aesthetic and minimalist design, meeting the requirement [34]. For
example, a shallower navigation pattern was adopted by consolidating the
Main Menu and the Configuration screens into one screen An aesthetic
design was realised through the use of symmetry and three distinct colours
which provided a consistent theme throughout the app. Red was adopted
to reflect negative controls, such as, Exit, No and Cancel buttons. Whereas,
green was adopted to reflect positive controls, such as, Enter, Yes, OK, Save

and Return buttons. Blue was adopted to reflect the main controls of the

app.

4.2.4.4Evaluate the Design Against Requirements IV:

The evaluation of the design solution for Iteration 1V focused on assessing the

usability and ergonomics of the key interaction points that the PwP would be

Ul gUPUI EwlUOwx1 Ul OUOS w3 i bUWIEEDOWDERE G @uwsd® EQBBIOE w
s4Ul Uw31 UUDOT z 56 w

4.2.4.4.1Usability | nspection:

A design audit of Iteration IV was carried out by a multi -disciplinary team using

the previously adopted usability metrics [34-36]. The audit focused on the usability
violations associated with the design solution presented in iteration Ill. Results
demonstrated that the new design solution has successfully resolved the 20

usability violations that were previously identified, Tables 4.84.9.
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Therefore, the usability inspection concluded that the cueStim stimulator had

reached an acceptable levebf usability.

Table 4.8. Usability audit of Iteration IV: The cueStim stimulator design solution.

Usability |Iteration IlI Iteration IV Usability
Issue Usability Violation Violation Solution Issue Status
#
The Power ON/OFF button | The Power ON/OFF button
. . . . Problem
1 size violated the r eported size was increased from 9 to
. . Resolved
minimum size, 10mm [35]. |15 mm.
The Power ON/OFF button | The Power ON/OFF button
. . . Problem
2 depth violated the reported |size was increased from 0.5 to
L . Resolved
minimum size, Imm [35]. 1 mm.
The Power ON/OFF button | The Power ON/OFF button
3 colour contrast ratio colour contrast ratio was Problem
violated the reported increased from 1.75:1 to Resolved
minimum value, 4.5:1 [35]. |9.82:1
The Power ON/OFF button | The Power ON/OFF button
4 actuation force viol ated the |actuation force was Problem
reported maximum value, decreased from 3.3t0 2.75 N Resolved
3.1[35].
The Power ON/OFF button | The Power ON/OFF button
) Problem
5 could not be adequately was placed in the centre of
. . Resolved
operated using either hand. |the membrane.
The status LEDs did not use | The status LEDs provide
6 inherent associated meaning|inherent associated meaning Problem
of colour to help the user of colour (Red = fault and Resolved
distinguish controls. green = OK).
7 The status LEDsdid not use | The status LEDs uses red and| Problem
recommended colours. green colours. Resolved
The status LEDs used The status LEDs provide
8 complicated codification . simple complicated Problem
codification (Red = fault and Resolved
green = OK).
The status LEDs did not use | The status LEDs useexisting Problem
9 existing conventions. conventions (Red = fault and
Resolved
green = OK).
The status LEDs did not The Power ON/ OFF button
10 provide adequate control has a dedicated status LED Problem
feedback for the Power Resolved
ON/OFF button.
Controls with similar The Power ON/OFF button
11 function were not placed was grouped with Power Problem
together according to the ON/OFF status LED. Resolved
Gestalt principles.
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Table 4.9. Usability audit of Iteration IV: The cueStim app design solution.

Usability |Iteration IlI Iteration IV Usability
Issue Usability Violation Violation Solution Issue Status
#
Text size violated the The minimum t ext size was
. . . Problem
1 reported minimum size, increased from 3.5 to 4 mm Resolved
11pt font or 3.9mm [35].
Colour contrast ratio of The minimum colour
5 elementssize violated the contrast ratio was increased Problem
reported minimum, 4.51 from 1.75:1to 4.5:1 Resolved
[35].
3 Words were presented in The use of Block capital Problem
Block capitals [36]. words were prevented Resolved
Adequate feedback for Feedback was provided to
operation actions (i.e., verify to the PwP u ser that
4 updating cueStim the action was completed Problem
stimulator with a new Resolved
Therapy setting) were not
provided [34].
Terminologies used by the | Only familiar terminologies
cueStim App may not be were adopted
5 familiar to PwP (i.e., Problem
Stimulation parameters, Resolved
Bond, pulse width, and
frequency) [34].
s SBPwWOUws 11 UU s $RP Gszlui BIAEY O 7
6 which enable the user to were provided Problem
easily navigate the App Resolved
were not provided [34].
Major actions such as Major actions such as
modifying the Therapy exiting or modifying the
7 settings did not present the |Therapy Mode/Level now Problem
user with a confirmation present the PwP user with a Resolved
option before committing to | confirmation option before
the action [34]. committing to the action
Help information which Help information screens
8 was either visible or easily |were provided to instruct Problem
retrievable [34]. the user on how to operate Resolved
the App
Use of use of redundant The Main menu and
words and features. configuration screens have
Furthermore, m ultiple been consolidated into one Problem
9 screens and excess sequenc(screen
. ) Resolved
of actions are required to
view battery status and tap
settings [34].
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4.2.4.42 User Testing:

Although, additional insights into the usability of the cueStim stimulator may be
achieved through PwP user testing, due to project constraints (i.e., limited access
to PwP) it was not feasible to complete both user testing of the cueStim stimulator
and cueStim app. Therefore, due to the limited interaction points required with the
cueStim stimulator and the extensive interaction points associated with the

cueStim app, the research team prioritised user testing of the cueStim app.

To evaluate the usability of the cueStim app, usertesting was carried out with eight

PwP participants (6 males and 2 females, mean age 72.25 + 3.37 years and mean

disease duration 3.89 + 3.19 years), recruited through the” OEUI w/ EUODOUOO?
Support Group, Ireland . The participants provided written informed consent and

ethical approval for testing was granted by NUI Galwa y Research Ethics

Committee. User testing of the cueStim app was performed over 30 minutes using

the following procedure.
Training Procedure:

9 Prior to carrying out user testing, while the participants used the cueStim
app, the participants received short training on its use. All training was
carried out on the day of user testing by a team of researchers (4 members).
1 The training included a one -on-one session with each participant, of the
cueStimappz Uws OUPEOwW2UEUUwW&UPET 76 w3stdp-wus OUPEOuU
by-step instructions for performing six tasks on the cueStim app (Figure
4.23),with specific scenarios listed in Table 4.10. These tasks were chosen,
based on the usecase analysis of the SES cueing system, as being frequently
completed tasks.
f During the training walk -UT UOUT T w O w UT 1T wsOUPEOw 20EU
participant was requested to try and complete each of the six Quick Start
by-step instructions in the guide.
1 The researter supported the participant by reading out each ofthes 0 UDE Ow
2U0EVUOWRUDET 7z wl Eny-dp indirGrlionsDih thebeVenttntithe
participant could not complete the given instruction, on the cueStim app,
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the researcher would intervene and demonstrated how to complete the

given task on the cueStim app.
1 After the demonstration, the task was repeated until the participant could

EOOxOI Ul wOT 1T wOEUOwWPHUT OU0wlI UUOUWEOGEwWPHUT OUU
1 The training was only completed when the partici pant successfully

EOOxOI Ul EWEOOwWUPRWUEUOUwWPOwWUT 1T wsOUPEOwW2UEUU

9 Overall each participant was provided with 15 minutes of training.

cuest QUICK START GUIDE

Change and save your cucstim therapy setting
By way of example, the wuser wishes to change their cueStim therapy to Relief Mode ar High

Level.

1. Touwching the Therapy 2. To change your Therapy 3. To change your Therapy
Setting button will bring up Mode 1o Relief wuch the Level w High touch the
the Therapy Setting screen.  Relief button. High button,

Therapy Mode Therapy Mode
< T v

Prevention I Frevention

Therapy Level Therapy Level
[ Low | Med  High  Low | Med.
apy Save Therapy
Cancel
BN

4. To save your new 5. Verify your new Therapy 6. You will be notified if
Therapy Settings touch the Settings and wouch the Yes your new  therapy  was

Save Therapy button, button 1f the settings are successfully  saved. touch
correct. OkK.
[-mae ieawisad]

Therap Mode Motice Notice
v Do youn wish 1o Your new

Prevention save new cuestim therapy

therapy was successiully
Th Level
ey e Relief Mode saved,

High Level

' W
[ Low  Med L High
>

Cancal

Figure 4230 WS REOXx Ol woOi wUT 1 wo Gop-&ep ingtrUckdddfan getddninga U wU U1 x
tasks on the cueStim app
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Table 4.10Listof UEUOUwx UT Ul OUT EwPOwUT | wsOUPEOwW2UEUVUUwW&UDPEI

Task Description i

ID Scenario

1 Log in to the cueStim app using the
x EUUPOUEwW?hI t K28

2 Change and save your cueStim therapy | Change therapy setting to Relief
setting. Modeto a High Level

3 Change and save your cueStim tap Change tap setting to Fast Speed
setting and Soft Force

4 Check how much battery power is
remaining in cueStim and return to the
main menu.

5 View the cueStim Tap help information
and return to the main menu.

6 Exit the cueSim app.

Testing Procedure:

Testing took place immediately following the training.

Before starting testing, a video recorder was setup to capture the hand

movements of the participants, and a screen capture application on the

EUI 2 UD Oamatphoebuir Uw Ul UUx wUOOQwUl EOQUEWUT T wxEU
touch interactions, as illustrated in Figure 4.24.

The user testing involved the participants completing six prescribed tasks

using the cueStim app, Table 4.11. These tasks were the same tasks
presentedinthes O UPEOQwW2 UEUUwW&UPET zwEOEI PUwUT E0wU
therapy setting to Relief Mode at a High Leveh U1 T wUUIT U wChangeuE UOT E w
therapy setting to Prevention Mode at_ow Level 6

During testing, the researcher supported the participants by reading out

each of the six prescribed tasks to be performed during testing.

To reduce potential participant anxiety, participants were informed that as

a last resort they could sesk verbal advice from the researcher on how to

complete a particular task. Furthermore, when it was clear that the

participant could not complete the task, the researcher intervened and

provided advice.

The tasks were performed in the same order for all participants.
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1 i Ul Uwl EET WUEUOQWPEUWEOOxOI Ul EOwXxEUUPEDXEOQU
OUIl UUPOOOEDUI z dhgspéchictaskiperfommed ok theltd@stim
app. Each question was put to the participant using a 5-point Likert scale,
Figure 4.25

1 Upon compl etion of all tasks, the participant filled out a System Usability

Scale (SUS) questionnaire [37] for the cueStim app, Figure 4.26.

Participant’s Touch
Interaction Recorded on
cueStim App

Figure 4.24. Video recording and screen capture application from a participant performing
Task ID 1.

Table 4.11 List of tasks presented during the User testing.

Task Description ;
D Scenario
1 Log in to the cueStim app using the
xEUUPOUEwW? I t K2 8
2 Change and save your cueStim therapy | Change therapy setting to
setting. Prevention Modéo a Low Level
3 Change and save you cueStim tap Change tap setting to Med Speed
setting and Hard Force
4 Check how much battery power is
remaining in cueStim and return to the
main menu.
5 View the cueStim Tap help information
and return to the main menu.
6 Exit the cueSim app.
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Strongly | Disagree| L 52| Agree Strongly
Disagree Know Agree

The text on this screen can be re:
without any difficulty

Pressing the correct button on thi
screen does not present any difficulty.
The colour contrast on the screen mad
it easyto see everything clearly.

Figure 4.25. User satisfaction questionnaire for each task.

PLACE AN X IN THE BOX WHICH REFLECTS YOUR RESPONSE TO EACH STATE
5hbQ¢ ¢l LbY ¢hh [ hbD ! . h} ¢ 9! /1 {
PLEASE RESPOND TO EVERY STATEMENT.
Strongly | Disagree| L 52| Agree Strongly
Disagree Know Agree

I think that | would like to use this Apj

I found the App unnecessarily complex

I think this system would be easy to us;

I think that | would need the support of
technical person to be able to use th
system

| find the various functions in this Ap
were well integrated

| thought there was too much
inconsistency in this App

I would imagine that most people woul
learn to use this App very quickly

I think this App would be cumbersome t
use and obtrusive

I would feel very confident using the Ap

| would need to learn a lot of things
before | could get going with this App

Figure 4.26. SUS for the cueStim app

Data from the vid eo recorder, screen capture application After Task Questionnaire
(ATQ) and System Usability Scale (SUS) questionnairesprovided the following

guantitative usability metrics:
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Effectiveness:the level to which users completed specified tasks.
Efficiency: the number of interactions which users had to carry out to
complete the specified tasks

9 Satisfaction: the level of user satisfaction when using the cueStim app.

Measurements of effectiveness were calculated using the? 3 E'U@@Qux O1 UPOOQwW1EUDP O~ w
(TCR). For eachof the six prescribed tasks,the TCR measured the percentage of

participants that completed a task without the need for researcher intervention

(i.e., participants sought verbal advice or it was clear that the participant could not

complete the task and the researcher intervened). The TCR was calculated using

this equation:

NS Y 00 & ol 60 Qo) i & FIDOAo R d')'Q'Q'Q'QT[ b
Y 0&dd wEN @i 0 QWA e O i P

A TCR value of 100% corresponds to a perfect score were th@rescribed task was
completed effectively (i.e., the task was completed without requiring researcher
assistance).The TCR value for each of the six prescribedtasks are given in Table
4.12.

Table 4.12. TCR analysis of cueStim app (0: Researcher intervention needed, 1: Completed
task unaided).

Task 1 Task 2 Task 3 Task 4 Task 5 Task 6

P1 0 1 1 1 1 1

P2 1 1 1 1 1 1

P3 0

P4 1 1 1 1 1 1

P5 1 1 1 1 1 1

P6 1 1 1 1 1 1

P7 1 1 1 1 1 1

P8 1 1 1 1 1 1

TCR (%) |87.5 100 87.5 100 100 100

During the first task, one particip ant (P1) needed assistance from the researcher.

In the third task, one participant (P3) also needed assistance from the researcher.
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The mean TCR value for all prescribed tasks was 95.8 + 6.5%indicating that the

cueStim app enabled a high level of effectiveness

Measurements of efficiency b1 Ul wEEOEUOEUI EwUUDPOT wUI T w?3EU
(TER). The TER measured the number of participant interactions performed by a

participant to complete a given task compared to the minimum number of

interactions required to complete that task. The TER was calculated using this

eqguation:

0 "Q¢ "QAE66GE OATRE 6 Q1 DIOQA ME BIKR '@ n 0o Bi Q

"Y‘O'Y oy 7 T v~ \ e N ARG er o~y nNooNr N ey r 3 ==
000w iWE 0 QI OGRPAITOLE G W@EQN 1 O'Wd XD

pmtmtb

A TER value of 100% corresponds to a perfect score were th@rescribed task was

completed efficiently (i.e., the participant used the minimum number of

interactions required to complete the task). The individual TER values for each of

the six prescribed UEUOUWEUT wi PYI OwPOW3 EEOI wKG& ht 6 w/ EUU/
| PUUODWUEUOWEOEWXxEUUPEDXxEOQOUwWt zUw3$1wYEOQUI wi O
participants failed to complete those tasks without assistance from the researcher.

Table 4.13. TER analysis of cueStim app.

Task 1 Task 2 Task 3 Task 4 Task 5 Task 6
P1 - 100 100 100 100 100
P2 50 100 100 100 100 100
P3 100 100 * 100 100 100
P4 100 100 100 100 100 100
P5 100 100 100 100 100 100
P6 100 100 100 100 100 100
P7 75 100 100 100 100 100
P8 100 100 100 100 100 100
TER (%) 89.3+19.7| 100 100 100 100 100

During the first task, one participant (P7) performed two additional interactions,

and one participant (P2) performed six additional interactions before they

successfully complete the task. Although the mean TER value for the first tasks

(ile,+OT POWUOWUT 1T WEUI 2UDOWE x x wads3PBG119uimdthe wx EUUP O
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mean TER value for the remaining tasks was 100% indicating that the cueStim app

enabled ahigh level of efficiency.

Measurements of satisfaction were calculated using the ATQ and SUS

questionnaire. For the six prescribed tasks,the ATQ O1 EUUUT EwUT | wxEUUDPEDXE
I Bx1 UDI OET wOi wxi Ui OUODPOT wi EET wOEUOwBOwUIT UOU wWOI
(i.e., text, buttons and colour contrasts). For each app screen displayed during the

prescribed tasks, the participant was presented with three 5-point Likert scales,

Figure 425. w?3EUOQw #PUE]I UOPEPOPUa w 1 Edhhg dhisw p3# 1 Aw PEL
equation:

0 "QOOQH VD RAMN Gi 0 QARFME @i Q

“YO'Y T e A p
© D OOQAEBLROANW O NVEBMO i Q pTm

A TDR value of 100% corresponds to a perfect score were therescribed task was
completed discernible. The individual TDR values for each of the six prescribed
tasks are given in Table 4.14.The mean TDR value for all prescribed tasks was
>90%, indicating that the cueStim app had a high level of user satisfaction in regard

to discernibility .

Table 4.14. TDR analysis of cueStim app.

Task 1 Task 2 Task 3 Task 4 Task 5 Task 6

P1 83.3 83.3 88.9 83.3 88.9 85.7

P2 75 75 75 75 75 75

P3 100 100 100 100 100 100

P4 100 100 100 100 100 100

P5 100 100 100 100 100 100

P6 87.5 69.4 75 66.7 722 70.8

P7 95.8 100 100 100 100 100

P8 100 100 100 100 100 100

TDR (%) 93+9.6 91+13 92+114 | 91+£13.7 |92+12 92+124

The industrialized 10 -item SUS questionnaire provided an overall score of the
xEUUDPEDXxEOUUZz wUUI UwlABYIstd® cad Eahgeutre®veeh Qudnd 1 wE x x
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100, were 100 corresponds to a perfect score. Scores above 68 points have been
reported as acceptable, and higher scores represent an optimal to best score3g].
Furthermore, Silva de Lima et al. provided SUS scoring (median: 62.5 points) of
the Fox Wearable Companion platform (smartwatch and smartphone app) as rated

by PwP [39]. Using their present classification the platform was in the category
2. *2wl00w? & OOE 2 69uUS $cores Qe BUe Wik SpEe@ given in Table
4.15.The median SUS score was 80 points and ranged from 65L00 points.

Table 4.15. SUSanalysis of cueStim app.

Participant No. SUS (points)
P1 75

P2 75

P3 100

P4 85

PS5 92.5

P6 65

P7 95

P8 825

Mean 74.47 +29.24

Using the present classification of a median SUS score(Figure 4.27) the cueStim
appPEUwWPOwWUT T wEEUI T QUaA WP &OO0E2 wUOOwW?$REI OOI OU~ 5

ACCEPTABILITY NOT ACCEPTABLE ACCEPTABLE
SEPTABLITY. |\ NN NN NN BT G/ A
ADJECTIVE WORST BEST
RATINGS IMAG":ABLE PO=OR C)-( l GOOD EXCELLENT |MAG|NABLE
|.|.|§|.E|.|§.|.|i|§|.i

0 10 20 30 40 50 60 70 80 90 100
SUS Score

Figure 4.27. Median SUS scoring classification. Modified from Silva de Lima et al. [39].

The SUS scores for seven of the eight study participants were abovethe target of

68 points, indicating that they were satisfied with the cueStim app they tested. The

Ul OEPOPOT wxEUUPEDXxEOUUZz wp/ t Aailitkedahblyses E U w N U U U

Ul 1 WEEUEOwU iCbrupktot UEBDE O EP/J'wl AOw? / ELLEWBER xuE O U w
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o/ $1AWEOEwW?/ EUUPEDXxEOUwW#DUEI UOPEPOPUaAaWIEUDO? wq
Although P6 had a lower SUS score, their PCR was 100% (complete alprescribed

tasks without researcher assistance) and their PER was also 100% (complete all

prescribed tasks with maximum efficiency). While their PDR was the lowest

among all participants, it was relatively high. A Spearman's rank-order correlation

was run to determine the relationship between participants' SUS score PCR, PER,

and PDR values. There was a sitive correlation between SUS scores and PDR

values, which was statistically significant (rs(8) = 0.740,p = 0.036). However, there

was no correlation observed between the remaining usability metrics.

Table 4.16. Combined participant usability metrics analysis of cueStim app.

PCR (%) PER (%) PDR (%) Sus
P1 83.3 100 85.6 £2.7 75
P2 100 91.7 + 20.4 75 75
P3 83.3 100 100 100
P4 100 100 100 85
P5 100 100 100 92.5
P6 100 100 736+7.4 65
P7 100 95.8 + 10.2 99.3+1.7 95
P8 100 100 100 82.5

To identify any specific issues the participants had with the cueStim app, the notes
and videos of the testing procedure were reviewed. Two participants (P6 and P7)
commented that they would have liked to see more colour variation in the app. P6
specifically had a preference for more colour variation in the Main Menu screen,
Therapy Setting screen and the Help screen. Two participants (P6 and P9)

small and P9 stated that the battery symbol was too big.
4.3 Conclusion

A design methodology for the SES cueing system has been presented in this
chapter which used the ISO HCD framework to progressively develop the sES

cueing system hardware & software in parallel with SES cueing assessment asa
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new therapy for FoG in PD. This process has enabled the comprehensive
evaluation of multiple SES cueing strategies while iteratively developing a cueing

system towards a design solution that was usable to the greatest extent possible.

Overall, notwithst anding the small sample size, the objective user testing results
are encouraging with an average TCR 0f95.8%and TER of 98.3%. The subjective
measures TDR and the SUS were also encouraging and are consistent with the
objective results, albeit that the subjective results would be prone to participant

bias.

These findings are encouraging and would suggest that the HCD process has been
successful in producing a design that demonstrated good usability results with the

intended PwP users.
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In Chapter 4, we presented the development of an SES cueing system which has the
capability to provide Continuous cueing strategigs.this chapter, v will present a
preliminary assessmenhdhe efficacy of €ontinuous cueing strategiés a population

of PwP with onstate FoGUsing the €S cueing syem (iteration Ill, as presented in
Chapter 4), and with the support of the PhD candidate, datactinh was performed using

a jointly developed experimental protocol by the NHS Scotland. The PhD candidate
completed all subsequent data analydie working principles @ghe proposed Continuous

SES cueingtrategy and its effects on the time taken tonplete a walking task and on the
number of FoG episodes occurring during the tagkbe presentedn concluding the
chapter, theefficacy of thgroposed sSES cueirgjrategy is discussed to highlight the

pathway for further research into the usete$ cueingtherapyin PD.

5.1 Introduction

/ E U O b Glid€age {RDuis the second most common neurodegenerative disease
in the developed world. An estimated 1.2 million people are living with PD in the

EU [1]. The disease is typically characterized by movement abnormalities that
develop with the progression of PD. Freezing of Gait (FoG) is a movement
abnormality that presents in more advanced stages of the disease and is one of the
most debilitating symptoms of PD. The unpredictable nature of FoG leads to
increased falls risk, and increased fear of falling for those affected, which can
subsequently lead to additional non -motor complications such as social isolation

and depression [2].

Clinicians widely perceive the management of FoG as a challenging task [3-5]. The

most challenging type of FoG is On-State FoG, which refers to when people with

/| EUOPOUOOZzUw g/ P/ Awl RBRxT UDI OET w %0O0&w PT DOT wil UUDC
dopaminergic medication. On -State FOG can occur either as a resistance to the

otherwise positive effects of dopaminergic medication or, in some cases, it can be

induced by the dopaminergic medication itself, which is otherwise having a

beneficial effect for the PwP. These causes of OfState FOG make it particularly

complex to manage through pharmacological interventions [3]. The current non -

pharmacological mainstay technique for the management of FoG is the adoption

of external cueing. External cueing techniques use forms of sensory stimuli to
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prevent or relieve the FoG episode, which may include the use of visual or
auditory cueing devices. Examples of visual cueing devices are laser pointer canes
[6] and visual cue glasses [7]. Examples of auditory cueing devices are discrete
metronome devices [8] or smartphone-based metronome Apps [9]. These different
cueing techniques have varied levels of effectiveness, with inconclusive results

frequently reported [10 -13].

A limited number of studies have investigated alternative external cueing

techniques, which can be easily concealed and adopted into routine daily practice

[14, 15]. One such technique is Electrical Stimulation (ES) cueing. Studies have

indicated that both motor (ES at an intensity sufficient to activate muscle

contraction) and sensory (ES at an intensity sufficient to activate a sensory, but not

motor response) ES cueing may prove useful [14, 15].

(OwU0T 1 Ul wOPOWUUUEDPI UOWEUI DPOT whEUWET ODPYI Ul Ew
therapa Owbk T 1 Ul wOT 1 wEI OPYI Uawoli wEUl pOT whEUwWUaOET
cycle in real-time. Although this method of ES delivery is used extensively for the

correction of drop foot, there is no significant evidence that adopting such a

method will provide an optimum solution for reducing FoG. It has been reported

that improvements in FoG severity in PD occur when audi tory cueing is delivered

UUDOT wEws i PRI E ztherapa aul@ Uy B EuwsEWIDEDd Tuug | DRT Ez wUT a(
UT a07l OwPUwUIl DWEVDWEwWI PRI EWYEOUI WEEUI EwOOwWUT 1
Ul a0l OQwi Ul gUI OEDPI Uwi OUwsi PRI EzwUl ated OwEUI DO
3T1T Ul wUEOT 1T wi UOOwi Ul aUl OEPT UwpbhbAwl GUEOwWUOwWUT
set10l YU wE] OOPwUT 1T wxl UUOOz UwU a x b-EZoB@hotkline x wUE U1 w
x1 UUOOzUwUaxPEEOwWUUI xwUEUI wg humbuahiei@uel Y Owl | ¢ w
Zl+ ¢gdw OUT OUTT wUOTl | wOxUPOEOwI Ul gUI OEawbUwWUOEC
rhythmic sensory stimuli help the PwP to synchronize stepping, thus helping them

to regulate their gait rhythm.

Although the optimum cueing therapy solutio n for SES is unclear, we hypothesize
that a sES cueingtherapa w b1 DPET wx UOYPEI UwEws i PRI EzwUT a Ul
stepping, will provide an enhanced cueing therapy to reduce FoG and enhance
walking speed. In this study, we assess if a SES cueing techniqueb | DET wUOUI Uws i DRI

rhythmic cueing, can reduce FoG for PwP in a home environment. The primary
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outcome measures were: (i) the time taken to complete a walking task and (ii) the

number of FoG episodes occurring during the execution of this task. A secondary

OUUEOOI woOl EV0UI whEUWUTT w/ P/ zUwxIl UETI DYI EWEOOI OL
during walking tasks.

5.2Methods

5.2.1 Participants

Nine (6 men and 3 woman; mean age 73.22 + 11.8 years; mean disease duration
13.33 £16.51; mean FOGQ score 13.89 + 2.92; modedified Hoehn and Yahr stage

2 (range: 13)) participants with idiopathic PD enrolled in the study. Participants
were recruited through the Movement Disorder Clinic, Stobhill Day Hospital,
Glasgow, Scotland, UK. All participants were informed about the nat ure of the
study and provided informed written consent. The protocol was approved by the
West of Scotland Research Ethics Service. Participants upon clinical assessment
reported experiencing FOG despite taking their medication and thus were not
required to abstain from their medication during participation in the study. At
recruitment, the severity of the disease was assessed using the Modified Hoehn
and Yahr stage score, and the participants' global cognitive function was assessed
using the Mini -Metal State Examination (MMSE). The inclusion criteria for the
protocol were a modified Hoehn and Yahr stage score of 1 4, MMSE score higher

than 24, and a history of FoG.
5.2.2 sS Cueing Therapy

Cueing was delivered using a custom-built electrical stimulator, cue Stim. The
cueStim device is a voltage controlled two-channel stimulator. The device is worn
on the waist and is controlled wirelessly, allowing the participant to walk freely
during the test. During SES cueing, the fixed rhythmic cueing therapy delivered a
continuous series of biphasic ES bursts. Each burst consisted of 100 ms Rampp
time, 500 ms ON-time, 100 ms Rampdown time, and 0 ms OFFtime, Figure 5.1.
The amplitude of the stimulation burst was adjusted for each participant such that
a sensory resporse was elicited but that the amplitude was not of sufficient
intensity to produce a motor response. The delivery of the SES cueing was
facilitated by using 5 x5 cm skin surface electrodes (Nidd Valley Medical Limited,
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England) placed over the motor points of the hamstring or quadriceps muscle of

the body side most affected by PD.

Continuous series of biphasic ES bursts

Ramp-

down time
S ——

Figure 5.1. Utilized sES rhythmic cueing therapy.

5.2.3 Experimental Protocol

AILEUUTI UUOTI OUwWPEUWEOOT wE BUmET Tuelul O § wwudi (sElbub-ER00 UEREE
reported by the participant). Each participant identified a walking task within their

home, which usually elicited FoG episodes, Table 51. The common features in

each of the walking tasks performed were that each walking task included:

performing a turn during walking, walking through a doorway/doorways,

walking across a room, and walking in a corridor/hallway.

The participant performed the task twice, once with SES cueing (cueing) and once
without sES cueing (control). The order of test condition (cueing or control) was
randomly assigned, and a Highly Trained Physiotherapist recorded the time taken
to complete the walking task and the number of FoG episodes, which occurred
while the task was performed. The participant chose the preferred stimulati on site
(hamstring or quadriceps). A physiotherapist configured the stimulation intensity
level at the highest tolerable level such that a sensory response was elicited but

that the amplitude was not of sufficient intensity to produce a motor response.

Upon completion of the walking tasks, a participant questionnaire was completed,
which incorporated a standard 100 mm Visual Analogue Scale (VAS) and a Face

Pain Rating Scale to assess the perceived comfort/pain level of the sE8ueing.
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Table 5.1. Walking tasks identified by the participants and common features.

Index Walking Task
Walk from living room to the kitchen and move the kettle from counter

P1 to counter, walk to the front door, open and close the door, walk to the
kitchen then to the front door and finally to the living room.

7 Walk from living room to the kitchen sink and then to the bedroom and
sit on bed.

P3 Walk from living room to the back door, walk through a narrow path to
the front door and finally walk to the livi ng room.

P4 Walk from living room to the kitchen, walk upstairs into the bedroom,
turn at window and walk downstairs and back to the living room.

p5 Walk from living room to the toilet, then walk to the bedroom, walk to
the kitchen and finally walk to th e living room.
Stand and walk from living room to the toilet, then sit and stand, walk

P6 out to corridor and turn and walk back to the living room and sit on
chair.

p7 Walk from living room to the bedroom, then walk to the kitchen, walk
to the spare room and finally return to the living room.

pg Walk from living room upstairs into the study, then walk to the
bedroom, bathroom and walk downstairs and back to the living room.

P9 Walk from living room to the kitchen, then walk to the bathroom and
back to the living room

5.2.4 Statistical Analysis

Data were analyzed by paired t-tests both for the time to complete a walking task
and the number of FoG episodes occurring. The analysis was performed with SPSS

Version 24 (IBM Corporation, NY, USA).

5.3Results

AUOUEOWOIl wt KwwuO&wl xDUOEI Uwki Ul wbEI OUDPI P1 EWEUUDC
All participants except P9 experienced at least one FoG episode during the control

condition. The average time to complete the walking task during control

conditions was 99.03 + 36.12 seconds, while the average time to complete the

walking task during cueing conditions wa s 86.04 + 37.93 seconds (TableZ. In

addition, we observed, on average, 4.89 + 3.48 FoG episodes occurring under

control conditions and 2.22 + 2.89 FoGepisodes under cueing conditions. The

greatest effect of cueing was observed in participant P4, with a reduction in time

taken to complete the walking task and the number of FOG episodes occurring of

164



32% and 75%, respectively. These data show that SES had positive effect on all
participants concerning the time taken to complete a walking task. For participants
that experienced FoG during the control walking task (n = 8), the data shows that
sES also had a positive effect on the number of FoG episodes

Table 5.2. Participants results of testing, time to complete task, number of FOG episodes
occurring and % of reduction.

Time (s) to Complete Task Reduction in Time to Complete Task
(Number of FoG episodes (Reduction in the number of FoG
occurring) episodesoccurring)
Control Cueing Cueing
P1 86.18 79.8 7.4%
(8) (6) (25%)
P2 93.32 85.36 8.53%
(10) (6) (40%)
P3 66 59.1 10.45%
3) 0) (100%)
P4 103.9 70.2 32.44%
(8) (2) (75%)
P5 112 81 27.68%
4) 1) (75%)
PG 86.4 80.7 6.60%
(3) (1) (66.7%)
p7 113.8 106.3 6.59%
(7) (4) (42.86%)
P8 178.4 173.9 2.52%
1) (0) (100%)
P9 51.26 38 25.87%
)] 0) (0%)
Mean 99.03+36.12 86.04+ 37.92 14.23+ 11.15%
(SD) (4.89+ 3.48) (2.22+2.49) (58.28 + 33.89%)

During sES cueing, the mean reduction in time taken to comgdete the walking task

and the occurrence of FoG episodes was 14.23 + 11.15% and 58.28 + 33.89%. There
is a significant difference in the time taken to complete the walking task for control

and cueing conditions; t(8) = 3.46,p= 0.009. There was also a stastically significant
difference in the number of FoG episodes occurring during control and cueing
conditions; t(8) = 4.619,p = 0.002.

Despite the positive effects observed, the wider adoption of sES as a cueing
therapy by PwP will depend not just on th e efficacy of the cue but also on the
acceptability and usability of the device. Thus immediately after the trial with SES
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we assessed the users experience with the device in terms of comfortable and
tolerance (100 mm VAS score) and perceived comfort/pain (Face Pain Rating
Scale). Participant VAS scores ranged from 5.3 (mildly comfortable) to 9.3 (very
comfortable) with a mean score of 7.88 (comfortable) for the perceived comfort of
SES cueing. All participants give the Face Pain Rating Scale a score of ¢ pain),
except for P6, which gives a score of 2 (mild, annoying pain) for the pain level of

SES cueing.
5.4 Discussion

We investigated the feasibility of using SES cueing to reduce FoG in PwP and,

consequently, improve gait performance. The specific aim of the study was to

PDOYI UUDPT EUI wbi wEwsi DPRT EzwUT aU0T OPEwWUS$2wEU]I DOT wl]
to complete a walking task and reduce the number of FOG episodes occurring

during the performance of the task in a population known to freeze. Our data

clearly show that each participant completed their self -defined walking task

quicker when sES cueing was applied. We also observed a reduction in the number

of FOG episodes occurring during the performance of that walking task with

cueing (freezers only, n = 8).

In 2016, Benoit et al. carried out a preliminary investigation of the immediate

effects of sensory ES (SES) cueing with 9 test subjects exhibiting FoG [15]. While

the study did not demonstrate a statistically significant effect of SES cueing, there

was a clear trend indicating that SES when applied at heeloff, could reduce the

time to complete a walking task and the number of FoG episodes occurring when

performing the task. However, we hypothesized that further positive effects of SES

cueing mightbe EET D1 Yl EWEAWEEOxUDPOT wEws i PRI EzwUI aUl OPE
found a 14% reduction in time to complete a walking task and a 58% reduction in

the number of FOG episodes occurring. This compares with 19% and 12% reported

in a previous sES study [15]. While these studies were not identical and were not

carried out on the same population, the results compare favorably.

A few mechanisms may be responsible for the positive results of the SES cueing
therapy we adopted: (i) it may be possible that participants a dapted to the cue by

synchronizing their step rate (mean participant step rate: 557 ms, range: 500 ms
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participants may have failed to adapt to the cue and instead artificial stimulation

of the proprioceptive pathways may have enhanced proprioceptive information

processing as suggested by Pereira et al. [24], or (iii) participants adapted to the

cue by synchronizing their step rate and artificial stimulation of the propriocepti ve

pathways enhanced proprioceptive information processing.

Participant Stepping

>

Continuous series of biphasic ES bursts
Figure 52.1 17 a 0T OQwOil wsi PRI Ez wU$2 wECEwWUAOET EwUUI xwUEUT wC

While our data show that SES had a positive effect for all participants concerning
the time taken to complete a walking task (n = 9) and for all participants who
experienced FoG, on the number of FoG episodes occurring (n = 8). Some
participants responded strongly to cueing, while others did not experience similar
beneficial effects. Although similar diversity in results has been reported in
previous cueing studies, the explanation for this diversity in results is unclear [8,

25, 15] and merits further investigation.

We hypothesized that any improvement in the time taken to complete the walking
task during sES cueing would be directly related to the reduction in FOG episodes
achieved during the completion of that task. In most cases, this was true, the
greater the reduction in FoG episodes, the quicker the participant completed the
walking task. However, while P9 did not exhibit FoG during any condition when
SES cueing was active, the walking task was completed 25.87% quicker, suggesting

that SES cueing positively impacted gait fluency, even in the absence of FoG.

In addition to the SES study of Benoit et al., our data compare favorably with

studies by McAuley et al. [7], where auditory and visual cueing reduced the
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completion time of a walking task by 12.1% and 5.3% respectively and Arias et al.
[8], where auditory cueing reduced the number of Fo G episodes occurring during
a walking task by 50.26 +58.824.

5.4.1 Limitations of the Study

Our conclusions are limited because the study population was composed of 9
participants, and one participant did not experience FoG, and another participant
only experienced one FoG event. Another limitation and common difficultly in

studying FoG, is that the presence of a clinician (physiotherapist) may have
reduced the likelihood of FOG occurring. Therefore, the results must be interpreted
with caution due to the small sample size and variability in the number of FoG
episodes per participant. Therefore, while the data indicate a positive effect, a
further larger study is required to more comprehensively evaluate the effect of the

SES cueing
5.5Conclusion

This study, although limited in participant numbers, provides some evidence that
U$S2wWEUI DOT OWET OPYI Ul EwPOwWEwWs | PRT EzwUT a0l OPEWOE
PwP and enhance walking performance. This preliminary work demonstrated
encouraging results and supports the exploration of a larger study to confirm

whether these findings are reproduced in a larger sample size.
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Having investigated a Continuous sESieing stratey in Chapter 5, and demonstrated
that the presentestrategy could ameliorate FOG episodes, we now wanted to verify if an
On-Demand cueing strategy could produce similar results. Prior to the investigation of
such a strategy, the elevation of a dotidfegesture as an actuation method for triggering
the onset of Ofbemand cueing was first required. In this chapter, we will present an
assessment of a doulde gesture interaction to facilitate selftivated ORDemand
cueing. This assessment will focus @nif PwP can effectively perform a doubde
gesture in response to the occurrence of a FoG episode, (ii) if atdpg@sture performed
EUUDOT wnO&wl xDUOEI UWEEOWET wUl OPEEOGawEl U1 EUI EwU
interaction recognitiondnction, and (iii) if a doubldéap gesture performed during a FoG
episode aggravates the FoG epistting the sES cueing system (iteration Ill, as
presented in Chapter 4and with the support of the University Hospital Limerick, data
collection wascompeted using a jointly developed experimentaiotocolby the PhD
candidate who also performed the datalysis In concluding the chapter, tredfectiveness

of adoubletap gesture as aactuation method for triggering the onset of -Demand
cueingis discussed to highlight the pathway for further research into the use of sES for

cueing applications in PD

6.1Introduction

/ E U O b Glid€age {RDuis the second most common neurodegenerative disease

in the developed world. An estimated 1.2 million people are currently living with

PD in the EU [1]. Movement disturbances that worsen with the progression of PD

are typical characteristics of the disease. Although mainly present in more

advanced stages of the disease, Freezing of Gait (FOG) is one of the most

debilitating motor -related disturbances [2]. FoG is often described by people with

/| EUOPOUOOzUwmp/ P/ AWEUWT EYDOT wUT 1T PUwWiTTO0w?1 OUI E
intention to walk [3]. The presence of FoG is an important contributor to falls in

PwP [446] and is a significant contributing factor to hospitalization and nursing

home admissions [74 9].

Within the PD community, cueing is emerging as an effective technique to

ameliorate FoG [10,11]. Cueing is defined as the use of external sensory stimuli,
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providing t emporal and/or spatial information to facilitate gait initiation and
continuation [12]. The literature extensively reports three types of cueing
modalities: visual, auditory, and somatosensory cueing, each type reflects the

specific stimulus modality (i.e. , visual cueing provides visual stimuli).

The majority of cueing systems presented in the literature provide cueing

continuously throughout the gait cycle, regardless of whether FoG is present or

not. However, recent technological solutions enable cueing systems to provide

cueing stimuli only when needed (e.qg., during a FoG episode) [13]. These types of
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of usage, OnDemand cueing systems may offer advantages over continuous

cueing systems: increased adherence (cueing may be perceived as less
annoying/distracting) and increased efficacy (due to reduced habituation) [13].

However, the development of On -Demand cueing systems offers one key technical

challenge| an effective actuation method for triggering the onset of cueing is

required.

Current solutions include the use of autonomous real-time FoG detection
algorithms to trigger cueing when FoG is detected. Cueing systems that utilize
U1 Ul weOT OUDUT OUWEUIT wUI undané atestte rastcandrdrd 1| OUz wE U
method for triggering On -Demand cueing [15]. The effectiveness of these systems
relies on the ability of the FoG detection algorithm to accurately detect a FoG
episode with minimum latency (time between the occurrence of a FoG episode and
the triggering of cueing) [16]. A comparison of validity measures in terms of
sensitivity, specificity, and latency suggests that Intelligent cueing systems can
accurately detect FoG episodes [1¥23]. However, one should be cautious when
interpre ting the reported performance of these studies as, in many cases, they may
lack proper ecological validation. Some FoG detection algorithms may also require
individual calibration to achieve high validity performance, which has practical

significance for applications in clinical practice [17].

Although its aptness remains to be shown in the literature, an alternative to
(OUI OOPT 1 OUHEUPY@IUWE Y wsE 2)iladtitated euging, th® Gserw2 1 O
self-detects that they are experiencing a FoG episode and the onset of cueing is

triggered directly by the user. Unlike an Intelligent cueing system, the
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development of a Self-activated system is less complicated and potentially requires
significantly less computational and power resources to trigger the on set of On-
Demand cueing. However, the effectiveness of Seltactivated cueing systems in
Ul UOUwWOI wUl OupUPYPUaOwUx1 EPI PEPUAOWEOEWOEUI OEau
to self-detect FoG and perform a physical interaction with the system (e.g., press a
switch). In 2013, Bunting-Perry et al. investigated the effect of Selfactivated visual
cueing on FoG episodes [24]. In the study, participants selfactivated cueing by
pressing an on/off button on a walking stabilizer during FoG episodes. Although
the sensitivity, specificity, and latency were not reported, and discouraging results
were presented, the study did identify a potential barrier to the use of Self -
activated cueing. Bunting-Perry suggested that Selfactivated cueing can represent
a dual-task (walking while additionally performing a secondary task) that may

reduce the positive effect of On-Demand cueing on FoG.

The performance of simultaneously executing a primary and a secondary task (i.e.,
dual tasking) is a frequent and debilitating proble Owi OUwx1 Ox Ol wbbPUIl w/ EUODC
(PwP) [25]. Both Spildooren et al. and Petterson et al. examined the effect of
cognitive dual tasking (walking while performing a secondary cognitive task)
during PD gait [26,27]. Results demonstrated a significant effect of cognitive dual
tasking on gait and concluded that cognitive dual tasking increases the risk of
experiencing FoG episodes. Alternatively, Chen et al. examined the impact of
motor dual -tasking (walking while performing a secondary motor task) during PD
gait [28]. Results showed that motor dual-tasking also increased the likelihood of
FoG episodes occurring during gait. Moreover, Galletly et al. investigated the
effects of both cognitive and motor dual -tasking and reported that while a
cognitive dual -task causal deterioration in gait parameters, a motor dual -task did
not [29].

These findings indicate the potentially harmful effect of cognitive dual tasking on
gait in PD. However, the impact of motor dual -tasking has presented conflicting
results. Interestingly, it has been reported that motor tasks also occupy part of the
cognitive resources (i.e., the mental processes involved in the planning,
preparation, and execution of a task) [30]. This, in part, may explain the conflicting

results. Motor tasks requiring hi gh cognitive resources [28] may have a more
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significant negative effect on gait than motor tasks requiring lower cognitive

resources [29]. Therefore, in situations where physical interaction with a cueing
system may represent dual tasking, it is important that the required interaction can
be carried out with minimal attention demand so that the PwP can remain focused

on their primary task.

Physical peripheral interactions (defined as physical interaction with technology
that takes place outside the focus of attention [31,32]) may provide a potential
solution which minimizes the cognitive load required to interact with a Self -
activated cueing system. To perform the interaction in the periphery of attention,
these interactions avoid physical actions requiring fine motor control or
continuous visual attention [33]. As an example, several interactive systems have
used accelerometers to facilitate peripheral interactions through the recognition of

simple hand gestures (movement of the hand to convey information) [ 32,33].

The purpose of our work was to assess the potential of a doubletap gesture

interaction to facilitate Self-activated cueing for PwP. To this end, we assessed (i)

if PwP can effectively perform a double -tap gesture in response to the occurrence

of a FoG episode, (i) if a double-tap gesture performed during FoG episodes can

El wUl OPEEOQawE] Ul EUI EwUUDOT wEOQWEEEI O1 UOOIT U1 1
recognition function, and (iii) if a double -tap gesture performed during a FoG

episode aggravates the G episode itself. Therefore, we hypothesized that a

simple hand gesture performed by PwP might provide an effective actuation

method for triggering the onset of On -Demand cueing with minimal attention

who are considering the use of self-actuation to trigger the onset of On-Demand

cueing PD.
6.2Meth ods

This study was conducted in three phases. In Phase 1, a doublgap detection
function was proposed to enable the detection of double-tap gestures performed
by PwP. This function was enabled through the analysis of double -tap gesture
signals recorded from 19 PwP. The doubletap gesture was defined as double-

tapping action of the whole hand, requiring only gross motor control and enabl ing
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eyesfree interaction. In Phase 2, the specificity of the proposed double-tap
detection function was assessed on eight healthy participants during scripted and
unscripted free-living activities. In Phase 3, the double-tap detection function's
validity as a mechanism to activate OnrDemand cueing was evaluated with 10

PwP, which had not taken part in Phase 1 of the study.
6.2.1Participants

Twenty -nine (22 men and 7 women; mean age 71.5 * 8.6 years; and mean disease

duration 10.9 + 8.0 years) participants with idiopathic PD enrolled in the study. A

further eight (4 men and 4 women; age 65 + 9.5 years) healthy participants enrolled

in Phase 2 of the study.

/ EUUPEDxEOUUwWPI Ul wUl EUUDPUT EwOUT UOUT T w&EOPEa W/ EU
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Galway, Ireland, and University Hospital Limerick, Ireland. The participants were

informed about the nature of the study and provided written informed consent for

inclusion before they participat ed in the study. The study was conducted in

accordance with the Declaration of Helsinki, and the protocol was approved by

the Galway Hospital Research Ethics Committee (ref: CA 890) for Phases 1 and 2

of the study and the Limerick Hospital Research Ethics Committee (ref: 053/18) for

Phase 3 of the study.
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criteria. All PwP participants performed the procedures during the medicated
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unaided, with one walking stick or elbow crutch. Inclusion criteria of Phase 3 of

the study included a Hoehn and Yahr stage score between two and four, able to

walk either unaided, with one walking stick or elbow crutch,aM MSE score greater

UT EQw!l KWEOEWE Wl PUUOUVA w& WRdO&uid OwUT T wOl EPEEUI Ew-
6.2.2Hardware

We used a custombuilt wearable cueing device for all three phases of the study.
The cueing device was a waistworn voltage -controlled, two -channel, Bluetooth

enabled electrical stimulator developed at the NUI Galway. The device was
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designed to deliver either continuous or On-Demand sensory electrical

stimulation (SES) to ameliorate FoG [34].

In Phases 1 and 2 of this study, the cueing capabilities of the cueing device were

disabled, and the device was configured to operate only as an inertial

Ol EUUUI Ol OUWEEUEwWOOT T T UBw#aEUEWOOT 1T DOT whEUWI E
on-board tri -axial accelerometer and a microSD card. The triaxial accelerometer

(LIS2DH, STMicroelectronics) was used to measure zaxis (anterior-posterior axis)

acceleration magnitudes up to +8 g with a resolution of 63 mg (1 g = 9.81 m/%) and

at a sampling frequency of 400 Hz. The removable microSD card allows access to

the stored raw accelerometer data. Thus, the cueing device provided a platform to

record the double-tap gesture signals of PwP.

In Phase 3 of this study, the cueing capabilities of the cueing device were enabled.
In this mode, the device can be either configured to trigger On-Demand cueing
locally by the user (through an embedded double -tap detection function within
the LIS2DH tri-axial sensor) or remotely by a clinician (through a custom -built

smartphone application, reported in a previous study [35]).

The LIS2DH double-tap detection function provides four registers, which can be
configured detect specific double-tap signatures. Table 6.1 highlights the double -

tap configurable registers and their range of values.

Table 6.1. The tri-axial accelerometer (LIS2DH) double-tap register value ranges for a
sampling frequency of 400 Hz with a full -scale value of £8 g.

Register Register Value | Resolution Range
Threshold 0t127 63 mg 0t+8 g
Time Limit 0t127 2.5 ms 0t318 ms
Latency 0t 255 2.5 ms 0t638ms
Window 0t 255 25ms 0t638ms

The resolution of these values directly related to the selected sampling frequency
and acceleration range of the accelerometer, 400 Hz, and +8 g. The threshold
Register's resolution is given as the absolute value of the acceleration range (8 g)

divided by the max imum register value (127), 63 mg. The resolution of the
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remaining three double -tap registers is given as one divided by the sampling

frequency (400 Hz), 2.5 ms.

A valid double -tap signature is detected if its signal conforms to the value in each
double-tap register (Figure 6.1A). The Threshold Register configures the double-
tap acceleration (+g) value that must be exceeded for a doubletap to be detected.
The Time Limit Register sets the maximum duration of the first and second tap. If

any tap exceeds thisvalue, it will not be recognized as a double-tap (Figure 6.1B).
The Latency Register is used to configure the minimum time over which the

second tap must occur after the first tap. If the second tap occurs in less time than

the Latency Register value, it will not be recognized as a double-tap (Figure 6.1C).
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Figure 6.1. Double-tap signature recognition conditions. A) Valid double -tap due to the
first and second-tap signal not exceeding the Time Limit Register value while the second-
tap signal exceeds thelLatency Register value and occurs before the Window Register value
is exceeded; B) Invalid double-tap due to signal not falling below the Threshold Register
value before the Time Limit Register value was exceeded; C) Invalid double-tap due to
second tap ocurring before the Latency Register value was exceeded; D) Invalid double-
tap due to second tap occurring after the Window Register value was exceeded.

The Window Register configures the maximum time after the Latency Register

value in which the second tap must occur. If the second tap occurs after the
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Window Register value, it will not be recognized as a double -tap (Figure 6.1D). To
permit the configuration of these registers, an accompanying smartphone

application facilitated the wireless programming of e ach register.

The successful recognition of a doubletap signature by the LIS2DH double -tap
detection function immediately triggers the delivery of four biphasic SES bursts to

either Channel 1 and/or Channel 2 of the cueing device (Figure 6.2A). The
removable microSD card provides a platform to record all double -tap detection

and cueing events on the device.

A B

FoG Episode

Cueing Device

Double-tap Gesture L \‘ R ==
|‘, M ! > “m
Double-tap Detection ’—|—>

Channel 1 “

»

g / \ i Channel 2
Ramp-up ¥ “«» Ramp-down
" BB, ; P Channel 1 Electrodes
ime ! ) time
; : Electrodes

| «——> [sESBurst
Cueing Device ON-time

Figure 6.2.On-Demand cueing delivery technique . A: lllustrates the execution of adouble-
tap gesturein response to theself-detection of a FoG episode and the subsequentsuccessful
recognition of the double-tap gesture by the cueing device which immediately triggers the
delivery of sES on Channel 2; B: lllustration of a participant wearing the cueing device
located in a waist-worn belt holder with Channel 1 and Channel 2 electrodes connected to
the right and left anatomical sites of quadriceps muscle.

Each sES burst consisted of 100 ms Ranmypp time, 500 ms ON-time, 100 ms Ramp
down time, and 0 ms OFF-time. Cueing was facilitated through the use of two pairs
of 5 x 10 cm skin surface electrodes (Axelgaard PALS Electrodes, Denmark). One
pair of electrodes was connected to Channel 1 of the cueing device and placed on
the skin surface over two anatomical sites on the right quadriceps muscle (Figure
6.2B). The other electrodes were connected to Channel 2 of the cueing device and

placed on the skin surface over two anatomical sites on the left quadriceps muscle.
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The accompanying smartphone application enables a clinician to select which

stimulation channel is to be used (i.e., Channel 1 and/or Channel 2) and to adjust
the intensity of the SES bursts for each channel. The intensity of the SES burst was
set for each participant such that a maximum sensory response was elicited but

that the amplitude was not of sufficient intensity to produce a motor or pain

response.

A Canon (Tokyo, Japan) Legria HF R46 camera was used to record video during
all participant testing in Phase 3 of the study. The video quality was set to capture

full HD video at a frame rate of 25 p rogressive frames per second(17 Mbps).
6.2.3Phase 1: Double Tap Detection Function for PwP

Nineteen participants with idiopathic PD completed Phase 1 of the study (13 men

and 6 women; 71.9 + 9.0 years; mean disease duration 9.6 + 9.2 years). A database

of double-tap gesture signals was created using the following procedure. While

standing, each participant was required to perform a set of 10 double-tap gestures

on the surface of the cueing device. An investigator instructed the participant to

perform a double-tap gesture when requested and then return their hand to their

side. Each participant received a total of ten requests from the investigator. An

initial demonstration was carried out by an investigator to clarify whether the

participant understood the procedure. Following the demonstration, the

POYI UUDPT EUOUWUI EVUT EwUT 1T wEUI DOT wETI YPET wOOwWUT 1 w
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belt holder. Before beginning the procedure, the participants were allowed to

perform up to three double -tap gesture practice attempts. Upon completion of the

procedure, a personal computer was used to upload the logged accelerometer

signals from the cueing device via a removable micro SD-card.

Analy sis of the double-tap gesture signals was carried out within M ATLAB
(MathWorks, Natick, MA, USA). As illustrated in Figure 6.3, four double-tap

characteristics were measured from each recorded doubletap gesture signal:

1 Tap_Acceleration: defined as the maxmum acceleration recorded for each

tap, measured at A1 and A2.
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91 Interval_Time: defined as the time between the beginning of the first tap
(T1) and the beginning of the second tap (T4).

1 Tap_Width: defined as the base width of the initial impact spike of the first
and second tap, measured between T¥ T2 and T4Y T5.

9 Tap_Duration: specifies the total duration of a tap as measured from the
initial point of impact until a point in which the signal regress to its post

tap state, measured between T¥ T3 and T4Y T6.

Interval_Time

A A

A

»

Tap_Acceleration

<

+«——> «—>
Tap_Duration Tap_Duration

Figure 6.3. Double-tap gesture signal and key characteristics measurement T1Y T4:
Interval_Time; T1Y T2 and T4Y T5: Tap_Width; T1Y T3 and T4Y T6: Tap_Duration; Al
and A2: Tap_Acceleration.

To tailor the LIS2DH double -tap detection function to the needs of PwP, we
statistically analyzed these four doubl e-tap characteristics to infer a range of values
that are representative for all PwP. The LIS2DH double-tap registers where then

configured using Equations (6.14 6.4):
31T UT Ul OOEw1i 1 PUUIT WwA w3 E Equation6.1
3P0l w+bPOPUwW11 T PAUIT Uwa u Equation6.2

Interval_Timemna w+ EUTl OEawll 1 DUUd«Nu

Tap_ Width ma) Equation6.3

6 DOEOPWUI T PUUIT U maNw(EXT 1#WMJE Equation6.4
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where Tap_Accelerationmin is inferred from the mean value of all the participan U U z w

recorded minimum Tap_Acceleration value; Tap_Width max is inferred from the

Ol EOwOi wEOOwxEUUDPEDxEOUzZUwWUI EQUET EwQERDPOUO WS E x
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maximum Interval_Time value. Interval_Time maxand Interval_Time min are inferred
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Interval_Time value.

6.2.4Phase 2:Specificity Testing with Health y Controls

Eight healthy volunteers (4 men and 4 women; 54.38 + 13.90 years) participated in

Phase 2 of the study. Using the doubletap register values derived from Phase 1 of

the study, the double-UE x wET Ul EUDOOwi UOEUDP 6D Toknsliec | EDI PEDPUA L
that the specificity of the double -tap detection function was rigorously tested,

participants were required to perform both scripted and unscripted free -living

activities in their homes and their community while wearing the cueing device.

ThrOUT T OU0wUT 1T wxUOETI EUUI OwUTT wEUI POT wWEI YPEI whEU
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using a waist-worn belt holder. To reduce possible biasing, the participants were

only instructed t hat the cueing device was used to record their movement.

The specificity of the double -tap detection function was initially tested in a limited
number of situations representative of free-living activities, and that may result in
the accidental recognition of double -taps by the device. The scripted activities are
presented in Table 6.2. These activities were selected as they could potentially
Ul UUO0wDPOwUOPEOUI Ewi OUET UwEIT b&isuskterisrObDl Ew0OwUT I
posterior axis).

To ensure that all of the scripted activities were completed, participants were
supervised by a researcher. Following the scripted activities, participants
continued to wear the cueing device under unsupervised conditions for two days
(>8 hours per day). During this period, participants carried out their unscripted
free-living activities, such as driving and shopping. A diary was provided to each

participant, and they were required to record their activities on an hourly basis.
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Upon completion of the procedure, a personal computer was used to upload both

the logged accelerometer signals and the output of the double-tap detection

function from the cueing device. The output from the double -tap detection

function was either high if the function recognized a double -tab gesture, orlow if

it did not.

Table 6.2. Scripted activities and number of times performed during specificity testing.

Activity Duration/Frequency

1 | Stand-sit-stand from an armchair 3 times

2 | Stand-sit-stand from a kitchen chair 3 times

3 | Stand-sit-stand from a toilet seat 3 times

4 | Stand-sit-stand up from a bed 3 times

5 | Sit-to-lay spine on a bed 3 times

6 | Lay spine-roll over -lying prone on a bed 3 times

7 | Vacuum floor 120 seconds
8 | Sweep floor 120 seconds
9 | Wash dishes in a sink 120 seconds
10 | Clean dining table/worktop 120 seconds
11 | Ascend and descend stairs 3 times

12 | Open a closed door, walkthrough and close the door 3 times

13 | Stand still for 10 s and then get in and out of a car seat 3 times

14 | Walk with a shopping bag/handbag 60 seconds
15 | While standing, removing an item from your front pocket 3 times

16 | While sitting, removing an item from your front pocket 3 times

In order to validate the specificity Equation ( 6.5), its calculation parameters were

assessedFalse positive (FP), a doubletap is not performed, but one is recognized

by the cueing device; True negative (TN), a double-tap is not performed, and one

is not recognized by the cueing device.

Specificity = TN/(TN + FP)
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6.2.5Phase 3:Validity Testing with PwP

Ten participants (9 men and 1 woman; 70.6 + 7.7 years; mean disease duration 13.4
* 4.0 years; mean FOGQ score 15 + 1.55) with idiopathic PD completed Phase 3 of
the study (Table 6.3).

Table 6.3. Characteristics of participants in Phase 3 of the study.

Gender | Age (Years) | Duration of PD (Years) FOGQ Score
Participant 1 M 85 13 14
Participant 2 M 70 13 15
Participant 3 M 78 5 16
Participant 4 F 70 14 14
Participant 5 M 62 16 16
Participant 6 M 63 19 15
Participant 7 M 79 16 14
Participant 8 M 72 8 12
Participant 9 M 67 17 18
Participant 10 | M 60 13 16

AILEUUTI UUOI OU0UwPI Ul WEEUUPTI EwOUUwWwOOwxEUUPEDXxEOUU
2 UE UI =wapogdd Ibythe participant). All the participants identified a one -
minute -walking -task within their home, which usua lly elicited FoG episodes. The
common features in each of the walking tasks performed were (i) performing a
turn during walking (ii) walking through a doorway (iii) walking across a room
and walking in a corridor/hallway. During testing, participants perfo rmed the
walking task for both Self -activated and Clinician -activated On-Demand cueing.
Before the walking task with Self -activated cueing, participants were instructed to
perform a double -tap gesture only when they experienced a FoG episode. During
walkin g tasks with Clinician -activated cueing, participants were instructed not to
perform a double -tap gesture during the walking task. Instead, when the clinician
@/ E U OD O U O ONutseuspebidlist) Eidemtified a FoG episode, the clinician
would remotely act ivate On-Demand cueing using the smartphone application.
An initial demonstration was carried out by an investigator to assist the participant

in understanding the procedure. Following the demonstration, the investigator
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secured the cueing device to the pJUPEDPxEOUzUw PEPUUwW Ol I Ow
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belt holder.

Each participant performed the walking task 12 times. Six times during Self -

activated cueing (three times while cueing is delivered to the left quadriceps and

three times while cueing is delivered to the right quadriceps) and six times during

Clinician -activated cueing (three times while cueing is delivered to the left

guadriceps and three times while cueing is delivered to the right quadriceps). The

order of each walking task was randomly assigned using block randomization

Zt kgdw UwxEUUwWOI wOi T wUI UUDOT OwigdoidedwithUUDE D x EO
the HD camera as they performed each walking task.

During a post-experiml OUwYDEI OWEOEOaUPUOWEOwI Rx1 UDI OEI

DiseaseNurse Specialist) labeled the start and end times of each FoG episodes
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labeled each subtype of FoG, if present: (i) purely akinesia form (no motion of the
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(spontaneous increase in cadence ad decrease in step length). When a FoG

episode was identified, the start of that FOG episode was taken as the last point

when the participant was in the foot -flat stage of the gait cycle, pre-FoG episode,

Figure 6.4. The end of that FOG episode was takeras the point when the participant

was in the heel-off stage of the gait cycle for the first successful step, postFoG

episode, Figure 6.4.

The clinician who performed the labeling was also physically present during the
recording sessions. However, before labeling (i) all the videos were edited to
remove all audio, and (ii) the order of the 12 walking tasks was randomly shuffled.
In this sense, it is important to note that the clinician was unaware of the type (Self-
activated or Clinician -activated) of On-Demand cueing being applied in each

video.
A researcher labeled the end time of each doubletap gesture identified within the
xEUUPEDPXxEOQOUZUwWYDPEI O6w3OwWEUUPUUWPOwWUT T wxUOBET U
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on the microSD card were analyzed within Matlab to identify each double -tap
gesture performed. Video and inertial signals were synchronized based on a
predefined event (5 single taps performed at 1 Hz), which can be identified in both

the video recordings and the movement signals.

FoG Sub-type

Normal Normal

Gait Gait

Start End

Figure 6.4. Start and end markers of a FOG episode.

The combination and analyses of both the clinician and researcher annotations
enabled the evaluation of the viability of a double-tap gesture as an actuation

mechanism to trigger On-Demand cueing in terms of

1 the latency and sensitivity of PwP to perform a double-tap gesture in
response to the occurrence of FoG;

1 the sensitivity and specificity of the proposed double-tap detection
function ;

1 the impact of performing a double -tap gesture on FoG episode durations

during On-Demand cueing;
6.2.5.1 Latency and Sensitivity of Performing a Dotfiale

To validate whether PwP can adequately perform a double -tap gesture in response
to the occurrence of a FoGepisode, both latency and sensitivity were assessed.
Latency was calculated as te time between the start of a FOG episode (identified
using the clinician video annotation) and the completion of a responding double-
tap gesture (identified by the researcher) The sensitivity Equation (6.6) was

calculated using the following parameters :
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True positive (TP), a FoG episode occurs, and a doubletap is performed.
False negative (FN) a FoG episode occurs, and a doubletap is not performed.

Sensitivity = TP/(TP + FN) Equation6.6

In some cases, a doubletap gesture may not have been performed in response to

the occurrence of some FoGepisodes, because the participant exited the FoG

episode before they could perform a double-tap gesture. Such events could be

classified as FN, however, it is probably that the duration of the FOG episode was

shorter than the time it takes the participant to perform a double -tap. Therefore, to

reduce the number of FN misclassifications, FOG episodes with a duration less

Ul EOQwUTT wxEUUPEDPxEOUzZUwWOI EOwOEUI OEawUDOI wpk
analysis.

6.2.5.2Sensitivity and Specificity of Doublap Detection Function

To validate if the double -tap detection function can accurately detect a double-tap
gesture during a FoG episode, its sensitivity and specificity were calculated using

Equations (6.5) and (6.6), respectively.

From the analysis of the UT Ul EUET | Uz UwE Olbggdd FevemOd thas EOE w 0T |
EUI DOT whicrdSb EdrdUtizedollowing parameters were assessed:

9 True positive (TP), a double-tap is performed, and it is recognized by the
device;

1 False positive (FP), a double-tap is not performed, and it is recognized by
the device;

1 True negative (TN), a double-tap is not performed, and it is not recognized
by the device;

9 Falsenegative (FN), a double-tap is performed, and it is not recognized by

the device.
6.2.5.3 Impact of Doubl&ap Gestures on FoG Episode

To assess if the action of performing a doubletap gesture aggravates FoG
episodes, the duration and number of FOG episodes occurring with Self-activated
cueing were compared to the duration and nu mber of FOG episodes occurring with
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Clinician -activated cueing. FoG episodes with a duration less than the
xEUUPEDxEOUZUwOI EOWOEUI OEaAawYEOUI wbkl Ul wOOUwWI REO
only TP parameters were analyzed (i.e., a FOG episode occurs, and a doble-tap is
performed and cueing is activated or the clinician remotely activates cueing using

the smartphone application ).
6.2.5.4User Experience

Upon completion of the walking tasks, a participant questionnaire was completed,
which incorporated a standard 100 mm Visual Analogue Scale (VAS) and a Face
Pain Rating Scale to assess the perceived comfort/pain level associated with the
SES cueing. This questionnaire included questions regarding the suitability of the
intensity of SES cueing, the suitability of the SES cueing device's location, and the
perceived difficulty level of performing a double -tap gesture on the SES cueing

device.
6.2.6 Statistical Analysis

A preliminary t-test was run to test for possible differences betweensESdelivered
to the left quadriceps or the right quadriceps. As the analyses revealed no
significant difference between the duration of FOG episodes, we used the mean of
the two limbs for each participant in the subsequent analyses. An independent
samplest-test was conducted to as®ss whether there were differences between the
mean duration of FOG episodes of participants during Self -activated and Clinician -
activated On-Demand cueing. Statistical calculations were performed with SPSS
Version 24 (IBM Corporation, New York, USA). A p-value < 0.05 was considered

statistically significant in all cases.
6.3 Results
6.3.1Phase 1: Double Tap Detection Function for PwP

A total of 190 double-tap signals were recorded. The data show that all participants
were capable of performing a double-tap gesture. Analyses of these signals within
Matlab identified the minimum and maximum values for the four double -tap

characteristics (Figure 6.5).
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minimum Tap_Acceleration value was 7.56 £+ 1.03 g. From the 380 singlap

signals (190 double-tap), only seven taps failed to produce an acceleration equal to

OUwl UI EVT UwUT EOwWwT dw3T 1 wOl EQwOil wEOOwWxEUUDPEH
value and Tap_Duration value was 13.49 + 3.24 msand 56.18 + 8.99 ms,

Ul Uxl EUPY]I Oadw3T 1l woOl EOwOi wEOOwWwXxEUUDPEDXxEOUUZ
Interval_Time value was 313.82 + 40.68 ms and 241.18 + 35.67 miespectively.
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Figure 6.5. Participantszindividual double-tap characteristics (minimum and maxi mum
recorded values).

To generalize the extracted doubletap characteristics to values that are
representative of the double-tap feature values of the majority of PwP, the 99.7
rule, also known as the empirical rule (three standard deviations), was
impleme nted. For example, it can be inferred that 99.7% of our sample population

will have a minimum Tap_Acceleration value equal to
Tap_Accelerationmn & wOIT E O wN wiod ki {8uwl Au0BRgurA4147 g.

Using this rule, we can infer that the PwP population wi Il have the double-tap

characteristics summarized in Table 6.4.
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Table 6.4. Inferred double -tap gesture characteristics.

Tap_Acceleration Interval_Time Tap_Width Tap_Duration
la] [ms] [ms] [ms]

Min. | 4.47 134.17 1.91 17.07

Max. | 8 435.86 20.96 83.15

The LIS2DH double -tap registers were then configured based on Equations (6.1

6.4) and register resolution values (Table 6.1):

Threshold Register = Tap_Acceleratiorin = 4.44 g.
Time Limit Register = Tap_Width max = 20 ms.
Latency Register = (Tap_Durationmaxt Tap_Width max) = 62.5 ms.

Window Register = (Interval_Time maxt Tap_Duration max) = 362.5 ms.

6.3.2Phase 2:Specificity Testing with Health y Controls

The analysis of the logged output of the double -tap detection function revealed
that on no occasion, a double-tap signal was detected during the scripted activities
(i.e., FP = 0). During the scripted activities, the highest acceleration recorded was
during activity number 16 (while sitting, removing an item from your front pocket)

at 3.58 g.

A total of 132 hours of unscripted activities were recorded. The analysis of the
logged output of the double -tap detection function revealed that only on two
occasions during the 132 hours of unscripted activities was a double-tap gesture
detected. Therefore, using Equation (6.5), the doubletap detection function
achieved a specificity of 100% during scripted activities and ~100% during

unscripted activities with healthy controls.
6.3.3Phase 3:Validity Testing with PwP

From the 10 participants that completed Phase 3 of thestudy, four participants
EPUxOEal EwEws s EQBOEWDD; puwUOBOOOO&®DOOAa WEDUXxOEAI |
POwx OEET » wi OUOWOI wnO&6 w3 POwxEUUDEE@mEOUUWEDUX OE
DOwx OEEIl 2 wi OUOUwWOT wwnd&sd
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An independent samples t-test showed no significant difference between the ages
of participants in Phase 1 and Phase 3 (71.9 £ 9.0 years versus 70.6 + 7.7 yeqrs,
0.708). The statistical analysis of the difference betweenthe disease duration of
participants in Phase 1 and Phase 3 also showed no significant difference (9.6 £ 9.2

years versus 13.4 + 4.0 yearq = 0.232).
6.3.3.1 Latency and Sensitivity of Performing a Doubbégp

Table 6.5 summarizes participant latency time s associated with performing a
double-tap gesture as an actuation mechanism to trigger cueing. The mean latency,
reported as the time between the occurrence of a FOG episode and its detection by
the participant through the performance of a double -tap gesture on the cueing

device, is given as 1.42 + 1.17 seconds.

The lowest mean latency was recorded by participant seven, 0.79 £ 0.69 seconds,

and the highest mean latency was recorded by participant ten, 2.34 + 1.94 secaus.

Table 65. Latency and sensitivity performing a double -tap gesture in response to the
occurrence of FoG.

Double -Taps
Latency Performed in Response | gensitivity Specificity
E;er:::inds] to FoG Episodes [%] [%]
TP FN
Participant 1 201+103 |11 3 78.57 100
Participant 2 1.08+1.8 6 7 46.15 100
Participant 3 198+121 |21 1 95.45 100
Participant 4 1.26+0.90 | 12 3 80 100
Participant 5 1.17+082 | 4 1 80 100
Participant 6 0.79+0.69 | 18 2 90 100
Participant 7 165+055 |5 2 71.43 100
Participant 8 1.11+0.77 | 27 8 77.14 100
Participant 9 1.10+0.78 | 14 7 66.67 100
Participant 10 | 2.34+1.62 | 20 4 83.33 100
142+ 117 | 1382 382 76.87 £13.58 | 100 + 0t

1Value expressed as mean + SD of column? Value expressed as total of column.

A total of 176 FoG episodes were identified through video analysis. Participants

correctly identified 138 episodes and failed to identify 38, resulting in a mean
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sensitivity of 76.87% + 13.58%. Participant three achieved the highest sensitivity
(95.45%), while participant two achieved the lowest sensitivity, 46.15%.

In addition, participants mis -identified 18 FoG episodes through double-tap

gestures (FP = 18) when no FoG episode occurred. Participant one performed six
FPs, participant six performed five FPs, and the remaining FPs were attributed to

participants three, four, seven, eight, and nine. A total of 67 FOG episodes were
removed from the analysis because their durations were shorter than the

x EUUDPEDx EOUUZz wo&d). T maamw dutatvh ¢f allqhd Eefdddd EoG

episodes was0.76 + 0.58econds.

Table 6.6. Number and mean duration of FOG episodes removed from the analysis.

Number of FOG Episodes I[\gsggn[;z]ration of FoG Episodes
Participant 1 7 1.02 £ 0.56
Participant 2 7 0.59 + 0.32
Participant 3 3 0.41+£0.28
Participant 4 0 0
Participant 5 1 0.31+£0.00
Participant 6 4 0.21+£0.15
Participant 7 7 0.88 £ 0.49
Participant 8 0 0
Participant 9 23 0.42 +£0.26
Participant 10 | 15 141+£0.61

672 0.76 £ 0.58

1Value expressed as mean + SD of column? Value expressed as total of column.

6.3.3.2 Sensitivity and Specificity of Douktkgp Detection Function

Table 6.7 reports the sensitivity OT wUT 1 wE Ul B O -tafdet¥choi furctivnuE OU E O
for individual participants . Taking into account the parameters for calculating
sensitivity in Equation ( 6.6), the number of TP and FN are also presentedThe mean
sensitivity in recognizing a double -tap gesture performed by participants was
96.39% * 4.13%. In the absence of all participants performing a doubldap gesture,
on no occasion did the cueing device incorrectly detect a double-tap (FP = 0).
Therefore, using Equation (6.5), the double-tap detection function obtained a

specificity of 100% for all participants.
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The nine FN (non-detected double-tap gestures) resulted from seven taps that
failed to exceed the double-tap Threshold register value (4.47 g) and two taps that

exceeded thedouble-tap Window register value (363 ms).

Table 6.7. Sensitivity of double -tap detection function.

Double -Taps

Double -Taps | Detection by Device Sensitivity Specificity

Performed P EN Ep [%0] [%]
Participant 1 20 20 0 0 100 100
Participant 2 7 7 0 0 100 100
Participant 3 26 24 2 0 92.31 100
Participant 4 14 13 1 0 92.86 100
Participant 5 4 4 0 0 100 100
Participant 6 31 28 3 0 90.32 100
Participant 7 7 7 0 0 100 100
Participant 8 31 30 1 0 96.77 100
Participant 9 20 20 0 0 100 100
Participant 10 24 22 2 0 91.67 100

18.40+£9.48 | 1752 92 02 96.39 + 4.18 100 £ O*

1Value expressed as mean + SD of column? Value expressed & total of column.

6.3.3.3 Impact of Doubltap Gestures on FoG Episode

A total of 136 FoG episodes that occurred during Self-activated cueing and a
further 140 FoG episodes that occurred during Clinician -activated cueing were
analyzed. Table 6.8 highlight s the time duration of FOG episodes using Self

activated cueing versus Clinician -activated cueing.

An independent samples t-test showed a significant difference between the mean
duration of FOG during Self-activated cueing and the mean duration of FOG duri ng
Clinician -activated cueing (4.20 st 2.49 s versus 3.35 s + 2.18,= 0.005). However,
an individual analysis revealed that for eight of the participants , the duration of

FoG episodes was not significantly different between Self-activated and Clinician -

activated cueing.

An independent samples t-test showed that the mean duration of FOG episodes for

participant 2 significantly increased from 1.70+ 0.23 conds (Clinician -activated)
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to 2.94+ 0.67 conds (Self-activated), p = 0.03 Furthermore, the meanduration of

FoG episodes for participant 10 significantly increased from 4.85+ 2.02 £conds

(Clinician -activated) to 8.01+ 3.18 ®conds (Self-activated), p = 0.01

Table 6.8. Number of FoG episode occurring and their duration during Self -activated and
Clinician -activated On-Demand cueing. * significant difference.

Clinician -activated Self-activated

o Epsodes | NUTOErof | 2T s | Numoero

[seconds] FoG Episodes [seconds] FoG Episodes
Participant 1 4.01 +2.62 25 3.50 £ 094 18
Participant 2 1.70+£0.23 * 13 294 +0.67* 13
Participant 3 550+ 2.33 26 5.24+153 24
Participant 4 3.34+1.33 8 3.09+1.31 11
Participant 5 2.47 £0.98 10 222+1.27 5
Participant 6 224+1.27 22 3.13+£1.91 22
Participant 7 2.07 x0.47 10 2.78+0.83 12
Participant 8 296211 36 3.62 +1.68 27
Participant 9 210+0.81 61 265+151 37
Participant 10 | 4.85+2.02* 33 8.01+3.18* 34
Mean + SD 3.35+2.18* 24.40+16.23 | 4.20+£2.49* 20.30+10.41

Interestingly, Self-activated cueing resulted in less FoG episodes occurring for
some participants in comparison to Clinician -activated cueing. Participants 5 and
9 had asubstantially lower number of FOG episodes (~50% reduction) occurring
during Self-activated cueing. An indepen dent samplest-test showed that the mean
number of FoG episodes occurring during Clinician -activated cueing (24.40 +
16.23) was not significantly different from the mean number of FoG episodes

occurring during Self-activated cueing (20.30 = 10.41)p = 0.5L.
6.3.3.4User Experience

Participant VAS scores ranged from 3.5 cm (mildly comfortable) to 9. 4 cm (very
comfortable) with a mean score of 793 cm(comfortable) for the perceived comfort
of SES cueing.Eight participants give the Face Pain Rating Scale ascore of 0 (o

pain), with participants 6 and 10 both gi ving a score of 2 (mild, annoying pain) for
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the pain level of sES cueing.When asked if the SES cueingintensity level was high

1 OOUT T wEUUDOT wUT1T wUI UUDOT OwODPOl woOl wUTT wxE!
/| EUUPEDxEOUwWI wUl UxOOEI EOQw?4 000Ul 28 w- DOl wxEUU
asked if the double-tapP EUwl EUA wOOwx1 Ul OUOGw/ EUUPEDx EOU wl
When asked if they would prefer the location of the SES cueing device at a different

location, EOOQwx EUUPEBDXxEQOUUwWUI UxOOET EwPDUT w?- 026

6.4 Discussion

This paper is the first to investigate the viability of a double -tap gestural
interaction as an actuation mechanism for On-Demand cueing in PD. The current
results demonstrate that a double-tap gesture may provide an effective actuation

method for triggering the delivery of On-Demand cueing.
6.4.1Phase 1. Doubletap Detection Function for PwP

In Phase 1, we reported four double-tap characteristics (tap acceleration, tap
interval time, tap width, and tap duration) from a cohort of 19 PwP. Although the
number of participants in Phase 1 was limited, the authors inferred a set of LIS2DH
double-tap register values based on Equations (6.16.4). This enabled an initial
validation of a double -tap gestural interaction modality as an actuation
mechanism for On-Demand cueing in PD. An analysis revealed that the mean
EEEI Ol UEUDPOOwIi OUwI EET wx E U UtBpEabcelé&rdhidhzvalue OO P 1 U U w
was 7.56 g + 1.03 g. In comparison, the Daphet FOG dataset (wearablecaeleration
sensor data on 10 PwP with FoG) [36] revealed that during PD gait and activities
of daily living, the maximum anterior -posterior axis accelerations recorded on a
waist-worn sensor were 3.36 g £ 0.90 g. These findings suggest that the accelerain
associated with a double-tap gesture by PwP on a waistworn sensor is
significantly higher than the background accelerations produced during gait or
activities of daily living. Furthermore, we demonstrated that an accelerometer
with an acceleration range +8 g is suitable to record the doubletap gestures of

PwP.

In addition to the tap acceleration value, the tap interval time is an important

double-tap characteristic. The tap interval times extracted in Phase 1 of the study

were similar to those presented by Yahalom et al. [37]. Yahalom et al. investigated
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the fastest speed at which PwP (32 men and 19 women; 66.3 + 9.1 years; mean
disease duration 7.5 + 5.7 years) can perform hand tapping (tapping with fingers
by moving their wrist). Yahalom reported a me an interval time of 228 ms
compared to the mean interval time of 274 ms reported in our study. The slower
mean interval time of 274 ms reported in our study may reflect the instruction
given to the participants. Yahalom et al. instructed the participants t o perform taps

at their fastest pace. While in our study, participants were instructed to perform

taps at a comfortably fast pace.

Interestingly, Yahalom et al. classified their participants into four subtypes (tremor
predominant, FoG predominant, akinetic -rigid, and unclassified). Interestingly, no
significant difference between groups was reported. This suggests that the tap
interval time of different cohorts of PwP (i.e., PwP with and without FoG) may not
be significantly different. Furthermore, our choi ce to use an acceleration sampling
frequency of 400 Hz (as recommended by the LIS2DH manufacturers for double-
tap recognition) has been demonstrated to be sufficient to record the double-tap

gestures of PwP.

Using the 99.7 rule, the inferred set of LIS2DH double-tap register values derived
in Phase 1 (Threshold Register = 4.44 g, Time Limit Register = 20 ms, Latency
Register = 62.5 ms, and Window Register = 362.5 ms) were proposed by the authors

as suitable to achieve a high doubletap detection sensitivity rating.
6.4.2Phase 2:Specificity Testing with Health y Controls

In Phase 2, we reported that the double-tap detection function achieved a
specificity of 100% during scripted activities and ~100% during unscripted
activities with healthy controls. It was our view that healthy controls are typically
more active in their daily lives than PwP with FOG. Therefore, by using healthy
controls, the specificity could be more rigorously tested with a greater set of
movement activities over a shorter period. Only on two occasions during the 132
hours of unscripted activities was a double -tap gesture detected incorrectly. The
precise activity which triggered a double -tap detection is unclear due to the

participants carrying out multiple activities during the detection period.
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6.4.3Phase 3:Validity Testing with PwP

In Phase 3, it was first shown that participants performed a double -tap gesture in
response to the occurrence of FOG with an average latency of 1.42 + 1.17 seconds.
Interestingly, the performance of the dou ble-tap gesture, in terms of latency, is
comparable to the latency of some Intelligent cueing systems (<2 seconds [17], 1.1
seconds [21] and 1 second [22]). Nevertheless, the requirement for a latency value
of fewer than 2 seconds is up for discussion. Fran the combined analysis of
subjective FOG questionnaires (FOGQ and GFQ [38]), approximately 40% of FOG
episodes last between land 2 seconds [3341]. However, mild FoG episodes that
last such a short time may not be troublesome for PwP as they may not interfere
with their daily lives [13,42]. Therefore, based on our results, it is our view that
PwP can perform a double-tap gesture in a sufficient time to trigger On -Demand
cueing to relieve potential troublesome FoG episodes. Furthermore, this was the
first time that the study participants performed a double -tap gesture in response
to the occurrence of FoG. Therefore, with increased practice, it may be possible to
further reduce the latency time between the start of a FOG episode and the

completion of a responding double -tap gesture.

Secondly, in Phase 3, it was shown that participants performed a double-tap
gesture in response to the occurrence of FoG with an average sensitivity of 76.87%
+ 13.58%. However, some participants achieved a sensitivity of 95%, whie others
only achieved a 46% sensitivity. These disparate results may reflect the inability of
some PwP to seltdetect FoG. However, due to the short protocol and a limited
amount of training, some participants may have simply forgotten to perform a
double-tap gesture during some FoG episodes. In addition, the average FoG
episode durations that were not identified by participants were short. Indeed, 71%
of them had FoG episode durations that were one standard deviation from the
xEUUPEDxEOQOUZ imeOi EOWOEUI OEa wU

Although the sensitivity reported in this paper was lower than the reported
sensitivity of some Intelligent cueing systems, 82.2%97% [14 23], one should
always be cautious when interpreting performance (in terms of sensitivity and
specificity) of On-Demand cueing systems. In particular, one should consider the

study protocol design (e.g., home versus laboratory environment; scripted versus
197



unscripted protocols), system design (e.g., one device versus a set of combined

devices), sample size, the defintion of FOG adopted and the type of FoG presented

by participants within the study [17]. Our study protocol was based in a home

environment with participants defining their walking task. Such unscripted tasks

may provide a more rigorous test of sensitivity and specificity compared to

scripted tasks in a laboratory environment. In addition, the participants in this

study displayed a wide range of FoG sub-Ua x| Uw pbél 6 OwssUT Ui 1 OPOT 772
xOEEIl ZzZwWEOEW?EODOI UPE?2 Aw bl DPET OwsEtesE&OOw OEa w x U«
sensitivity and specificity in comparison to a cohort of participants all with similar

FoG sub-types.

In Phase 3, it was shown that the double-tap detection function derived in Phase 1
of the study could achieve a specificity of 100% and a sensitvity of 96%. Our choice
UOw EOOI PT UUT w UT T wEEEI Ol UOOI U Hapzddtectignt ( 21 #' Aw |

function based on the characteristics extracted from a database of doubletap

O

signals acquired from PwP, aimed to increase the specificity and sensitivity of the

detection function.

Although the specificity of the double -tap detection function was only assessed on
PwP during their home -based walking task (Phase 3 of the study), the specificity
was also assessed on healthy controls (Phase 2 of the study). The ovall results
OEUI UYT EwUUTTT U0wUT ECOWEOQOWEEET O1 UOOI Ul Uz Uwi OEIT E
can potentially be used as a viable method to reliably detect the double-tap gesture

of PwP during a FoG episode.

The final results from Phase 3 show that performing a double-tap gesture did not

significantly aggravate FoG episode durations for most participants. However, for

two participants, performing a double -tap gesture significantly increased the
xEUUPEDXxEOUZUWEUUEUDOOWOI wnd Lwh adaubléxapl Ud w( OEDEE(
gesture may represent a duaktask that requires a significant cognitive load to

execute. However, the limited amount of training and the relative unfamiliarity of

the participants in performing the required double -tap gesture (before

participating in this study) may be attributed to an increased cognitive load. As

the PwP becomes more learned to the action of a doubletap gesture, the cognitive
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load requirements may decrease as the action becomes more natural and

instinctive.

Interestingly , Selfactivated cueing resulted in less FoG episodes occurring for
some participants in comparison to Clinician -activated cueing, although the mean
number of FOG episodes occurring was not statistically different between Self-
activated cueing and Clinician-activated cueing. These findings further
demonstrate that a double-tap gesture performed during a FOG episode does not

significantly aggravate FoG episodes.
6.4.4Limitations

In the current study, a small cohort of 19 PwP was used to infer a double-tap
detection function, yet the double -tap detection functio n achieved a specificity of
100% and a sensitivity of 96%.However, it is important to acknowledge that the
sensitivity was evaluated on a small cohort (10 participants). As the symptoms of
PD, such as dexterity impairment and motor deficits like bradykinesia
(characterized by slowness and decreasedamplitude of movement) [43], are
experienced by PwP to different degrees, our database of double-tap signals may
be of insufficient size to infer the double -tap characteristics that are representative
for all PwP. This may, in part, account for the nine non-detected double-tap
gestures, which resulted in a sensitivity value of 96%. In addition, no participants
within the study displayed freezing of the upper limb (FOUL). Although FOUL is
not correlated to FoG [44], it is possible that during a FoG event, PwP with FOUL

may be unable to perform a doubl e-tap gesture.

As would be expected in a new area of research, there remains a large number of
directions for fu ture work on this topic . Predominantly , there remains a need fora
more thorough validation of Selfactivated cueing systems as work to date has

involved low participant numbers.
6.5Conclusion s

PwP can effectively perform a double -tap gesture in responseto the occurrence of
a FoG episode with an average latency of 1.42 + 1.17 seconds and a sensitivity of

76.87% + 13.58%. A doubldap gesture performed during a FoG episode can be
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recognition function with a specificity and sensitivity of 100% and 96%,

respectively. For some PwP, a doubletap gesture performed during a FoG episode

does not significantly aggravate FoG episode duration or frequency. These three

key findings collectively suggest the possible feasibility of Seltactivated cueing as

a method of On-Demand cueing, which can be easily implemented and focus on

empowering PwPs to better self-manage their FoG episodes
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Effect of On -Demand Sensory
Electrical Stimulation Cueing
on the Duration of Freezing of
Gait Episodes in Parkins O Oz U w
Disease



In Chapter 6, it was reported that a doubdg gesture may provide an effective actuation
method for triggering OfDemand cueing in PwPHowever, the efficacy Gin-Demand

SES cueing@s a therapy for ameliorating FOG has not h@esentedin this chapter, we

will present a preliminary assessment of the efficacy of-acilited OrRDemand sES
cueingwith the samgarticipants that completed Phase 3 of the study presented in Chapter
6. Using the €S cueing syem (iteration Ill, as presented in Chapter 4), and with the
support of the PhD candidate data collection was completed by the University Hospital
Limerick using a jointly developed experimental protocol and subsequent data amadysis
completed by the PhD candidaténe asessment will focus on assessing the effect of On
Demand sES cueing on the duration of FOG episodes that occur in the homes of PwP. In
concluding the chapter, the efficacy of the therapy is discussed to highlight the pathway for

further research into these of selactivated SES cueing in PD.

7.1 Introduction

In our previous work [ 1], we evaluated the use ofa double-tap gesture interaction
to facilitate self-activated On-Demand cueing. While the investigation provided
evidence for an effective actuation method for triggering the onset of sensory
electrical stimulation (SES) cueing, its efficacy as a therapy for ameliorating FoG
was not presented. Therefore in the work presented in this chapter , we investigate
the effect of self-activated On-Demand sES cuéng on FoG and identify whether
the presented cueing strategy reduces the duration of on-state FOG episodes

experienced by people with Parkinson's (PwP).

7.2 Methods
7.2.1 Participants

The study was performed, with 10 idiopathic / EUODOU OOz ) EPUI EUI
participants, 9 males and 1 females, mean ag&’0.6 + 7.4ears (range 62 85), 1 with
a H&Y score of 2, 8 with a H&Y score of 2, and 1 with a H&Y score of 1, mean
disease duration 13.4 + 4.0years (range %19), and mean FOGQ scorel5 + 1.55

(range 12 16). Participants were recruited through University Hospital Limerick,

205



Ireland and were previously enrolled in Phase 3 of our double -tap study (see
Chapter 6). All participants were informed about the nature of the study and

provided written informed consent. The protocol was approved by the Limerick
Hospital Research Ethics Committee (ref: 053/18)All participants met the UK PD
Society Brain Bank Research Cente criteria for PD and experienced a history of
onstate FoG, which was rated a 2u(2-10 seconds)on item 4 (how long is your

longest freezing episode) on the Freezing of Gait Questionnaire (FOGQ). One
participants (P5) ambulated with a cane. All participants had a Mini -Mental Status
Examination (MMSE) score > 24. Exclusion criteria were: Parkinson's Plus
Syndrome or non-Parkinson's diagnosis, major psychiatric disorders, severe co
morbidity, mild cognitive impairment (dementia), use of opioid or neuropathic

pain medication or use a pacemaker or deep brain stimulator.
7.2.2 OnDemand sS Cueing

As illustrated in Figure 7.1, On-Demand sES cueing was facilitated using the

cueStim stimulator (presented in Chapters 4 and 6).

A B
r/ FoG Episode _ /f cueStim Device
|
Double-tap Gesture | \W N
| ]
Channel 1
sES Burst Electrodes

Channel 1 ""
/v

Figure 7.1. On-Demand cueing delivery technique. (A) lllustrates the execution of a
double-tap gesture in response to the self-detection of a FOG episode and the subsequent
delivery of an sES burst on Channel 1; (B) lllustration of a participant wearing the cueStim
device located in a waist-worn belt hol ster with Channel 1 electrodes connected to either
the right or left anatomical sites of quadriceps muscle.

4xO0wUT 1T wUUPOUOE Wéuble-thpugésturd, iforbiphagiceEs burdsw
were delivered using a pair of 5 cm x 10 cmskin surface electrodes (PALS
Axelgaard, California, USA). Each burst of stimulation comprised 0.1s ramp-
up/ramp -down time and 0.5s ON-time and Os OFFtime. Stimulation amplitude

was adjusted for each participant to achieve a maximum sensory response while
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not producing a motor or pain response. The cueStim stimulator was secured to
thepatUUDPEDxEOUZUwWPEDPUUwW@OIl I OwOUwUDT T Owl Dx OwEOU
the dominant hand) using a belt hol ster and the electrodes were placed over the

quadriceps muscle on the side of PD onset.

7.2.3 FoG Assessment

The 7?Duration of FoG Episodes OE E UU U D O1) »was gagstssed, as the
participants performed, within their home, a self -identified, short, uninterrupted
walking -task (one-minute duration) which normally elicited FoG episodes for the
participant. The walking -task was performed while the Pw P was in the on-state,
as reported by their attending PD nurse specialist. The common features in each
of the walking tasks performed by each participant were: (i) performing a turn
during walking, (ii) walking through a doorway, (iii) walking across a roo m and
(iv) walking in a hallway. During data collection, participants repeated the

walking task under two test conditions.

1 Control condition: Wearing electrical stimulator but it is inactive.

1 Intervention condition: Wearing electrical stimulator and iti s active.

The cueing conditions were randomly assigned to participants using block
randomi sation and each participant performed each test condition three times.
Before the intervention condition, participants were instructed by the PD nurse
specialist to perform a double -tap gesture on the cueStim stimulator when they
experienced the onset of a FOG episode. A demonstration was carried out by the
PD nurse specialist to assist the participant in understanding th is procedure.
During walking tasks with the Con trol condition, participants were instructed not

to perform a double -tap gesture during the walking task.

Evaluation of DFO was performed by an expert rater (PD Nurse Specialist),

through post-hoc video analysis. In line with previous works, FoG was ident ified
EUOwpPAwxUUI OAawEOPOI UPEwi OUOW pOOwOOUPOOwW O
ssUUI OEOT wbOwxOEEIl zzwi OUOwWpPOEEPOPUA WOl wlT 1 w
Ewi Ul gUl CEawoi wl wlOwKw' A AWECEWpPDDAwWssUT Ui
cadence and a decrease in step length) [2, 3]When a FoG episode was identified

by the rater, the start of that FOG episode was taken as the last point when the
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participant was in the foot -flat stage of the gait cycle, preFoG episode. The end of
that FOG episode was taken as the point when the participant was in the heel-off
stage of the gait cycle for the first successful step, postFoG episode The rater was
blinded (visually and audio) during video analysis as (i) all the videos were edited
to remove audio, and (ii) a researcher randomized the order of the videos for the

different conditions.
7.2.4Data Analysis

Differences between control and intervention conditions were tested using the
Wilcoxon signed-rank test with a Bonferroni correction applied to adjust for
multiple comparisons (i.e., two test conditions). Statistical significance was defined
asp < (0.05/2) = 0.025. Statistical calculations were performed with SPSS Version 25
(IBM Corporation, New York, USA).

If participants did not perform a doub le-tap gesture in response to a FoG episode
during the intervention condition, the FOG episode was analysed as if it occurred
in the control condition. Furthermore, if a double -tap gesture was performed in
response to the occurrence of a FoG episode and th gesture was not detectedby

the cueStim stimulator, then the FoG episodes was excluded from the analysis.

Due to the latency time associated with performing a double -tap gesture (1.42 +
1.17s as reported in Chapter 6), FOG episodes with a duration of less than 2
seconds were excluded from the analysis. This procedure also ensured that the
intervention's efficacy was only assessed on moderate to troublesome FoG
episodes (i.e., at least a 2 on item 4 of the FOGQ Participants that did not
experience at least one FoG episode during the control condition were also

excluded from the analysis.
7.3 Results

A total of 126 FoG episodes were identified across all test conditions. All
participants except P5 experienced at least one FoG episode during the control
condition. Eighteen FoG episode occurred during the intervention condition in

which the participants did not perform a double -tap gesture in response to their

occurrence and three double-tap gestures were not recognized by the cueStim
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stimulator. During the analysis, 65 FoG eisodes were analysed in the control

condition and 61 FoG episodesin the intervention condition .

Figure 7.2A shows the changes in the mean DFO for each test conditionCompared
to the control condition, the intervention condition was associated with a non-
significant increase in the mean DFO (control: 4.02 + 2.31sintervention : 4.54 +
2.35, p=0.326.
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Figure 7.2. (A) Mean DFO during each test condition. (B) Participant mean DFO during
each test condition.

Figure 7.2B shows the contol and intervention conditions for each participant,

based on their mean DFO.

While four participants (P1, P3, P4 and P7) indicated a reduction in DFO during
the intervention conditions, the reduction was small and non -significant. One
participant (P10) indicated a large increase in their DFO during the intervention

conditions (control: 4.96 £+ 5.0%; intervention: 8.28 + 3.77, p = 0.161) However, as
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discussed in Chapter 6, for P10, performing a double -tap gesture significantly
aggravated the DFO. Similarly, performing a double -tap gesture was also shown
to significantly aggravate the DFO for P2 Therefore, for these participants, the
reported increase in DFO is likely to be associated with performing the double -tap

gesture.
7.4 Conclusion

This study aimed to investigate for the first time if a self -activated On-Demand
cueing strategy could reduce DFO during the performance of a walking task in a
population of PwP known to freeze. Although some participants responded

positively, overall, there was no associated difference between the mean DFO

measures during control and intervention conditions (Figure 7.2A).

While speculative, we propose that the observed null results may be in part related
to concurrent actions of performing the walking task while also per forming a
double-tap gesture at the onset of FOG. Due to the relative unfamiliarity of the
participants in performing self -activated On-Demand cueing, this may represent a
possible dual-task that reduces the otherwise positive effect of the SES cueing

strategy.

Interestingly, we observed an increase in the frequency of FoG during the
intervention condition. While similar findings have been previously reported
during self-activated On-Demand cueing [4]. During the intervention condition,
the participants were required to perform a time -critical action (i.e., perform a
double-tap at the onset of the FoG episode) which may have triggered
performance anxiety for the participant, thus, increasing the likelihood of FoG
occurring during the intervention condition . However, during the control
condition, the walking task could be completed without any additional burden on

the participant .

However, as would be expected in a new research area, there remains a large

number of directions for future work on this topic. In particular, future

investigations should establish if the efficiency of self -activated On-Demand can

be improved following prolonged use of the self-activated cueing by users.

Although speculative, we propose that as the PwP becomes moreaccustomed to
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the action of performing a double-tap gesture in response to the onset of a FoG

episode, the action's cognitive load requirements may decrease asit potentially

becomes moreautomatic or instinctive. As such, this is an area that merits further

investigation .
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Tofurther build on the preliminanpositivefindings presented in Clpder 5, Chapter 8
describes eomprehensivstudy that directly compares the effectiess of the SES cueing
therapy proposeth Chapter 5to auditory and visual cueing therapies. In this chapter,
tests are conducted to investigate each cueing therapy's effect on the percentage of time
spent in OnState FoG (PTF) and theumber of FOG epides occurringllFO) during a
homebased walking task with PwRJsing the sES cueing system (iteration lll, as
presented in Chapter 4and with the support of the PhD candidate data collection was
completed by the University Hospital Limerick using a jbinleveloped experimental
protocol and subsequent data analysis was completed by the PhD carididatesults

are presented in detail, and evidemce the eficiency of eachcueing therap will be
demonstrated. The chapter concludes with a discussidheoresults. We expected that
this chapter Wl help to enhance the further development and optimization of an effective

SES cueing therapy for managing FoG in PD.

8.1 Introduction

Freezing of Gait (FoG) in the On-State is typically refractory to drug therapy and
is associated with increased risk of falls in Parkinson's disease (PD) [1,2]. Cueing
may ameliorate FOG, however, there is limited evidence available on what is the

most effective cueing modality for the mitigation of On -State FoG [3].

The aim of this study was to investigate the effectiveness of three recent cueing

strategies in ameliorating On-State FoG, within a homebasedenvironment.
8.2 Methods
8.2.1. Participants

A cross-over study was performed, with 12 idiopathic PD participants, 9 males
and 3 females, mean age 71.75 + 5.5fars (range 62 85), 9 with a H&Y score of 2
and 3 with a H&Y score of 3, mean disease duration 15.08 + 5.17 years (ranget5
27), and meanFOGQ score 17.25 + 2.86 (range 123). All subjects met the UK PD
Society Brain Bank Research Center criteria for PD. All experienced ahistory of
troublesome On-State FoG, which was rateda 3won item 3 (freezing when walking)

and a 2won item 2 (affecting daily activities and independence) on the Freezing of
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Gait Questionnaire (FOGQ). All participants received their optimal anti -
parkinsonian medications, and their routine dosage did not alter during the study.
No participants had previously used cueing devices prior to the study. Three
participants (P1, P4, and P11) ambulated with a ane. One participant (P2) used a
wheeled walker to ambulate. All participants had a Mini - Mental Status
Examination (MMSE) score > 24 to ensure competencen informed consent and
the ability to learn procedurally the use of the cueing interventions. Exclusion
criteria were: Parkinson's Plus Syndrome or non-Parkinson's diagnosis, major
psychiatric disorders, severe comorbidity, mild cognitive impairment (dementia),
people with Parkinson's (PwP) on opioid or neuropathic pain medication, PwP
with a pacemaker or deep brain stimulator, PwP with uncorrected visual

impairment, or inadequate hearing to perceive auditory cues.
8.2.2Cueing Therapies

Cueing was delivered using recently developed wearable auditory, visual, and
somatosensory technologies which had indicated some positive effects on FoG and
which could be adopted by PwP that ambulated with or without a cane/roller

walker [416]. As illustrated in Figure 8.1A, auditory cueing was delivered using a

smartphone-based metronome application via a wireless ear-piece. A series of
auditory beats were generated at a rhythm scaled to either 10% above or belovihe
participant's normal step -rate [7,8]. Participants were instructed to step in time to

the beat of the auditory cue.

As illustrated in Fig ure 8.1B, visual cueing was delivered using the PathFinder

system (Walk With Path Ltd, Denmark), which features two lasers, mounted on

the participant's shoes. During gait, each laser projects a laser line in front of the

ipsilateral foot during heel strike. The site of the projection of the laser line on the

ground was scaled to the participant's step-length and participants were instructed
UOw?2UU0I60wPYIOrEUEU? wlOT T wOEUT UwoODP Ol wbOwUT 1 wl YI OU
As illustrated in Fig ure 8.1C, somatosensory cueing was delivered using a custom-

built electrical stimulator (NUI Galway, Ireland), which delivered a series of

continuous electrical stimulation bursts using skin surface electrodes (PALS

Axelgaard, California, USA). Each burst of stimulation comprised 0.1s ramp-
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up/ramp -down time and 0.5s ON-time and Os OFFtime. Stimulation amplitude
was adjusted for each participant to achieve a maximum sensory response while
not producing a motor or pain response [6]. The electrodes were placed over the
quadriceps muscle on the side of PD mset. Participants were not instructed on

how to respond to the somatosensory cue.

A Wireless ear-piece Continuous series of auditory beats

o / \
Beat Beat Beat Beat Beat
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Figure 8.1 lllustration of a participant wearing eachcueing systemand the cueing strategy
delivered. (A) Auditory cueing system, (B) visual cueing system, and (C) somatosensory
cueing system.
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8.2.3F0G Assessment

EEUUUDOT 2 wp- %. Awbi Ul wEUUI U GéliHtlentiedskoE UUDED x EQU U

walking -task within in their home, which normally elicited FoG episodes. The
walking -task (one-minute duration) was performed while in the On -State, as
reported by their attending PD nurse specialist. The common features in each of
the walking tasks performed by each participant were: (i) performing a turn during
walking (ii) walking through a doorway (iii) walking across a room and  walking
in a corridor/hallway. During data collection, participants repeated the walking

task under seven test conditions.

B: Not wearing any cueing system.
A-A: Wearing the auditory c ueing device and it is active.

A-l: Wearing the auditory cueing device but it is inactive.

1

1

1

1 V-A: Wearing the visual cueing device and it is active.
1 Vil Wearing the visual cueing device but it is inactive.
1 SA: Wearing the somatosensory device and it is adive.
1

Stl: Wearing the somatosensory device but it is inactive.

The cueing conditions were randomly assigned to participants using block
randomization and each participant performed each test condition twice. To assess
for potential carry -over effects, within each block, the active intervention always
preceded the inactive intervention. The baseline condition was performed at the
start and end of the trial. To minimize hesitancy in using the cueing systems and
to familiarise the participants with the cue, each participant performed a practice
walk with each system. Data collection only began when the participant was
observed to be capable of correctly using the different cueing systems and the
participants confirmed verbally that they understood how to use them. NFO and
PTF were rated by three independent experts, through post-hoc video analysis of
each walking task. Rater One (PD Nurse Specialist) labeled all 12 videos, Rater
Two (physiotherapist) and Rate Three (physiotherapist) labeled six videos each.
The raters were blinded (visual and audio) during video analysis of the auditory
and somatosensory cueing devices. It was not possible to blind raters to visual

cueing, as the visual cueing device was visible to the raters in thevideos, as it is
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located on the user's shoes. Only FoG episodes that wersimultaneously identified

by two raters were included for analysis.
8.2.4 Statistical Analysis

Differences between conditions were tested using the Wilcoxon signed rank test
with a Bonferroni correction applied to adjust for multiple comparisons. Statistical

significance was defined as p < (0.05/7) = 0.0071.
8.3 Results

Figure 8.2A-B shows the changes in the mean PTF and NFO for each testondition.

In comparison to baseline (PTF: 17.38 + 12.01%; NF09.45 + 550) the active
auditory condition (A -A) was associated with asignificant lower PTF (7.02 £ 6.48%,
p = 0.005) and lower NFO(3.25 + 2.63, p = 0.003). There was no significant effect of
active visual condition (V -A) for either the PTF or the NFO. There was a significant
reduction in both the PTF (9.46 + 9.05%, p = 0.006) and thBIFO (4.92 £ 1.98, p =
0.005) for the active somatosensory condition (SA). There was a significant
reduction in the PTF (8.36 = 6.75%p = 0.002) and the NFO (5.92 + 2.71, p = 0.003)
for the inactive somatosensory condition (Stl). However, it is not possible to
distinguish a carry-over effect from the potential placebo effect of simply wearing
the somatosensory device. There was no significant differencebetween the active

auditory an d active somatosensory conditions (A-A and S-A) for PTF or NFO.

Figure 8.2CiD shows total positive respondents during auditory, visual and
somatosensory cueing, respectively, were 10(11), 7(7) and 1QL0), based on
improvements in the PTF(NFO).

Except for two participants (P7, P11), the response to the activeauditory and
somatosensory conditions were similar in terms of ameliorating FoG. However,
the response to the active visual condition was variable and was only helpful for 7
(P2t P4, PG P8, P12) out ofl12 participants. It has been demonstrated by Barthel et
al. [5] and Bunting- Perry et al. [9] that not all PwP with On -State FoG respond
positively to visual cueing. The fact that some participants will benefit more than

others from cueing remains an area for further research. Indeed, identifying
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potential subgroups of PwP who are more likely to benefit from different types of

cueing devices warrants investigation.
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Figure 8.2 (A) Mean PTF during each test condition. (B) Mean NFO during each test
condition. Data representsmean +/- SD, Significance from baseline* (p <0.0071).(C) Mean
reduction in the PTFduring eachcondition for responders and non-responders. (D) Mean
reduction in the NFO during active auditory, visual and somatosensory conditions for
responders and non-responders. Data represents mean, number in the bar show sample
size.

8.4 Discussion

PTF and NFO for

somatosensory cueing over baseline for noncognitively impaired PwP at the

The study shows significantly lower auditory and

early-mid stage of PD with troublesome On-State FoG.

Our conclusions are limited by the fact that the study population was composed
of 12 participants. However, participants recruited had troublesome On-State FoG
and, as such, were a smaller subset of OrState freezers, more likely to freeze
during baseline testing. As a result, all 12 participants displayed FoG during

baseline, enabling the cueingdevices to be assessed on all participants recruited.

While the current study demonstrated the positive effect of cuein g in terms of a

218



reduction in PTF and NFO during a short duration walking task, it remains to be

seen if this translates to a longerterm clinically meaningful change.
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In this penultimate chapter, an optimized SES cueing therapy is presented, which coalesces
the knowledge and experience gained from Chapters 7 and 8h&pter elaborates on the
working principles of multi-faceéed SES cueing therapy and its effects on the number of
FoG episodes occurriaod the percentage of time on Fa@ing the tasklUsing the €S

cueing sygm (iteration Ill, as presented in Qbtar 4),and with the support of the PhD
candidate data collection was completed by the University Hospital Limerick using a
jointly developed experimental protocol and subsequent data analysis was completed by the
PhD candidateThe results are presenteddetail, and evidence that theulti-facéed SES

cueing has the potential to be more effective than our previously proposed sES cueing
therapy will be demonstrated. In concluding the chaptereffectiveness of thaulti-

faceed SES cueing therapy isstussed to highlight the pathway for further research into

the use of SES for cueing applications in.PD

9.1Introduction

Sensory Electrical Stimulation (SES) cueing of the lower limb may provide a means
to ameliorate on-state Freezing of Gait (FoG) [1] Here, we report the results from
a multifaceted sES cueing strategy, which aims to compensate for the multiple
physiological abnormalities reported to be associated with FOG (internal rhythm

generation, cognitive/attentional mechanisms, and proprioceptiv e information

processes [24]).
9.2 Methods
9.2.1. Participants

A study was performed, with 10 non -cognitively impaired idiopathic Parkinson z
disease participants (8 males and 2 females, mean age 70.9 £ 6.89 years and disease
duration 14.6 * 2.8 years).All participants experienced a history of on-state FoG,
which was rated as at least 2 (Moderately) on item 2 (affecting daily activities and
independence) and at least a 3 (often, about once a day) on item 3 (freezing when
walking) on the Freezing of Gait Questionnaire (FOGQ) [5]. To screen for cognitive
impairment, all participants were required to have a Mini -Mental Status

Examination score >24 [6].
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9.2.2sESCueing Therapy

SES cueing was delivered using an electrical stimulator (NUI Galway, Ireland),
which provided sES cueing to the left and right thighs in an alternating rhythmic

manner scaled to the participantzs step rate. Initially, participant step -rate was
determined by measuring the time taken and the number of steps performed by
the participant over a straight 8 m pathway. The cueing rhythm was set to 10%
below the participant z measured steprate for participants with festination [7]. For

all other participants, the cueing rhythm was set to 10% above the participantz
measured steprate [8]. The sES amplitude was adjusted for each participant to
achieve maximum sensory response, while avoiding a motor or pain response [1].

Participants were instructed to step each leg in time to the rhythm of the SES cue.
9.2.3F0G Assessment

The ?Percentage of Time in FoG? (PTF) and the PNumber of FoG Episodes
Occurring? (MFO) were assessed, as the participants performed, within their
home, a seltidentified, short, uninterrupted walking -task (one-minute duration)
which normally elicited FoG episodes for the par ticipant. The PTF is reported as
the gold standard for FOG assessment [9]. Furthermore, it was recommended that
PTF should be utilised as a metric in conjunction with NFO for the clinical
assessment of FoG [10]. The walkingtask was performed while the PwP was in
the onstate, as reported by their attending PD nurse specialist. The common
features in each of the walking tasks performed by each participant were: (i)
performing a turn during walking, (ii) walking through a doorway, (iii) walking
across a roomand (iv) walking in a hallway. Participants repeated the walking -

task in the following chronological order.

9 Baseline condition: Not wearing electrical stimulator.

1 Control condition: Wearing electrical stimulator but it is inactive.

1 Intervention conditio n: Wearing electrical stimulator and it is active.
1

Residual condition: Not wearing electrical stimulator.

Evaluation of NFO and PTF was performed by two independent expert raters (PD

Nurse Specialist and Highly Specialized Physiotherapist Movement Disord ers),

through post-hoc video analysis. Before the video analysis, a researcher
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randomized the order of the videos for the different conditions. The experts were
only blinded to the baseline -residual and the control -intervention conditions due

to the SES cweing stimulator being visible in the videos.
9.2.4Data Analysis

Differences between baselinecontrol, baseline-intervention, baseline -residual and
control-intervention conditions were tested using the Friedman test and Wilcoxon

signed-rank test. A Holm -Bonferroni correction was applied and statistical

significance was defined as: Y w@0ae5 for the lowestp-value, Y w@0W67 for the
second lowest p-value, Y wdi0@b for the third lowest p-value, and Y wdi0& for the
fourth lowest p-value. Intraclass correlation coefficient (ICC) estimates and their
95% confident intervals were calculated based on a meanrating (k = 2),

consistency, and 2way random model.
9.3 Results

Agreement between raters was high, with ICC of 0.94 (95% CI 0.940.78) and 0.72
(95% CI -0.14 ¢+ 0.93) for PTF and NFO, respectively. Therefore, in line with
previous studies, the average scores of the two raters was used as the measure of
PTF and NFO. Figure 9.1A and B shows the changes in the mean PTF and NFO for
each test condition. Results fom Friedman tests showed a statistically significant
difference between one or more conditions for both the mean PTF X2(3) = 19.92p
= 0.001) and for the mean NFO £2(3) = 14.02p = 0.003). In comparison to baseline
(PTF: 28.74 + 14.94%; NFO: 5.15 #68), the control condition was associated with
similar PTF (27.75 + 14.95%p = 0.799 andY w0a) and NFO (6.2 + 3.47p = 0.478
and Y w@05) values. However, the intervention condition was associated with
lower PTF (6.86 + 4.48%p = 0.005 andY wai0d25) and NFO (2.25 + 1.34p = 0.007
and Y w @Q125), when compared to the baseline condition. In comparison to
baseline, the residual condition was associated with a lower PTF (9.99 + 8.23% =
0.009 andY w(ﬁOQE). However, the residual condition was not associated with a
lower NFO (3.10 + 2.08,p = 0.027 andY w@025). In comparison to control, the
intervention condition was associated with lower PTF ( p = 0.005 andY w@®0d67)
and NFO (p = 0.012 andY w(A0d67) values. Figire 9.1C and D shows the contral,

intervention, and residual conditions for each participant, based on reductions in

223



the PTF and NFO from baseline. During the intervention condition the PTF
reduced by 72.36 + 24.79% and NFO reduced by 52.64 + 30.64%.
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Figure 9.1. (A) Mean PTF during each test condition. (B) Mean NFO during each test
condition. Data represents mean+SD, significance from baseline *, significance from control
$. (C) Participant reductions in PTF. (D) Participant reductions in NFO.

9.4 Discussion

The presented multifaceted SES cueing strategy provided three mechanisms that
may have compensated for the disrupted physiological processes associated with
FoG:
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9 Delivery of a fixed rhythm SES cue scaled to each participantzs step rate
may have provided temporal information to com pensate for disrupted
internal rhythm generation.

1 Requiring the participants to pay attention to the cue (i.e. step to the
sensation of the cue) may have compensated for disrupted cognitive/
attentional mechanisms.

9 Possible artificial stimulation of the proprioceptive inputs may have
provided enhanced information on the positioning of both lower limbs, to

compensate for disrupted proprioception.

However, the authors acknowledge that whether or not these mechanisms explain
the effectiveness of the cueingstrategy is speculative and as such this is an area

that merits further investigation.

Overall, there was no associated difference between the mean outcome measures
during baseline and control conditions, Fig. 1A and B. However individual
difference between the baseline and control were observed, Fig. 1C and D. While
speculative, we propose that the observed difference may be related to a placebo
effect [11,12] and a shift from a norranxious to an anxious situation [13]. Results
also suggest that the bendits of the described cueing strategy are at least in part
retained for a short time after the cessation of cueing for some PwP. The actual
mechanism of residual effects of cueing remains an area of speculation and

warrants further investigation.

The study linked a lower PTF and NFO to the described sES cueing strategy for
non-cognitively impaired PwP with on-state FOG and compares favorably with our
previously reported SES cueing strategy, which resulted in a mean reduction in the
PTF of 55.34 + 25.29% ahNFO 48.23 + 24.19% [1]. Our conclusions are limited, as
the non-randomized sequencing of the conditions, with potential task learning
effects, may have impacted the results. However, to reduce possible learning
effects, each participant performed a selfidentified walking task, that was both
familiar to them and carried out within their own homes. Furthermore, our study
population was small, ten participants. However, and in line with our previously
reported study [1], participants recruited were a subset of on-state freezers, more

likely to freeze. As such, all participants displayed FoG during baseline, enabling
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the proposed sES cueing strategy to be assessed on all participants. In addition,
our subset of freezers, reported FoG that interfered moderately or severely with
daily activities and independence. Currently, a clear definition of “troublesome? w
FoG is lacking in the literature. Nevertheless, for some PwP, FoG can be
?troublesome? (@.9., FOG that interferes moderately or severely with mobility or
quality of life). In comparison to PwP with mild FoG [14], a reduction in
troublesome FoG could potentially have a more clinically meaningful effect on
those affected (e.g., increased walking and access to their community, with a

consequent positive impact on quality of life).
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Conclusions



10.1Conclusion

The work outlined in this thesis explored the design of an SES cueing system and
detailed a collection of clini cal studies that progressively investigated the efficacy

of SES cueing through the adoption of an evolving suite of cueing strategies.

Through an exploratory study on the comfort of skin surface ES of the upper and
lower leg of PwP (see Chapter 2) it has offered new knowledge around the
applicability and tolerability of SES for cueing applications in PD. This study has
offered insights into the suitability of different lower leg stimulation sites and the
ES voltage intensities associated with the EST, EMTEDT, and EPT of PwP. A very
positive finding from this study was the demonstration that SES is applicable and
tolerable for cueing applications in PwP, with the soleus and quadriceps identified
as particularly suitable stimulation sites for SES cueing. These findings provided
the gateway to the clinical studies presented in this thesis. It is worth noting that
throughout this PhD there has been no data presented which contradicts the

applicability and tolerability of SESin PwP.

Through areview of litera ture on current wearable cueing systems (see Chapter
3), the stateof-the-art in cueing system technology, cueing strategies and study
design, used to evaluate the efficacy of these systems, hshighlighted several gaps

in the literature. It was noted that there was limited evidence in the literature on
the efficacy of cueing for on-state FoG. Although not as prevalent asoff-state FoG,
this subset of FoG is typically refractory to drug therapy, and as such, there is a
pressing need to provide new treatment options for this subset of FoG.
Furthermore, it was noted that there was scope to enhance the experimental design
of the studies used to evaluate cueing systems, such as using two raters to assess
outcome measures. The literature review also provided know ledge around the
outcome measures used to assess the effectiveness of cueing systems, with the PTF
and NFO EI1 EOOPOT wi i i1 EUDYI OQawUl Tl wsi O6Gdw UUEOEE L
amelioration. This review also provided i nsights into the use of Continuous and
On-Demand cueing strategies, and highlighted the Ilimited evidence on
the efficacy of On-Demand cueing. In addition to identifying gaps in the literature,

the review provided us with invaluable insight s that influenced the design of (i)

the SES cueing system(ii) the cueing strategies, and (iii) our clinical studies.
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In developing the SES cueing system we focused on using a HCD design process
in which the design activities were split into four distinct phases(see Chapter 4)
(i) understand and specify the context of use, (ii) specify user requirements, (iii)
produce design solutions to meet user requirements, and (iv) evaluate the design
solutions against the requirements. While adopting this HCD design process, we
were able to iteratively develop the SES cueing system towards an ultimate design
solution, which is suitable for long-term use by the PwP in their living

environment.

The ability to iteratively develop the design solution was important, as both the
development of the cueing system and the clinical assessment of SES cueing
strategies were research activities conducted in parallel. Therefore, as our
understanding of cueing deepened and broadened by evaluating different cueing
strategies, so did our assessment of therequirements of the SES cueing sysem.
Overall the HCD design processthrough: use-case analysiswith clinicians and
PwP, usability inspection and user testing, enabled our ultimate design solution to

achieve satisfactory usability results with the intended PwP users.

An exploratory pilot study in Scotland provided evidence that a Continuous SES

cueing strategy, E1 OPYIl Ul EwbPOwE ws i b Gsing thausBS eudiigOPE w OEO DI L
system, could be an effective therapy option for on-state FOG (see Chapter 5).

Findings of this study indicated a 14% rediction in time to complete a walking

task and a 58% reduction in the NFO. However, it was recognised that a more

comprehensive evaluation of the presented SES cueing strategy using video

analysis would be desirable.

In addition to investigating Continuous SES cueing strategies, a Selactivated On-
demand sES cueing strategy was investigated as an adjunct research activity. This
was an opportunistic approach to investigate if an On-demand SES cueing

strategy, which empowers PwP, and could be an effective therapy option for FoG.

A detailed study on the assessment of a doubletap gesture interaction to facilitate
a self-activated On-Demand cueing strategy offered new knowledge of this
alternative activation mechanism for On-Demand cueing systems (see Chapter

6). This study has offered insights into (i) whether or not PwP could perform a
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double-tap gesture in response to the occurrence of a FoG episode, (i) if a
performed double-UE x wi 1 UOUUIT wEOUOEWET wUl OPEEOQawEl Ul EL
embedded gestural interaction recognition function, and (iii) whether or not a

double-tap gesture would aggravate FoG.

Very positive findings from this study were that On -Demand cueing could be
easily implemented without the need for complex technologies (i.e., FOG detection
algorithms) . Furthermore, a double-tap gesture interaction was feasible for a PwP
to perform. However, while such a cueing strategy could have potential , a level of
caution should be applied to self-activated cueing strategies. For some PwP, the
cognitive load required to execute a double-tap gesture may represent a duaktask

and as such, aggravate FoG.

A further exploratory pilot study in Ireland provided additional evidence on the
effect of a selfactivated On-Demand sES cueing strategy, achieved through a
double-tap gesture, in a population of PwP with on -state FoG (see Chapter 7)
Findings of this study report that the self -activated On-Demand SES cueing
strategy had no overall effect on the DFO. This was supported by comparing the
reported mean DFO for control (4.02 + 2.31 seconds) and intervention (4.54 + 2.35

seconds) conditions.

We attributed this poor performance to either (i) dual-tasking, associated with the
concurrent actions of performing a walking task while also performing a double -
tap gesture at the onset ofa FoG episode and/or (ii) anincrease inUT | wx EUUDPEDx EQU
performance anxiety levels, due to being required to perform a double -tap gesture
at the onset of a FOG episodeBoth dual-tasking and increased anxiety levels have

been reported as potential scenarios that aggravate FoG.

Following the poor performance of the presented self-activated On-Demand SES
cueing strategy (see Chapter 7) and the morepositive findings from the presented
Continuous sES cueing strategy(see Chapter 6) a more comprehensive study was
planned to further investigate if Continuous SES cueing strategy could be an
effective therapy option for on-state FoG. This study directly compared the
effectiveness of sES cueing to auditory and visual cueing. Ethical approval was

granted by UHL to video record the study (see Chapter 8) This was important and
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allowed us to adopt best practice evaluation methodologies (i.e., post-hoc video
analysis of PTF and NFO by multiple raters). The results showed significantly
lower PTF and NFO for auditory and sEScueing over baseline for PwP with
troublesome on-state FOG. Compared to baseline auditory cueing was associated
with a significant lower PTF (69 * 24% reduction) and NFO (64 + 23% reduction).
There was no significant effect of visual cueing for either the PTF or the NFO. There
was a significant reduction in both the PTF (55 + 286 reduction) and the NFO (48
+ 24% reduction) for sEScueing. At this point we recognised that the evaluated
auditory cueing device outperformed our present SES cueing strategy, which

provided us with the impetus to reassess our Continuous SES cueingstrategy.

The final study presented in this thesis, explored the potential of a multi -faceted
Continuous sES cueing strategy, delivered using the sES cueing swtem, to
ameliorate on-state FOG (see Chapter 9).The presented multi -faceted cueing
strategy was designed to provide three mechanisms that may compensate for the

disrupted physiological processes associated with FoG:

91 Delivery of a fixed rhythm SES cue scded to each participantz step rate to
compensate for disrupted internal rhythm generation.

1 Requiring the participants to pay attention to the cue to compensate for
disrupted cognitive/ attentional mechanisms.

9 Artificial stimulation of the proprioceptiv e inputs to compensate for

disrupted proprioception.

Findings of this study reported a 72 + 25% reduction in PTF and a 52 + 31%
reduction in the NFO. We acknowledge that whether or not the described
mechanisms explain the effectiveness of the multi -faceted cueing strategy is

speculative, and warrants further investigation.

Overall the results from this study indicated that a multi -faceted Continuous sES
cueing strategy could outperform our previously reported Continuous SES cueing

strategy and compare favourably with auditory cueing.

In Chapter 8, we have demonstrated a significant reduction in the PTF and the

NFO during the cueStim active test condition (wearing the cueStim device and it

is active). However, a limitation of this study was the absence of a further control
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condition (wearing the cueStim device and it is inactive), which would occur

before the cueStim active test condition. This would have enabled us to establish
if wearing the cueStim device with it inactive could affect PTF and the
NFO. Therefore, it is unclear if the positive effect observed during the cueStim

active test condition is linked to a placebo effect or a cueStim therapy affect.

Furthermore, due to this absence of such a control condition, two arguments could
be made that might explain the significant reduction in the PTF and the NFO
during the cueStim inactive test condition (i.e., wearing the cueStim device and it

is inactive), which occurred after the cueStim active test condition:

1 Due to simply wearing the cueStim device, participants may have
experienced an expectation of a clinical benefit (placebo effect) during the
cueStim inactive test condition.

1 The positive effect of the SES cueing given in the cueStim active test
condition persisted into the cueStim inactive test condition resulting in a

carry-over effect.

However, to distinguish if the significant reduction in the PTF and the NFO during

the cueStim inactive test condition can be linked to either a placebo or carry-over
(residual) effect, the multi -faceted sES cueing aidy presented in Chapter 9
included a cueStim inactive test condition, which occurred before and after the

cueStim active test condition.

In this study (see chapter 9), we demonstrated that a cueStim inactive test
condition, which occurred before the cueStim active test condition, was similar to
the baseline test condition (not wearing the cueStim device) and did not affect PTF
and NFO. However, in line with our previous findings in Chapter 8, a cueStim
inactive test condition, which occurred after the cue Stim active test condition,
significantly reduced the PTF. Thus, indicating an associated carry-over effect

from the cueStim active test condition.

The actual mechanism of this carry-over effect remains unclear. However, results
suggest that the benefits d the sES cueing are at least in part retained for a short
time (at least 94 = 33 seconds) after the cessation of cueing. Therefore, we

recommend that any future crossover studies involving sSES cueing have a
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sufficient washout period between cueing interve ntions to diminish the impact of

SES cueing's possible carryover effect.

The general overview of the clinical assessmens of SES cueing strategiegChapters
5, 7, 8 and 9)is given in the Appendix B, Table B.1. The table highlights the key
experimental conditions, and the key findings of all the SES cueing strategies

adopted within this thesis .

Of the three cueing strategies undertaken, the multi-faceted Continuous SES
cueing strategy could be viewed as the most successful for ameliorating F0G.The
performance of the strategy compares favourably with some commercially
available auditory and visual cueing devices, while at the same time addressing

safety and stigmatisation issues associated with these devices

Future work arising from this thesis work could involve a series of possible
activities.

1 Miniaturisation of cueStim should be investigated to enhance the usability
and human factors of the equipment. As the system is designed for use by
xI UUOOUwPPUT w/ EUODOUOOZUOwWXx EUUaB OEUWEUUIT OC
optimi sing usability for this patient group with the electrode attachment
methodology requiring particular attention.

1 Future investigations should establish if the efficiency of self -activated On-
Demand on FoG can be improved following prolonged use of the self-
activated cueing by users. Although speculative, we propose that as the
PwP becomes more accustomed to the action of performing a doubletap
gesture in response to the onset of a FOG episode, the action's cognitive
load requirements may decrease as it potentially becomes more automatic
or instinctive. As such, this is an area that merits further investigation.

1 Finally, it needsto be established if our findings translate to longer-term
effects on FoG, as our work to date has involved acute studies, which
evaluated the short-term effects of SES cueing In line with previous chronic

cueing studies, future studies should investigate sES cueing when used

throughout the waking hours over an extended period of weeks. During
234



the design of a chronic cueing study, researcherswould need to carefully
consider; (i) the outcome measure(s) used to assess the longerm effect of
cueing on FoG, (ii)) the minimum required change in the outcome
measure(s) that would be clinically meaningful, and (iii) the sample dze
required to confidently observe the anticipated effect of cueing within the

study.

For researchers embarking on similar research work requiring the development
and evaluation of new healthcare technologies, we recommend adopting the
iterative developme nt and evaluation approach used in this thesis work. Through
our iterative development and evaluation of SES cueing, we were able to
progressively test SES cueing strategies through several pilot acute studies that
enabled us to evolve our SES cueing soluton and evaluation methodology through
the lessons we learnt in each pilot study. This approach de-risks the possibility of
in a single large scale study, of testing a suboptimal technology configuration

and/or adopting sub -optimum evaluation methodologie s.

In conclusion, this PhD although challenging, has been a very rewarding journey.
In particular, the development of a technology from conception through to clinical

evaluation has been extremely satisfying.

At the beginning of this PhD, we set out to develop an sSES cueing systemto
ameliorate FoG in PwP. It is hoped that the work presented in thesis places sES
cueing on a path to being a viable option for PwP to manage FoG and paves the

way for further developments in this the field of research
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Appendix A

Physiological Principles of Sensory
Electrical Stimulation
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A.1 Introduction

The somatosensory system is distributed throughout the human body and is part
of the nervous system. It is responsible for informing about somatic sensations
arising from stimulation of sensory receptors embedded in the skin or the

subcutaneous layers [1] Information from the sensory receptorsis relayed to the
somatosensory cortex in the brain, through the somatosensory pathway. As
illustrated in Figure A.1, this pathway consists of three long afferent neurons (first -
order, second-order, and third -order), of which they are thousands, and which

allow us to interact with our environment [1].

Third-order ——»

Afferent Neuron
Somatosensory Cortex

«

I i| Spinal Cord

A

Second-order ——»
Afferent Neuron

First-order ——
Afferent Neuron

Sensory Receptors

Figure A. 1. Somatosensory pathway of the lower limb. First -order afferent neurons have
axons connected to sensory receptors and cell bodies in the spinal cord. Secondorder
afferent neurons travel up the spinal cord to the brain and act as relays. Third-order
afferent neurons have cell bodies in the thalamus (propriocepti on neurons have cell bodies
located in the cerebellum) and project to the somatosensory cortex

A.2 Afferent Neurons

Afferent neurons, also known as sensory neurons, are electrically excitable (i.e.,
they can be stimulated by an electrical signal) nerve ells that convey information
(i.e., nerve impulses) into the central nervous system (CNS) through the
somatosensory pathway. The main parts of an afferent neuron are: (i) the cell body
and (ii) the nerve fibre [1]. The cell body is the metabolic centre of the cell,
consisting of the nucleus and other organelles. The nerve fibber is a general term
for any neuronal extension that emerges from the cell body [1]. Afferent neurons

have two kinds of neuronal extension:
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9 Dendrites: are the connection regions where the neuron generates
information or receives information from other neurons (Figure A.2).

1 Axon: is a key component of the neuron, over which information is
transmitted to the terminal parts of the neuron called axon terminals
(Figure A.2).
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Figure A.2. lllustrations of a myelinated unipolar neuron. | maged from [1].

First-order afferent neurons are unipolar neurons, have dendrites and one axon
that are fused together to form a continuous extension that emerges from the cell
body [1]. The dendrites of most unipolar neurons function as sensory receptors.
These sensory receptorexhibit modality specificity and thus responds to only one

particular kind of stimulus and may be one of the following:

1 Free nerve endings: are bare dendrites. Free nerve endings sensive to
temperature are termed thermoreceptors, and free nerve endings sensitive
to pain are termed nociceptors. Thermoreceptors have receptive fields on
the skin surface while, nociceptors are found in every tissue of the body
except the brain [1].

1 Encapalated nerve endings: are dendrites enclosed in a connective tissue
capsule. Encapsulated nerve endings sensitive to mechanical stimuli (such
as the deformation, stretching, or bending of cells) are termed
mechanoreceptors. Mechanoreceptors found in the skn or subcutaneous
layer are sensitive to stimuli originating outside the body, such as touch,
pressure, and vibration [1]. The different types of mechanoreceptors are
illustrated in Figure A.3. Proprioceptors are encapsulated nerve endings
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located in muscles and tendons. They provide information about our body
position, muscle length, and tension. The different types of proprioceptors

are illustrated in Figure A.4.
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Figure A.3. Examples of sensory receptors that are dendrites of unipolar neurons. (a) A
mechanoreceptor that consists of a mass of dendrites enclosed by a capsule of connective
tissue. (b) A mechanoreceptor that consists of free nerve endings that make contact with
epithelial cells. (c) A mechanoreceptor composed of a multi-layered connective tissue
capsule that encloses a dendrite. (d) A nociceptor is a pain receptor that consists of free
nerve endings. Imaged from [1].

The axons of first-order afferent neurons vary in size and structure. Axons
surrounded by a multi -layered lipid and protein co vering, called the myelin
sheath, are said to be myelinated [1]. The sheath electrically insulates the axon of
a neuron and increases the speed of nerve impulse conduction. Axons without
such a covering are said to be unmyelinated. Axons have two basic fedures: the
existence of a resting membrane potential and the presence of voltagegated ion
channels. Like most other cells in the body, the plasma membrane of an axon

exhibits a resting membrane potential [1].
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Figure A.4. Two types of proprioceptors: a muscle spindle and a tendon organ. In muscle
spindles, which monitor changes in skeletal muscle length, sensory nerve endings wrap
around the central portion of intrafusal muscle fibres In tendon organs, which monitor the
force of muscle contraction, sensay nerve endings are activated by increasing tension on
a tendon. Imaged from [1].

The resting membrane potential exists because of a small buildup of negative ions
in the cytosol along the inside of the membrane and an equal build -up of positive

ions in the extracellular fluid along the outside surface of the membrane [1]. Such
a separation of positive and negative electrical charges is a form of potential
energy, which is measured in millivolts (mV). The greater the difference in charge

across the membrane, the larger the membrane potential (voltage). In neurons, the
resting membrane potential ranges from 40 to 90 mV. A typical value is 70 mV [1].
Voltage-gated ion channels permit the flow of electrical signals along the
membrane of the axon in response b changes in membrane potential and
participate in the generation and conduction of action potentials (described

shortly).

Afferent neuron axons can be classified into two major groups based on the

amount of myelination, their diameters, and their propagat ion speeds[1]:

A fibre are the largest diameter axons (| Yws OAWEOEwWEUI wdal OPOEUI

fibre conducts nerve impulses at speeds of 12130 m/s. The axons offferent
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