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ABSTRACT

Virtual reality-aided exerciséased training has shown promise for post
stroke upper limb motor recovery in the home. Robust studies are needed to
developevidencebased guidelines and facilitate uptake in clinical practice.
Thus, a thregphase mixed methods design was used to (l) identify if VR can
drive neural recovery(ll) incorporate endisers into the refinement of a
device and (Ill) provide a robusgdsibility study within the home to inform

a future clinical efficacy trial.

Phase | was a systematic review that demonstrated there is insuffitiest

data to identify neurophysiological changes correlated with or accompanying
a reduction in motor irgarment, in response to VR. The four included studies
reported a varying impact of VR on motor recovery and were of poor quality.
Thus, revealing the need for research to address the mechanisms by which
VR potentially drives motor recovery, and for morebust initial
investigations to guide the development of clinical trials.

Phase Il incorporated the views of ten stroke survivors, seven informal carers
and nine clinicians into the refinement of a virtual reality device.
Demonstrations of the Virtualrehaplatform and a small horregial
confirmed the need for a Ie@ost norRimmersive VR device that can deliver
personalised homkased therapy. The enders provided key
recommendations for the next iteration of the device; in order to facilitate
acceptabiliy, usability and uptake of such technology.

Phase Ill investigated the feasibility of delivering upper limb therapy via VR,
within the home of eleven stroke survivors. Thewigek intervention
demonstrated that this mode of delivery was feasible andtabbepo stroke
survivors; of note was the 87.5% therapy adherence. The results identified
practical challenges for delivering and investigating VR within the home;
particularly recommendations for collecting neural and behavioural
outcomes. Thus, providiresults to inform a future dosgtimisation study

and then a clinical efficacy trial.
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1 INTRODUCTION

1.1 INTRODUCTION TO THE THESIS

Strokes are a leading cause of disability worldwitiere are approximately

1.2 million survivors currently in the United Kingdom (UK) and around
100,000 incidences occurring annuallgtroke Association, 2018)The
survival rate is predicted to rise 120% by 2035, coupled with a 60% increase
in the incidence rate; potentially costing thational Health ServicgNHS)

£75 billion a yea(King et al, 2020) It is clear that stroke provides an ever

increasing strain on healthcare services.

An upper limb motor impairment affects approximately 70 to 80% of
survivors, with a poor rate for full functional recovery and challenges in
delivering the recommended eviderdmsed therapy(Tinham, 2008;
Bernhardtet al, 2017; Clarkeet al, 2018) The use of Virtual Reality (VR)

to deliver upper limb therapy within the home has shown promise in
overcoming challenges and reducing impairméraver et al, 2017)
Presently, there is a distinct lack of uptake in clinical practice and
recommendations cannot be made due to the poor methodological quality of
the evidencefurther work is also required to understand the mechanisms by
which VR might drive motor recoverfHugheset al, 2014; Langaret al,
2018; Chenet al, 2019; Levin, 2020)There is also a need to report
challenges faced when researching VR interventions within the -home
environmentto develop robust future clinical trigf§hreapleta, Drummond

and Standen, 2016)
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Hence this thesis presents three studies addressing the following research aim:

To investigate the delivery of exerciséased upper limb stroke

rehabilitation via virtual reality within the home

The thesis comprises oine chapters:

1 Chapter one is an introduction and overview of stroke, upper limb
motor impairments, challenges with rehabilitation, and the promise of
technologybased rehabilitation aids, specifically virtual reality
devices.

1 Chapter two provides thedhis research questions and aims.

1 Chapter three details the virtual reality equipment used in this thesis,
namely, the Virtuakhab platform.

1 Chapter four outlines the methodological underpinnings of the thesis,
detailing the multiphase mixed methods @@eh undertaken to
address the research aim.

1 Chapter five is a systematic review carried out to determine if there is
evidence that neurophysiological changes are correlated with, or
accompany, a reduction in motor impairment, in response to virtual
realty-aided exerciséased training.

1 Chapter six describes a user refinement study that focussed on
incorporating the views of endsers on using and refining the
Virtualrehab platform.

1 Chapter sevedetailsthe quantitative components of a feasibility stud
that delivered a I#eek exercisdbased intervention via the
Virtualrehab platform within the home environment.

1 Chapter eightletailsthe qualitative components of the feasibility study,
exploring stroke survivorsodéd experienc
Virtualrehab platform.

1 Chapter nine discusses the three studies in the context of the literature,
the strengths and limitations of ttieesis, future directions for research
and ends with concluding remarks.
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1.2 STROKE

This section explores the impact of strgkéoth on the individual and
society; in order to highlight the importance of identifying and implementing

effective rehabilitation strategies.

A stroke ensues when the blood supply to the brain is interrupted, leading to
cell death within minutes. Appxanately 85% of strokes are caused by an
ischaemic attack, where a blockage cuts off the blood suppé/remainder
occuss when a blood vessel bursts, leading to a haemorrhagic stroke, either
on the surface (subarachnoid) or within (intracerebral) than §Bowen,

James and Young, 2016; Khaku, Hegazy and Tadi, 2019)

Strokes are a leading causé death worldwide with more than 100,000
occurring annually, and on average, 38,000 deaths, in the United Kingdom
(UK). Fortunately, advances medicines are improving survival rates, with
around 1.2 million survivors in the U{Stroke Association, 2018Although

the survival rate is predicted to rise, 120% by 2035, the overall stroke
incidence rate is expected to increase by 60% over the same timé@fiame

et al, 2020)

Several factors are contributing to this growth in stroke incidences, including
the increasing population, and a surge in unhealthy sedentary lifestyles

(Tinham, 2008; Bowen, James and Young, 20E8y example, poor diets
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have left one in seven individuals with high blood pressure, ailootihg

factor in half of all strokes in the UNational Institute for Health and Care
Excellence, 2019)Several factors, both modifiable and unmodifiable, can
severely increase the risk of strolal of which are rising in an ageing
population Modifiable factors nder the individual's control, such as weight,
smoking and drug usecan potentially be mitigated through lifestyle
improvements. This cannot be said for unmodifiable factors which are beyond
the person's control, such as family medical histeexand ag( O6 Donne | |

et al, 2010)

It is clear that the number of strokes and subsequent survivors needing care
arerising and this is placing an increasing strain on society, particularly on
the UK's National Healthcare Services (NHS)tokes cost approximately

£26 billion each year, with around 60% covered by unpaid/informal carers.
Overall costs are predicted tamease to £75 billion by 2035, typically spread

across:

1 Healthcare, prevention and treatment;

1 Social care;

1 Unpaid/informal contributions from family and friends;

1 Productivity losses due to leaving or interrupting employment

(Patelet al, 2017; Kinget al, 2020)
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A potential means to lower the overall costs of strokes is through facilitating
the recovery of survivors with rehabilitation. Unfortunately, the
heterogeneous nature of strokes prowige challenge for prescribing
appropriate therapie¥he impact of the disease depends on the brain area
affected andthe extert of the damagé€wWard, 2017) Strokes are a leading
causeof disability inthe UK; two-thirds of survivors leave hospital impacted

in one of the common areas (i.e. motor, verbal, physical, cognitive) and often
with chronic fatigue which can limit their ability to carry out optimal doses
of therapy (Adamson, Beswick and Ebrahim, 2004; Bowen, James and

Young, 2016)

Stroke survivors identify upper limb weakness as one of tls ahallenging
impairments due to its impact on their quality of I{#&troke Association,
2018) The upper limb is used for many functional activities during the day
(i.e. eating, dressing). These tasks require sequences of complex movements
integrating appropriate muscular group activations ashsorimotor
coordination(Mirandaet al, 2018) Recovery of the upper limb is vital for
survivor®quality of life, independence and psychological vieding(Barker

and Brauer, 2005; Nicholsarsenet al, 2005; Morriset d., 2013) Upper

limb weakness affects approximately 70 to 80% of survivors, with a poor rate
of full functional recovery(Tinham, 2008; Bernhard#t al, 2017) Thus,
identifying effective treatments for upper limb motor impairments is a key
priority for researchassuggested by stroke survivors, carers and clinicians

(Pollock, St Georgeet al, 2014; Bowen, James and You2§16)
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It is challenging to provide appropriate treatment plans that account for the
complexities of upper limb motor impairmenthich are not static, often
changing as recovery procee(Bernhardtet al, 2017) Thus, targeted
therapies need to evolve and adapt, especially with simultaneous
presentation of impairments (i.e. an arm weakness may still be present after
spasticity occurs). Clinicians need to know which underlying impairment to
treat first and become adaptive when others are uncqveredevelop
(Raghavan, 2015)To provide appropriately targeted treatments, a clear
understanding of the underlying impairments and mechanisms involved in

recovery is require@Bernhardtet al, 2017)

1.3 UPPER LIMB MOTOR IMPAIRMENTS : UNDERLYING

MECHANISMS OF MOTOR RECOVERY

It is essential to understand the dynamics that drive motor recovery in order

to provide effective, tailored therafgoydetal, 2017) The ter m érecovery
can be understood in two ways the change of an outcome between two or

more timepoints, or the underlying mechanisms of improvement in terms of

behavioural restitutigror compensation strategies (explained in full below)

(Bernhardtet al, 2017) The following setton explores the functional

consequences of upper limb impairments and mechanisms of motor recovery

following a stroke, in order to understand the theoretical underpinnings of

upper limb motor rehabilitation.

Page20of 511



Upper limb impairmenttead toseveral functional consequences that impact

potential motor recoveryRaghavan, 2015)Stroke survivors commonly

experence weakness, paresis, chronic central pain and neuronal
hypersensitivity (deafferentation) in the affected aatt of which can

increase the use of the less paretic @raubet al, 1994) This often leads to
06recoveryd through wherebyphe swvevdrugey 6 st r at e
alternative approaches to successfully complete tasks than those carried out

before the stroke (for example, using their mouth and less affected hand to

open a packetjCorteset al, 2017) While compensation is a successful

strategy when the prognosis for neural recovery is poor, such movements are

often i nefficient, can cuasuesée opfaitnh ea nrdo rl ee
paretic arn{Cirstea and Levin, 20077 his carcarry on beyond the resolution

of the initial cause, which prevents functional improvements from being

translated to increased use in daily (lBambleet al, 2002) Stroke survivors

often develop such compensatory hyper reliancéheress paretic side or

other maladaptive behaviour strategi@sorder to carry out daily activities

despite their impairment@Roby-Brami et al, 2003; Kischka and Wade,

2004) Unfortunately, the efficient nature of motor compensations can

prevent the more paretic side from reco\
daily activities therebylimiting the final functional outcomérakeuchi and

Izumi, 2012)
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These Ocompensatory strategiesd have bee
limb, specifically reaching and grasping tadksvin, Kleim and Wolf, 2009)

For example, in a smadlample of stroke participants, the severity of muscle

weakness and impairment contribd to compensatory muscle recruitment

strategies to complete a reaching télglkcCrea, Eng and Hodgson, 2005)

Another study demonstied shoulder trunlexion and compensated elbow

extension when reachir{@irstea and Levin, 2000futther, stroke survivors

trying to grasp an object showed forearm pronation and wrist flexion, rather

than the neutral position and wrist extension seen in healthy participants
(Raghavaretal,2010) Thi s evidence showed that o6co
could lead to poor accuracy, and reinforce the abnormal movement, otherwise

known as Obneahl aavdi aoputri dv. e

Stroke rehabilitation must -uts&lbe ainmt o ac
Omal adaptive behaviourd to provide tailor
outcomeT hus, in rehabilitation, the aim is t
facilitate n(Remhaedktald201d)dNeurat restitutian nefiers

to the reestablishment of movement behaviours that were used before the
stroke through the restoration of neural compon@esnhardtet al, 2017)

This sacalled "tue recovery"” requires neuroplastic change, the alteration of
nerve structure and function in response to experience and system demands
(Pekna, Pekny and Nilsson, 20138tructural changes resulting in neural
repair are believed to result in a better recovery of movemamttianges in

neuronal networks whereby secondary areas become the main locus of
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movement (i.e. areas wdm usually only assist the primary brain area

responsible for a particular functiofBernhardtet al, 2017)

As restitution has the potential to lead to a better recovery, intervethans
exploit neural plasticity are considered to be the most effeChla et al,

2017) Neural plasticity is the process otagganising neural connectivity
from experience or practice. As we age the rate of plasticity decreases, bu
damage to the brain produces a heightened amount to facilitate spontaneous
biological recovery of the damaged functiofikwakkel, Kollen and
Lindeman, 2004) Spontaneous biological recovery refers to behavioural
improvements without treatment. This occdusing a window of heightened
recoveryin the early poststroke stage The duration varies across neural
systemsbut spontaneous motor recoveryfgen claimed taccurbetween
weeks and months fdhe upper limb(Nakayameet al, 1994; Bernhardet

al., 2017)

Thus, the goal of rehabilitation is to facilitate neural plasticity and aim for
restitution of motor function. Rehabilitation for the upper limb utilises
mechanisms of recovery and advocates for thetsire repetitive, intensive,
functional and goabrientated to drive neural reorganisatiMiard, 2017;

Bernhardt, Haywardet al, 2019)
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1.4 REHABILITATION FOR UPPER LIMB MOTOR IMPAIRMENTS

The underlying mechanisms of neural recovery are clear, and it is known that
high dosages of therapy support greater functional improveiend et al.,
2017) The exact dose and potenti al
unclear; however, evidendmsel guidelines for stroke rehabilitation have
been propose(Boyd et al., 2017; Lohse, Lang, & Boyd, 201%his section
detais these recommendations, the challenges in following themirand

providing optimal therapy for stroke survivors.

Evidencebased guidelines recommend at least 45 minutes, five days a week
of functional exerciséased rehabilitatio(Bowen, James and Young, 2016)

In order to drive long term neuroplastic changes, this goal must be met and
exceededWard, 2017) Physical training needs to be functional, repetitive,
long-lasting, challenging, intensive, salient and motivating to maeimi

sensorimotor recovery after brain lesigiéeim and Jones, 2008)

Unfortunately, there are significant challenges in delivering this level of
therapy in clinical practice. Time allocated for faodace therapist contact

is substantially lower in the UK than other European countriéBe Wit et

al., 2006) Although this report is over a decade old, recent studies have
shown that faceéo-face challenges are complex, still apparent and exterf
with carrying out the guidelind€larkeet al., 2018) Further, national audits

have raised concern over the low level of therapy being received by patients
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within the hospital and in the community, approximately half of the

recommended dogBowen, James and Young, 2016)

Numerous explanations have been proposed relating to why the
recommendations often cannot be carried(Glarkeet al, 2018) Two key

issues have been identified as a lack of resources for clinicians and challenges
in therapy adherenc&here is an apparent lack of resources available to carry
out evidencebased guidelinesand this affects the amount of therapy that can

be delivered within inpatient and outpatient rehabilitation settiSgake
clinicians and audits have reported coasits such as limited time, personnel

or resource¢Clarkeet al, 2018) Further, a lack of funding has impacted the
number of resources available for therapists to cope with overstrained
caseloadgJuckettet al, 2020) Stroke clinicians also argue that keeping
appraised of recent findings is challenging, and thaglack awareness of

the evidence. They often struggle to find an appropriate time to review new
research and transfer it from trial to clinical sett{bgnch, Chesworth and
Connell, 2018; Engt al, 2019) For example, understanding the potential of

a patientds recovery and t hextensivai | ori ng t
and challengingespecially with the ldcof agreement in the literature around
optimal approaches and biomarkers of stroke reco{ioyd et al, 2017)
Alongside the challenges clinicians face in delivering therapy guidelines,
there is a distinct lack of adherence by stroke survi(@iroke Association,

2018)
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Stroke survivors have identified key challenges to adherenceasughack

of support, feedback, confidence and boredom; with one in four experiencing
significant fatigue leaving subsequent travel to appointments as an arduous
task(Coetzeeet al, 2008; Jurkiewicz, Marzolini and Oh, 2011; Lerdahl,

2012; Simpsoret al, 2020) An inconsistent patieatentred approach to
rehabilitation is also suggested as affecting adherence; it is clear that recovery
is more effective when survivors have a voice in therapeutic degrsaiimg
(Rosewilliam, Roskellad Pandyan, 2011; Chen, Xiao and De Bellis, 2016;
Sadleret al, 2017; Satinket al,, 2018) Finally, the repetitive intensive nature

of functional exerciséased rehabilitation can reduce motivation and

increase the risk of the challenges mentioned@bo

Novel rehabilitation strategies are required to alleviate the strain felt by stroke

clinicians to produce efficient, effective therapy programmes with robust

evidence thataccost or t-hef ébepakagmatic barriers o
stroke therapy. In order to increase adherence to such therapy, stroke

survivors need to be involved in developithgir rehabilitation. Attempting

to address these challenges has driven reseawhrds investigating

technologybased interventions to augment therapy.
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1.5 DELIVERING REHABILITATION VIA TECHNOLOGY

This section explores t heehnaogymmmseadoéat egor
rehabilitation, with a focus on their strengths and limitations in addressing the

challenges of delivering upper limb stroke theraBgpid innovations in

technology have led to increased accessibility and availability. Thus, its

applicabiity in healthcare has increased, and there is a wide range of devices

on offer.Tablel provides an overview of these devices.
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Table 1: Overview of @mmon technologypased rehabilitation devices

Common Description Potential Benefits Potential Limitations
technology
based
rehabilitation
Robotic devices  { Custombuilt to aid movement. 9§ They can provide intensive 1 They can be difficult to deploy ir
(Zhangetal., {1 They generate a wide range of repetitive training, theoretically ~ the home environment as they
2011; Bertanet forces, for active flexion and facilitating neuroplasticity. require large spaces, and the
al., 2017) extension range of movement, § They can record accurate forces they generate in an
and motions for training. measures of dose and unsupervised environment has
1 They are known either as performance. potential safety concerns.
exoskeletons, which determine  Independent training requiring 1 They often require a certain
the kinematic cofiguration of less supervision can be used amount of technical proficiency.
the joints; or engbffectors, instead of manual facilitated 1 They can be exgnsive to
robotic arms that extort force o training given by the therapist, develop, deploy and maintain,
the distal part of the limb. which could save treatment estimated around $35,000 to
1 They are often used to augmer time. $75,000, often requiring
manual rehabilitation provided customsed builds.
by clinicians with automated 1 The motor function gains are
motor assistance. similar to conventional therapy
outcomes.
Games 1 Games can be used to deliver 9§ They can provide intensive 1 Commercial games may lack
(Chenet al, repetitive exerciséased repetitive training, theoretically sufficient guidance on
2019) rehabilitation. facilitating neuroplasticity. positioning and movements for
1 There are commercially available J They can enhance adherenc accurate therapeutic purposes.
systems and software packages through motivating and 9 Tailored games usually require

(e.g.theWii Sports (Nintendo,
Kyoto, Japah

engaging tasks when delivering
repetitive exercises.

adaptions from other
technologies (i.e. robotics) to

Page28of 511



Common
technology
based
rehabilitation

Description

Potential Benefits

Potential Limitations

1 There are also tailored gaming

software packages, that have be
developedspecifically for
rehabilitation purposes (usually

integratingmovemensensors or

They have shown to be
acceptable in the home,

particularly in order to overcom

transport difficulties.
Commercial gaming devices

accurately track and guide, whic
additionally incurs their
limitations. They also require
further technical training and
learning for adoption in practice

robotic devices for effective could provide affordable and 1 Commercial @mes can have
detection and tracking) accessible hombased hidden costs and liabilities, suct
rehabilitation. as insurance, privacy and
security.
Telerehabilitation 9 Telephone and video 9 Has the potential to reduce the 9§ They often require a certain
(Applebyet al, conferencing connect therapists  duration of hospitasation and amount of technical proficiency.
2019; Laveret with patients in the home, where  costs. 1 They are dependent on a stronc
al., 2020) they can observe movement wh¢ Can be beneficial for those with internet connection.
the patient executes tasks. transport difficultiesor who 1 Thereis the possibility ofless
depend on caregivefsr travel faceto-face, patienclinician
interactions.
9 Policies need to be in place

relating to costs, privacy, liability
and security.

Page29of 511



Common Description Potential Benefits Potential Limitations

technology

based

rehabilitation

Sensors 1 Theyare used toneasure The data collected can be 1 Validation of the accuracy of
(Chenet al, patientsd mover beneficial for remote such sensors is required in the
2019) feedback. monitoring. home environment.

They can include both motion ar
physiological sensors.

Tablets, mobile
apps
(Puglieseet al,
2018)

Mobiles and tablets are used to

provide commercially available
therapy programmes.

Commercially available and
relatively affordable.

Poststroke impairments may be
a barrier to use, such as motor «
visual difficulty.

Virtual reality
(Laveret al,
2017)

Provides a virtual environment
that replicates the physicabrld.
The devices can offer custasad
and commercially available
therapy programmes.

A controlled and safe
environment where redife

tasks can be carried out withou
the consequence from mistake:
in reaklworld situations (i.e.
using the kettle)

Often uses sensors and games
the devices incurring their
benefits.

The validation of clinical
outcomes, particularly for
commercial programmes not
designed for rehabilitation, is
needed.

The sensor feedback argued to
key to neural plasticity and motc
recovery which can potentially
be reduced with virtual
environmens.

If sensors and games are used,
then their limitationgouldbe
incurred.
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There are several promising technoldzpsed rehabilitation options, each
with potential benefits and limitations. Key challenges in delivering optimal
upper limb motor rehabilitation within NHS services include a lack of
resources, time and adheren@@arke et al, 2018) Thus, the optimal
techndogy approach must incorporate affordable, accurate, motivating,
challenging, accessible factors with the ability to tailor and securely monitor

patients remotelyChenet al, 2019)

Robotics can provide repetitive functional training with recorded dosages and
tailored progressionsiowevery the deveces currently on offer are expensive
and ofteninaccessible due to the space requirements in the .hdmere
affordable, accessible and easily deliverable approach is through the use of
commercial and tailored games. Unfortunately, the lack of guidance and
accurate monitoring is problematic; they atdten require other technology
devices (i.e. roboticsyvhich accrues additional limitation&Chen et al,

2019)

It is clear that telerehabilitation (providing clinictgatient contact virtually)
can offer efficient use of resources, such as clinician,timth remote
monitoring of patientChenet al, 2019) Aspects of this approach are
beneficial but rquire practicalities, such asnsisteninternet services which
limit the applicability in rural area@\pplebyet al, 2019; Laveet al, 2020)

Furthermorethe use of tablets, often associated with telerehabilitation, is
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useful but Imited for those with motor and visual difficulti®Buglieseet al,
2018) Overall, the reliability of measurements and cussation of these

approaches are problematichenetal., 2019)

The technology mentioned abovestie potential for stroke rehabilitation
However, Virtual Reality (VR) canincorporatethe advantageous features
from other technology approachdsys it is a promisingneanof delivering
repetitive intensive functional upper limb therapy. For example, VR devices
can combine games, sensors, remote monitoring abilities and potentially
provide affordable, accessible, accurate, motivating and challenging
rehabilitation(Laveret al, 2017) However VR also hadimitationsthat need
consideringand, all technology approaches havarriersto development and
implementation within the complex home environment (i.e. practical
challenges, technicalchallenges and social context considerations)
(Threapleton, Drummond and Standen, 2063 important toconside the
variations of VR devices antitically appraisehe evidencdor deliveling

therapy via virtual reality within the home.
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1.6 DELIVERING STROKE REHABILITATION VIA VIRTUAL

REALITY DEVICES

This section provides an overview of Virtual Reality (VR) fatog on

common terminology and devices used. The general public often

mi sunderstands the term o6virtual real ity
different devices with various hardware and software componénts.

commonly used definition in research is

Useof interactive simulations created with computer
hardware and software to present users with opportunities to
engage in environments that appear and feel similar to real

world objects and events

(Weiss and Katz, 2004, p. 7)

Virtual reality gaming systems use technology to generatelikiée

environments in which users can practice tasks and movements-tmeal

(Laveret al, 2017) Each virtual environment can provide users with visual

and auditory feedback to varying |l evels
how 6real 6 the user perceives an environrt
can be categoriseds either full, semi or neimmersive(Rose, Nam and

Chen, 2018)

Fully immersive systemgenerate virtual environments with surround sound,
auditory and haptic feedbaaksing visual display units (i.e. curved screens,

headmounted displays or bodysuitdRose, Nam and Chen, 2018)hese
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systems are credited with inducing
in the virtual world, but they require considerable space, cost and complex
maintenance need@allavicini, Pepe and Minissi, 2013 particular, there

have been initial reports of falling risks or nausea (i.e. cybersickness) induced
in users, a particular concern for stroke surviydfseech, Kenny and Barnett
Cowan, 2019)In contrastsemi or noAmmersive systems typically present

the virtual environment on a screen, and interaction occurs through movement
sensordSmith et al, 2012) These devices typically requismaller space,
lower costs and have reported fewer saffects; they are currently a popular

choice for rehabilitatiofSubramanian, Cross and Hirschhauser, 2020)

Virtual reality systems are also developed from either commercially available
devices (e.g. videogame equipment) or are custom built. Lohse and
colleagues (2014) systematically compared commercial versus custom virtual
reality equipment and found no significanffelience between the two, across
26 trials. It wasnoted that the commercially developed devices were
advantageous for potential implementation into stroke rehabilitation due to
the competitive pricing strategy in the gaming indugitighseet al, 2014)
Recently, researchers have reviewed the contynused types of platform:

out of 125 published studies, twirds used commercially available
platforms; commonly used systems included the Nintendo(Miitendo,
Kyoto, Japan) and Microsoft Xbox One (Microsoft, Washington, United

States). The majositof systems includedensors tdrack movemen(i.e.
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accelerometers or Kinect V2 cameras (Microsoft, Washington, United

States))Subramanian, Cross and Hirschhauser, 2020)

It is clear that virtual reality devices have the potential to address the
challenges in delivering optimal stroke therapy within the home environment.
However, it is important to consider the quality of evidence regarding the use

of VR for stroke thernay.

1.7 THE QUALITY OF EVIDENCE REGARDING THE USE OF
VIRTUAL REALITY REHABILITATION , TARGETING UPPER
LIMB MOTOR IMPAIRMENTS
For more than a decade, studies have reported initial reductions of upper limb
motor impairments, when delivering therapy via virtual redligveret al,
2017) This section provides a critique thie evidence underlying the use of

virtual reality for upper limb stroke rehabilitation within the home.

Virtual rehabilitaion is considered to facilitate treatment adherence and
promote high dosages of functional exerdissed movements when
compared with conventional or no therapy. This is a repeated message
reported in systematic reviews ranging from 2011 to 2019, patigul
throughout the Cochrane updates by Laver and colleafitiesderson,
KornerBitensky and Levin, 2007; Mumford and Wilson, 2009; Lasteal,

2011, 2015, 2017; Lohse, Lang and Boyd, 2014; Aranedkal, 2019;
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Valkenborghset al, 2019; Maiett al, 2019; Rohrbach, Chicklis and Levac,

2019; Subamaniaret al, 2019)

Unfortunately, recommendations cannot be made for clinical guidelines due
to the poor quality of evidence reportéidaver et al, 2017) There are
consistent methodological weakneseé the form ofsmall heterogeneous
samples, high riskf bias, variety of outcome measures, differing equipment

and protocols.

This prevalene of poorquality research is still evident when considering a
more recent systematic review. A 2019 review reported moderate effect sizes
on upper limb function (standardised mean difference with a ramedi@ots
model was used), compared to converdlotherapy, in chronic stroke
survivors (effect size = 0.43p O 0 . drfidence intervals 0.424to
0.537)(Lee, Park and Park, 2019 owever, the small number of studies (n

= 21) included a wide range of devices and training procedures, once more

limiting the applicability of the findings.

Promising publications came in 2020 from two systematic reviews with meta
analyses that rep@d strong methodologidgl soundevidence. They both
used the PEDro score, which was developed by the Physiotherapy Evidence

Database and is a valid measure of clinical trial quality (high, 6 to 10; fair, 4

Page360f 511



to 5; a n d (depMortan, 2@9) Bhg first review included 27
Randomised Controlled Trials (RCTs) with 1,094 participants, and a PEDro
score of 6.29 (high), in their findingMekbib et al, 2020) The other review
included 20 studies with 874 participants and found a PEDro score of 6.25
(high) (DominguezTéllez et al, 2020) The findings from each review
showed a significant impact on Upper Limb (UL) functional impairment,
during the subacute pba with 15 or more hours of therafiekbib et al,
2020)and significantly improved Upper Extremity Feidleyer Assessment
scores (FMAUE) (DominguezTéllez et al, 2020) It appearsthat these
reviews not only further support the initial promising findings of virtual
rehabiliation butsuggestthat the methodological quality has improved in

recent trials.

It is important to consider the limitations of the reviews themselves, in light
of the potential impact on the evidence base for virtual stroke rehabilitation.
The 2020 reews included studies with an intervention group (using virtual
reality therapy) and a control group (using conventional therapy), as the other
reviews have done. Unfortunately, of the 27 RCTs included in Mekbib and
colleagues analysis, six of the studiesmbined virtual reality with
conventional therapy in their intervention group. In addition, the included
studies did not match the therapy frequency, intensity oe Besveen
conditions.That is also a limitation of Domingu€ekéllez andcolleagues
metaanalysis they included virtual reality interventions combined with

various conventional thgpeesand occasionally robotic devices. Thus, it is
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not surprising that the results highlighted a significantly reduced motor
impairment when compig virtual reality interventions combined with

conventional therapy, often with higher dosages than the control groups.

There were also similanethodologicalimitations in theincluded studies

within the 2020 reviewsas those reported in the last dde. The reviews
reported a heterogenous stroke population, in terms of the impact site, time
since onsetsex and age. Current recommendations promote categorising
patients by their stroke recovery biomarkers; although challenging to carry
out, it can incease the robustness of evidence and our understanding of
potential treatment respon@@oydet al, 2017) It is also important to report
appropriate outcome measures and procedures; this has been a challenge
highlighted by all the reviews above. Often, the studies vary in terms of data
reported (ie. missing participant dreput information) and can use different

versions of the same outcome scale or measuring units.

To this Researcher 6s (,euvidwhiovestigatihg t h e
virtual stroke rehabilitation have no agreed categorisation system for the
devices and procedures included; for example, these can range in terms of
immersion, saliency and feedback. These aspects can crucially affect the
engagemerdnd motor learning undertaken in such intervent{@menet al,

2019; Subramanian, Cross and Hirschhauser, 2020)
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Overall, the effect of virtual reality on upper limb motor impairment is
promising, althoughthere is a lot oknown For example,t he Gact i
i ngredientsod of VR need further [
mechanisms, optimal doses and proced(ltaseret al, 2017) Thus,there

is a need for larger robust trials that investigate the effect of VR therapies and
identify changes in different groups of stroke survivors (i.etea¢ chronic).
Unfortunately, @veloping robust interventions is a complex process and
often fails to translate into clinical practic€Dobkin, 2009; Stroke
Association, 2018; Juckett al, 2020) It is clear that further investigation

into delivering upper limb motor rehabilitation via virtual reality is required.

Although robust investigations are important, they also need to identify the
underlying mechanisms involved in the changes seemtornmpairment,

in response to virtual rehabilitation. Several proposed components are thought
to work together, such as intensive, motivating therapy through exercise

games and stimulation of motor learning.

1.8 PROPOSED UNDERLYING MECHANISMS OF DELIVERING

UPPER LIMB REHABILITATION VIA VIRTUAL REALITY

This section explores the eviderfoe proposedunderlying mechanisms of
motor impairment reduction, in response to therapy delivered via virtual
reality devices.There has been some investigation of the underlying
mechanisms of change (i.e. cortical reorganisation) of virtual reality therapy

(Pollock, Farmeret al, 2014) However, the evidence base appears modest
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in terms of examining thenpact virtual reality has on the facilitation of
neuroplasticity. It is also difficult to investigate strokes due to the

heterogeneity of patients, lesion site and functional impairments.

Al t hough the area has O6émodesdawhasevi dence,
stated that ANeuroi maging findings are g
Re al (Laver ét al, 2017) Exploring the limited research in the area

revealed the underlying neural mechanisms had been investigated by

outcomes derived from methods such as Transcranial Magnetic Stimulation

(TMS) and Functional Magneticd2onance Imaging (fMRIPreliminary

findings from two studies indicated that neural activation was dominant in the
contralesional motor cortex before an intervention. At the outcome
measurement time point, the activation appeared to shift to the ipsdesio

motor cortex (Jang et al, 2005; You et al, 2005) This potentially

demonstrates cortical reorganisation in response to the VR intervention.

However, the VR devices, intervention and control procedures differed, with

small sample sizes and only one study included a measure of motor
impairmentJanget al, 2005) without which it is unclear if the neural change

is reflective of true recovery.

Additionally, another study found the combination of a robbtibrid virtual
reality intervention with conventional therapy, produced more post spinal

excitability, suggestive of peripheral nerve changes following this hybrid VR
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(Salehet al, 2017) This initial evidence appears to suggest that VR devices

could potentially facilitate changes in cortical and spieatitability,

demonstrating cortical reorganisation. However, this evidence is of minimal

quality and includes variable protocols, outcomes, devices and hetevagen
participantsFurther,is thatthe devices araccompanied bgnother therapy

aid (i.e. obotics), which ¢ a n interfere wi t h identi fy
mechanism® f VR. I n addition to this Researc
been no attempt to systematically synthesise the evidence of neural changes
accompanying reduction of motor impairment, reporting on the quality of

such research.

The use of theoretical underpinnings and small trials to guide the
development of such complex interventions is concerning; therapies must be
guided by robust, large trials that evidence the underlying neurapdryisial
mechanisms of chand®omeroy and Tallis, 2000}t should also be noted

that one of the drivers for engserg(i.e. stroke survivors, informal carers and
clinicians) accepting technology are devices accompanied by-duglity

evidencgDemers, Chan Chun Kong and Levin, 2019)

Further improvements in stroke rehabilitation are promisegbrioynoting
motor recovery; the goal is to limit compensatory behav(i@ayd et al,

2017) Therefore, despite the promising indications of motor impairment
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reduction in response to VR; in order to understand its applicability in stroke

rehabilitation, it must be clear if such therapy can dniseral recovery.

The difficulty in translating evidence into clinical recommendations is not a

new message in the area of virtual stroke rehabilitation; as evidenced by the

reviews mentioned above urging for stronger trial designs to be carried out,

tocnti nue the 6t r ans |Ralusteseadhfindigsaear ch pi p«
required to inform the successful delivery of rehabilitation into practice

(Walker et al, 2013; Lynch, Chesworth and Connell, 201&rowing

frustration with the lack of progress is prompting careful consideration of how

stroke recovery treatment trials are designed and conducted; a focus of the

third theme proposed for the second stroke recovery and rehabilitation

roundtablgBernhardt, Borschmanet al, 2019)

This section identified a clear need to understand the neurophysiological
changes underlym reduction of motor impairment in response to therapy
delivered via VR. In addition, investigations into virtual stroke rehabilitation
require robust initial trials to determine the optimal design and procedures of
larger RCTs. In order to design suchiaitial investigation, consideration
must be given to the endsers (i.e. stroke survivors, carers and clinicians)

views on engaging, developing and investigating such technology.
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1.9 HOME-BASED VIRTUAL REALITY FOR STROKE
REHABILITATION
Virtual Reality (as defined in section 1.6) has been shown as a promising
mode of delivering therapy within the home, with the potential to address
some of the main challenges in stroke rehabilitation. For example, travelling
to and from clinics adds bund@nd can be tiring for stroke survivors and their
families, with 45% of survivors reporting feelings of abandonment when they
leave the hospitg]Stroke Association, 2018Providing therapy via virtual
reality within the home environment has been indicated byuseds as
potentially alleviatiig such issues. It is important to consider their views in
order to facilitate the acceptance of such technology. This section details the
drivers reported by endsers to engage with virtual reality ho#nased
therapy. It also includes results from a wealt research investigating home

based virtual rehabilitation solution for stroke.

The delivery of upper limb rehabilitation via virtual reality within the home

has been proposed to increase adherence to high dosages of functional
exercisebased tasks. e potential challenging nature of technoldmsed
rehabilitation may address the o6boredomb
other ways of delivering theragi?alleseret al, 2018; Demers, Chan Chun

Kong and Levin, 2019; Warlanet al, 2019) The addition of challenging,

rewarding and modifiable features could increase the enjoyment of therapy,

facilitate adherence and enhance the potential for motor learning, thus, motor

recovery(Levin, Weiss and Keshner, 2015; Laetral, 2017) The systems
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also provide a safe environment which allows clinicians to maintain stimulus
control, delivery and measuremef&chultheis and Rizzo, 20Q1Yhese
potental benefits can help promote rehabilitation autonomy, an important
aspect for stroke survivors, and help the provision of repetitive intensive
functional tasks to drive neuroplastic changes required for upper limb motor
recovery(Brunneret al, 2016; Levin, 2020)Further, wtual reality could

offer a way to deliver therapy with the efficient use of resources and therapist
time (Turollaet al, 2013) For example, an increase in therapist contact time
is often seen as one of the main benefits of telerehabilitatidriechnology
based devices that offer clinician oversifltiureiroet al, 2011; VifiasDiz

and SobridePrieto, 2016; Chua and Kuah, 2017; Cleeal, 2019)

A recent systematic review investigating the types and crucial design features
of technologybased rehabilitation found it was vital to include external and
internal motivational aspects to fatdie adherencéChen et al, 2019)
External motivation features can include gamified exercises, adaptive
difficulty levels and tailoring the therapy plan to individual functional ability.
Internal motivation, meanwhile, can include providing feedback, tailoring
rehabilitation goals and ineasing the length and duration of sessions. These
potentially provide entertaining, fun experiences that adapt to the survivor as

they progress.
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The potential benefits of delivering stroke rehabilitation within the home are
clear. There is a wealth of esrch providing promising results of using
technologybased solutions within the home, for various stroke impairments
such as the upper lim(Bod&ianet al, 2017; Bernocchet al, 2018; Cramer

et al, 2019; Warlancatt al, 2019; Ghorbeét al, 2020; Qiuet al, 2020) The

type of virtual reality solution used varies from robotic glofigsrnocchiet

al., 2018) to the LEAP hand motion send@iu et al, 2020)and handgree
systems such as the Microsoft KingBai and Song2019; Ghorbekt al,
2020} all of which demonstrated promising feasible results in small pilot
trials (Burridgeet al, 2017; Warlancet al, 2019) The adherence within the
home has been particularly promising at 97.9% over four weeks of daily
upperlimb therapy(Dodakianet al, 2017) In addtion, other functional
impairments such as lower limb weaknesses have shown promise with virtual
therapy delivered within Howesetekh me f ol |l ow
2019) The promise of hombased virtual rehabilitation has also been shown
in larger trials. A randomized, assesbtinded, noninferiority clinical trial

of 124 adults following a stroke, teléabilitation showed comparable
efficacy to traditional irclinic rehabilitation for improving functio(Cramer

et al, 2019) However, the aforementioned studies did not provide a cost
analysis of carrying out therapy within the home. When comparing virtual
homebased rehabilitation with conviéonal outpatient rehabilitation the
costeffectiveness was comparalfleéhenet al, 2017; Allenet al, 2019)
Finally this promise is continuing to be investigated in published protocols

(Kilbride et al, 2018; Stephensagt al, 2020) It is clear that the use of virtual
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reality for homebased stroke rehabilitation is an area of strong research

interest with promising initial findings.

This section showed the potential of VR as an engaging, motivating method
of therapy delivery in the home; however, despite its prontisse is a
distinct lack of uptake of such devices in clinical pracfékgg and Levac,
2018; Levin, 202Q)The challenges of developing and researching R fo
stroke therapy needs to be considered in order to facilitate integration into

NHS stroke services

1.10 DEVELOPING AND INVESTIGATING VIRTUAL REALITY

DEVICES FOR UPPER LIMB MOTOR IMPAIRMENT
There is clear potential for delivering upper limb motor rehabditavia
virtual reality within the home. Firstly, it could be used to combat resource
constraints felt by the NHS and allow therapists to prescribe ‘ased
exercises with remote monitoring and updating capabilities. Secondly, the
engaging, motivatngah per sonal i sed environment <coul
adherence to their intensive repetitive programmes. Despite the promise and
everincreasing interest in research, there is a clear lack of uptake in clinical
practice(Glegg and Levac, 2018; Levin, 2020e following section details
key challenges that have been proposed when implementing VR research into
clinical practice. Firstly, the societglerception of age correlating with

technology ability is discussed, followed by the crucial need to include end
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users in the development of technoldzpsed rehabilitation devices. Finally,
insights into the challenges of conducting and reporting resdaatoh

delivering therapy via VR within the home environment is considered.

1.10.1 The societal perception of age as a barrier to technology

engagement
There is a societal perception that age is a barrier to engaging with technology
(Mitzner et al, 2017) This perception can affect stroke survivors and
i nfor mal carers interest in virtual reha
willingness to utilise technologypotentially explaining som of the
challenges with uptake. This conflict between societal views and older adults
opinions on technology is not a new challenge in technebeged

rehabilitation research.

Often the 6digital di vi de 6, aretathisks e who do
of being left behind, is cited as the main challenge for the uptake of older

adults with technologyMitzner et al, 2010) In 2018 over half of adult

internet norusers (never used or it had been more than three months) were

over the age of 75; however, gtihise UKOG6s of f
generational divide is narrowir{§erafino, 2019)This is important for stroke

research as the average age for survivorthe UK is 72 (men) and 78

(women)(Bowen, James and Young, 2016jith the rate of stroke in those

aged 45 and above expected to rise 59% in the next 20 (feagset al,
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2020) However, researchers and emskrs argue that if the technology
device is affordable, accessible and usable, then it can be accepteakeo str
survivors lives, regardless of age and previous experi@Balsamet al,
2013) One study, in particular, founithat age was notorrelated with the
frequency ofuse ofhomebased VR gaming interventiofStandenet al,
2015) while several studies reporting older adults found gamification of their
rehabilitation enjoyabléCasserly and Baer, 2014; Winghahal, 2015;
Threapletoret al, 2017) Thus, it is clear that thesability and acceptability

of technologybased rehabilitation devicese dependent on incorporating

endusers into thie development.

1.10.2 The importance of endusers in developing and researching
technology-based rehabilitation devices, following a usecentred

design approach.

Often rehabilitation devices within the home require patients and carers to
operate the system. It is crucial that -@rsgrs can engage in such systems
with appropriate support to ensure frustrating technical barriers are
overcomeg(Chenet al, 2019) For example, stroke survivors have reported
practical challenges such as technical reliability of the equipment, space it
requires and time to sep, akey barriers to acceptance; thus, it is important
to consider the individuals' lifestyle and that of other members of their
householdDonoso Browret al, 2015; Proffitt and Lange, 2015; Glegg and
Levac, 2017)In addition, clinicians' voices are required to understand the
key issues they consider when choosing and implementing therapeutic aids;
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for example, those that are tiraensumirgy, difficult, unreliable and costly

are unlikely to be used in practi¢€hreapleton, Drummond and Standen,
2016) Thus, any technology system proposed for rehabilitative purposes
must be deemed usable by the -@isdrs; within this thesis, usability is

defined as:
AThe extent t o wh seevice canbs ysedtbyespecifiepr oduct o

users to achieve specified goals with effectiveness, efficiency and

satisfaction in a specified cont ex

(Organizacion Internacional de Normatizactd80O, 2018)

The involvement of endsers in rehabilitation technology development is
known as the BerCentred Design approach (UC@ankowskeet al,, 2017)

The iteratve design process incorporates -@is@érs (i.e. patients, family
members and clinicians) into the design and testing of a sy(tmffitt et

al., 2019) The UCD framework depicted Figurel has been used with prior
virtual rehabilitation systems and aligns with guidelines that recommend
involving users early in the developmdéBgglestoneet al, 2009; Tsekleves

et al, 2016; Ivanoveet al, 2017; Lopeset al, 2018; Howeset al, 2019;

Warlandet al, 2019; Wentinket al, 2019; Fonget al, 2020)

The flexibility of the framework allowresearchers to incorporate users at the
most appropriate points in the system development. This involvement ranges
from individual or group discussions with service users, from development

until the implementation of the system. In particular, one prgensulted
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service users in scoping meetings during the early stages of development and
with an initial prototype of an active computer gaming system for strength
and balanceHowes et al, 2019) This allowed them to gather safety,
usability, acceptability information via group feedback and specific outcome
measures (i.e. the System Usability Sa@eooke, 1996) Other projects

have followed this initial iterative feedback of a prototype with extended
testing periods; for example, clinicians used an upper limb rehabilitation
robotic device for six weeks, followed by group discossi(Fonget al,

2020) The UCD approach is a common practice in developing virtual
rehabilitation systems. Additionally, future trials continue to incorporate this
approach in their desi gn(Stepleensbedal,i | i tate t}

2020)

In addition to understanding the usability of a system, it is equally important
to identify how eneusers would engage with the system in different
environments =d situations; to identify features that need further
development to facilitate future implementation. A perbased approach
(Yardleyet al, 2015)allows for such irdepth understanding to be gathered.

For example, the users view on the planned behaviour change the system aims
to elicit and if their view differs due to prior experiences; alongside the
barriers and facilitators of delivering rehataition in such a manner, in
various environments. These results can be used to plan interventions and the
further development work which is required. Thus, combining perssed

and UCD approaches are recommended when developing techihalegy
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healthcae interventiongYardley et al, 2015) to improve the acceptability
of interventions and the implementation of systems from theusad

perspective.

Figure 1: The User Centered Desigramework adapted from (Proffitt et
al., 2019)

Design Prototype

User
Centered
Design

User

Analysis Feedback

The UCD and persepentred approaches have been argued to be of equal
importance as efficacy information, for the acceptance of such interventions
into practice(Mountainet al, 2010) Thus, any investigatioof delivering
upper limb rehabilitation within the home via a virtual reality device must
incorporate the endsers. In addition to the promise such inclusion has on
facilitating the uptake of devices, hofhased research's practical challenges

need to b considered to provide robust implementable evidence.
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1.10.3 The practical challenges of research in using technology within

the home

One of the main challenges in implementing research findings into clinical
practice is the lack of consideration and reporting of challenges with
published homédased researcliThreapleton, Drummond and Standen,
2016) For example, research often provides insufficient detail on equipment
installation, seup, acceptability in the home environment and any key issues
encountered.Delivering interventions within the home environment, to
heterogeneous patients and those relatively inexperienced with technology, is
complex and challenging. The home environmeahnot be controlled,
monitored or recorded easily; there are aspects of the participaegssilich

as family and friends, that cannot be changed or anticipahess, there is a
unique set of challenges in researching VR within the home and translating
this evidence into meaningful changes for clinical practice. For example,
recruitment, equipment, training, adherence, monitoring, safety and carrying
out appropriate assessments are all challenging in the home environment.
Initial investigations must bearried out to identify and mitigate these
practical issues to improve the quality of future RCTs that will ultimately
inform the efficacy and effectiveness of VR for upper limb motor

rehabilitation.
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1.11 CONCLUSION

This introductionchapterhasestablished the ev@ncreasing demand stroke

has on healthcare services. meetthis demand, research has focused on
technologybased devices as a mode to deliver stroke rehabilitation that
promotes behavioural restitution. There is initial promise ingusirtual

reality devices for rehabilitation to reduce motor impairment. These devices
can offer an engaging, motivating environment that could facilitate therapy
adherence. Further, they have the potential to alleviate resource and time
restraints on sbke clinicians and allow them remote oversight of hdrased
therapy. Unfortunately, recommendations have not been made as the
evidence is of poor methodological quality, with varying protocols,
procedures and outcomes. In addition, there is a cleartoegdierstand the
potential neural mechanisms of change in response to a reduction of motor
impairment. Finally, despite the eviacreasing interest in research and the
wealth of VR devices on offer, there is a clear lack of uptake in clinical
practice.Thereforeyobust reporting is required with staged preliminary trials
and the inclusion of endsers at every possible point. These gaps higlelight

an opportunityfor this thesigo investigate the following research aim:

To investigate the delivery of egrcisebased upper limb stroke

rehabilitation via virtual reality within the home
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2 STATEMENT OF AIMS

Theintroductionchaptethasestablished the need:

To investigate the delivery of exerciséased upper limb stroke

rehabilitation via virtual reality wi thin the home

This research aim arose from the following gaps in the evidence base:

Despite the promising indications of motor impairment reduction in response
to Virtual Reality (VR), in order to understand its applicability in stroke

rehabilitation, it must be clear if such therapy can drive neural recovery. There
have been suggestions of 6modest o

synthesis.

Gap 1. There is a clear need to systeroally synthesisehe evidence of
neurophysiological changes which are correlated with, or accompany a
reduction in motor impairment, in response to virtual realitied exercise

basedraining

Even with the promise of initial motor impairment reductionsesponse to
therapy delivered vi&R, there are reported challenges and a lack of uptake
in clinical practice. For exampleesearchers have identifietufficienttime

to gain familiarity inadequate user instructionand a lack of user

evi

involvement in all stagesdfhe t echnol og(Peinainetdagvel opment

2013; van Ommereet al, 2018; Nguyert al., 2019) Thus,includingstroke
survivors, their informal carers, and clinicians in technology development

might enhance the likelihood that it will meet the requirements of intended
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users(HochstenbaciWaelen and Seelen, 201Ralsamet al, 2013; Naset

al., 2016; Glegg and Levac, 2017)

Gap 2: There is a need to include enders in the development of virtual

reality devices to improve their usability and acceptability.

Finally investigating the delivery of rehabilitation via VR is compleften
the practicalities and specific challenges «¢ ttome environment are not
reportedwhich has limited the applicability of evidence into clinical practice
(Threapleton, Drummond and Standen, 201%his complex set of
developmental considerations regsit@ staged approach starting with a

proofof-concept feasibility trial.

Gap 3 There is a need favestigate the feasibility of delivering therapy via
a virtual reality device in strolgurvivorshomes, to provide proobf-concept

for a dosefinding study and further clinical trial

In order to address the research gaps, three research questeiseen
devised that required a thrphased mixegnethod approach (described in

chapterfour).
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2.1 RESEARCH QUESTION 1

Is there evidence that neurophysiological changes are correlated with, or
accompany reduction in motor impairment, in response to virtual

reality -aided exercisebased training?
To answer the first research question, phasmed to:

Aim la: Determine the neurophysiological correlates of upper limb motor
impairment response to virtual reality aided exerbigsed training following

astroke

If insufficient evidence was found to answer research aijra lsubsidiary

aim wasdevised

Aim 1a.2: Determine if there is evidence that an improvement of motor

impairment occurs alongside change in neurophysiological measures

The first research question was investigated in phadehis thesis, via a

systematic review (chaptéve).
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2.2 RESEARCH QUESTION 2

What are the views of eneusers on using and refining virtual reality-

aided exercisebased training for stroke rehabilitation?
To answer the second research question, ghas@ed to:

Aim 2a: Explore the usability and acceptability of a virtual reality system (the

Virtualrehabplatform) for delivery of homdbased stroke rehabilitation

Aim 2b: Inform thedevelopmenbf future iterations of the device via user

feedback and experience.

The second research question was investigated in fhafdhis thesis, using
a qualitative studythat incorporaed the voice of endisers into the next

iteration of theVirtualrehalplatform (chaptesix).
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2.3 RESEARCH QUESTION 3

How feasible is virtual reality-aided exercisebased training as a mode to

deliver upper limb stroke rehabilitation within the home?

To answer the third research question, phhssmedto:

Aim 3a: Determine the feasibility of delivering exercisased upper limb

stroke rehabilitation within the home via tetualrehabplatform.

The specific research objectives were to:

1.

Establish the process for recruitment of stroke survivors to a
subsequent Randused Control Trial (RCT) when they have been
discharged from NHS specialist stroke services;

Explore adherence (number of more paretic upper limb repetitions) of
stroke survivors to the 'prescribed’ use of the Virtualrehab platform;
Assess the viabilityfdhe researcher adjusting the 'prescribed' training

programme over time;

. Evaluate the technical reliability of the Virtualrehab platform;

Test the viability of collecting neuromechanical and behavioural data
in the home;

To assess the viability of usingndomised length of baselines and
repeated measures during the intervention period to inform a

subsequent dosgptimisation study;

. Estimate changes in paretic upper limb functional ability and motor

impairment and neural measures;
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8. Ascertain the acceptaliyi of homebased taskrientated upper limb
training via noAmmersive virtual reality to stroke survivors in their

own homes;

9. Establish the acceptability of participation in the study.

The third research question was investigateth a convergentparallel
mixed-methodsfeasibility study consisting of a series of replicated sirgle
case studie®llowing an AB desigrand 1:1 interviewgchaptes seven and

eight).
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3 THE VIRTUAL REALITY EQUIPMENT:

VIRTUALREHAB PLATFORM

Phasdl andlll used arexercisebased virtual rehabilitation system caltbé
Virtualrehabplatform. The following chapterprovides an overview of the

devel oper (the industrial col Aleborator)
Imagesrelating to theVirtualrehabplatform were obtained from the industrial

collaborator (permission in appendy.

3.1 INDUSTRIAL COLLABORATOR

Evolv Rehabilitation TechnologiefEvolv, Basauri, Spainmanufactures
technologybased medical deviceghe company pafunded the PhD

studentship of the ResearcHauthor of the thesisprovided access to the

Virtualrehabp | at f or méds s o f tgeirgiteehnialnsdppoa fof er ed o n

phase Il and IlI

The Virtualrehabplatform was developed by an interdisciplinary team of
engineers and software designers before the start of the thesis work. The
platform was designed taliver tailored fultbody physical rehabilitation via
exercises and exercibased games (termed exergames) with additional
assessment options to track changes in Active Raifrlgetion (AROM) over

time. The platform has achievedCanformité EuropéeneCg) markingand

is proposed to offer therapy within the home environment, while also

allowing therapists remote monitoring and updating of their patients'
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rehabilitation plans. According to definitions from prior published research
(chapter 1, sectioh.6),t he pl atform would be- 1| abell ed

i mmer sived virtual reality device.

3.2 HARDWARE COMPONENTS

The Virtualrehabplatform hardwarevascomposed of three main pieces of

equipment

1 The Kinect V2sensor (Microsoft, Washington, Unit&dates);
1 The LEAP hand motion sensor (Ultraleap, San Francisco, United
States);

1 The computer and associated cables requiredn the software

The following section descriseeach component of the hardwaesmd an

example setip is shown irFigure?2.
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Figure 2: Example set up of théirtualrehabplatform hardware components

A. TV, displaying the VirtualRehab
platform software

B. Kinect V2 sensor (Microsoft,
Washington, United States)

C. Compatible laptop running the
VirtualRehab platform software

OVituakiehab

D. Arm rest (Evolv Rehabilitation Technologies,
Basauri, Spain)

E. LEAP hand motion sensor (Ultraleap, San
Francisco, United States, Spain)

3.2.1 The Kinect V2 sensor

The Kinect V2 Microsoft, Washington, United Sta)asses a camera sensor
to trackthree dimensional3D) objects in the realorld and translate them
to an onscreen avatsimultaneouslyFigure3). Thecameracontains a depth
sensor with an infrared projector that can be adjustetbtectnear (seated)

or far (standingjnovementsThe camera detects up to 25 skeletal joints per
individual as anatomical landmarks order to replicate movements (e.g. the
shoulders, spine)The Kinect V2 (Microsoft, Washington, United States)

manufacturing stopped in October 20Multiple devices were obtained by
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the University of East AnglidUEA) Movement and Exercise Laboratory

(MovExLab) for use in this thesis.

3.2.2 The LEAP hand motion sensor

The LEAP hand motion sensor (Ultraleap, San Francisco, United Staéss)

an infrared camera to tradikner motor movements of the hagiéigure 3).

The Virtualrehab platform offers hangpecific rehabilitation using this
sensorrThe individual sdé arm must be held al
challenging for those with upper limb paresis. Thus, the industrial
collaborator designed an armrest to support paretic armsréFidn). The
industrial collaborator provided one LEAP hand motion sensor (Ultraleap,
San Francisco, United States) and armiesisein thethesis Phase | of this
thesis found the harspecific rehabilitation component required further
development for t# sensor to detect paretic hands, common to stroke
survivors requiring such rehabilitation. Thoegtaininganyadditioral LEAP

hand motion sensorgUltraleap, San Francisco, United Stategs not

required as this part of th¥irtualrehabplatform was not used in phase lll.

Figure 3: The Kinect V2 and Leap hand motion sensor

» A. The Kinect V2 (Microsoft,
Washington, United States)

> B. The Leap hand motion sensor
(Ultraleap, San Francisco, United
States)
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3.2.3 Compatible computer with associated cables
The Kinect V2(Microsoft, Washington, United States) was not compatible
with computersvithoutanadditional adaptocable(Figure4). In addition, &

HDMI/VGA cable was required to connect the laptop to the TV screen.

Figure 4: The Kinect V2adaptorcables

e A The Kinect V2 sensor (Microsoft,
Washington, United States)

» B.Power cord

= C. Adaptor to connect with the PC
/ via a USB 3.0 port

The Virtualrehab platform software required specific computer hardware

components to run optimallgorrect for the 2017 version).

9 Processor:Intel Core i5 4460 for desktops or Intel Core i5 4200H for
laptops.

1 Graphics card: TheNvidia GeForce GT 740 for desktops or Nvidia
GeFore GT 840M for laptops.

1 RAM: 4GB or higher.

In addition, a USB 3.0 port was required to run the Kinect Séasor
(Microsoft, Washington, United Statex)ftware through the comput&hich
needed to run Windows Eight operating system (Microsoft, Washington
United States) or abov®neappropriatdaptop was obtained for phase | and
five more for phase Il (i.efive laptops used in participants home foe

intervention anadnefor the Researcher tnanage the therapy plgns
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3.3 SOFTWARE COMPONENTS

The Virtualrehabplatform offers tiree software modules create tailored

rehabilitation plansknown as Assessment, Exercise and Exergames. There

isalsoad t h e r a pwherecthte rehaobilitafion plans aneeated, monitored

and updatedThe platform renotely records adherence (numbemrepetitions

prescribed andrecorded. All terminology concerning theVirtualrehab

pl atformds software was naimeedercse¢y t he i ndu

module includes a shouldélexionbmovement).

3.3.1 The therapy ditor

The therapy editor was created to provide stroke cliniciatisa method of

creating, monitoring and adjusting tailored therapy plans. The number of
repetitions, targets for movement s, ti me
wasadjustable for each individuéfigure5 andFigure6). It should be noted

thatt he | evel s of 6di fficultyd were <creat
collaboratorThe t herapy editor also allows acc
captured by the devicavailable in an excel formatvhich reported the

number of movements and successful tasks caoigdwith a score given

(created by the industrial collaborator) and day/time the session was

completed. To update the planremote internet connectigrasrequired.
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Figure5 Exampl e of the 6therapy editordéd, a display shown to clinicians

EXERGAMES SESSION

Demo Body Exergames Session

P S

AVERAGE BY DATE

C May 2017 >
Su Mo Tu We Th Fr Sa

1i[2]3 & 5 ®
7 EE@ 9 10 11 12 13
14 15 16 17 18 19 20
21 22 23 24 25 26 27
28 29 30 31

s:) Shadow Match

Bullseyes and Barriers

(7) 1 mins 37 secs ‘ 81 ’

€ Targets: 18/21

Balloon Reach ‘;", Shoulder Smack

@ 0 mins 26 secs 100

> Targets: 8/8

@ 0 mins 20 secs ‘ 97 )

) Targets: 20/20

June 2017
Su Mo Tu We Th Fr Sa

i 2 3

4 5 6 f 8 9 10

1 12 13 14 15 16 17

C 18 19 20 _21 22 .23 24
25 26 27 28 29 30

July 2017
Su Mo Tu We Th Fr Sa £

‘. Water pump

9 10 31T 12 13 4 18
16 17 18 19 20 21 22
23 24 25 26 27 28 29
30 31

@ 0 mins 27 secs
) Targets: 20/20
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Figure 4 legend

A. The exergames prescribed to a patient are shown all together, with
summary performance statistics. It should be noted that all prescribed
exercises are shown in a similar display but on a separate option in the

software.

B. The summaryperformance statisis can be displayed hiylatéd (as in the

example, the days with completed sessions are highlighted in blue, the

clinician can select the day and display the results of the patients performance

i in the example the'8May, 2017 is selected and the resoltshat session

shown) or by O6averaged (where the average

completed days are shown)

C. Each prescribed exergame shows a summary performance statistic, the full
data can be shown by selecting the individuargame (explained further in
figure 5). The time spent carrying out the targets (repetitions) is given in
minutes and seconds followed by the number of targets (repetitions) correctly
completed by the patient, finally the accuracy achieved for eachkttarg
(repetition) is shown as a percentage to the right of the time and completed

targets (repetitions).
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Figure 6: Example ot h e

0t herapy

editor 6,

t he

di spl ay

s h csessiont o c | i

ni

Ci

ans

Bullseyes and Barriers
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Figure 6 legend

A. A summary of the exercise or exergame is shown at the top of the screen:

1 Duration: Once the clinician has planned the number of targets
(repetitions) and time allowed for each target, the longest time the
exercise/exergame will run for is shown.

1 Order: The targets (repetitions) are assigned to appear either randomly
or in theorder the clinician chose (i.e. left arm, then right arm, then
right leg).

1 Speed: The clinician can choose how fast the next target (repetition)
appears following the completion of the previous one, allowing a rest
period for the client.

1 Position: The indiidual can complete the exercise/exergame standing
or seated.

1 Targets (repetitions): the total number of targets (repetitions) selected
for the exercise/exergame.

1 Seconds per target (repetition): the time chosen by the clinician for

each targefrepetition) to be completed within.

B. The results from previous sessions can be displayed as demonstrated or

downloaded in an excel form.

C. A summary of the results from the selected session displayed with the date
and time it was completed. The hit pentage describes the percentage of

correction repetitions carried out. The duration details the total time spent
carrying out the movements and points refers to the participants score from

the session (note. These scores were created by the induslalabcator).

D. The calendar displays the days participants completed the sessions,
highlighted in blue.

E. The repetition targets could be selected and results from the prior session
displayed. The grey boxes display the possible positions and those
highlighted in blue indicate the ones selected, the results depict the percentage

of completed repetitions.
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3.3.2 The Assessment Module

The Assessment module was designed to provide stroke clinicians with
information on patientéctive Range OMotion (AROM) (0 to 170 degrees

for theupper limb) dongside a specific option for detecting hand movements
with the LEAPhandmotion sensofUltraleap, San Francisco, United States).
The industrial collaborator adapted the movemeilfitem traditional
physiotherapy exercises (i.e. shoulder abducti®hg Acquirel Brain Injury
Alliance research team (ABIRAjhat theResearcher was part gijovided
feedback from physiotherapistson the movements, to the industrial
collaborator. Throughout phase Il the Baxcher collated information for the
industrial collaborator; challenges were identified (i.e. the programmed range
of movement that the sensors wodkterminesaaé cor r ect movement 0
not allow for the variation typical of stroke survivors). For exngbnormal
trunk movement would not be recognised by the platf@nd thus, such

users could not carry out the therapy plans

However, he adjustments to this module were not completed in time for

phase lljt hus, t he 6éassess méenmtdiionnpbadeull e was no
also demonstrated that the LEAP hand motion sen@dlitraleap, San

Francisco, United States) required more adjustmendetiect paretic hand

movements successfullyhus the handpecific assessment, exercise and

exergames taskgere not used in phase lll.
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3.3.3 The ExerciseModule

The Virtualrehab exercise moduleincluded tasks based on traditional

physiotherapy exercises fwovide motor function trainingthe below list

examples othe exercise tasks offered.

Shoulder abductign
Shoulder flexion

Elbow extension and flexion
Leaning forward

Sit to stand

Knee bends

Shoulder Extensign
Reaching forward in sitting

Bilateral shoulder external rotatipn

=4 =/ 4 4 A4 A4 -5 A -4 -

Hip abductor strengthening

3.3.4 The Exergamesmodule

The term exergame is a portmanteau, |

and 6gamed6 used for games t hat
module includd gaming activities that contain functionatesgthening and
range of motion exercis€an example of the graphics is showrFigure7).
Throughout the thesithe exergame module was updatée, followinglists

examplef the exergames used for fblbdy therapy.
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Knock out: A boxing game scenaribatengagedoth upper limbs
Rowing: Mimicking a rowing action to movehe virtual boat down

the river

Weightlifting: Bilateral upper limb movements to virtually lift a
weight bar into various positions

Sit to stand: Moving from a seated position to standing.

Sit step reach:In addition to standingne leg is used to step forward,
while one arm reaches out to a virtual target.

Balloon reach: Virtual balloonswereplaced at varying distances on
either side of the participaistavatar. The goabasto reach ouin
front/or to the side to touch each virtual balloon.

Reach with shoulders:The user must intercept the balloons which
appear ofscreen using their shoulders.

Water pump: A virtual sinking boat required water to be pumped
outd thisrequiral contralateral arm movements.

Bullseyes and barriers:A virtual layout sent a randomised pattern of
either a bullseye (e.g. a target for the hand to virtually touch) and
barriers (e.g. a virtual step whicequired the knee to lift to clear).
Fitinto afigure: The user ensudghe avatar shape (aligned with their
body) matches theariousshape shown otihe screen.

Push it: Participants were asked to push virtual targets away from
their body in a smdb movement.

In the Kitchen: A virtual kitchen layout required participants to
identify the target item (i.e. apple) on a shelf and then place it on the
virtual countertop

Mirror: A virtual mirror reflected the participants' avatar, items
appeared relat to typical dressing activities (i.e. glasses, gloves) and
the participant needed to place the item on the appropriate highlighted
part of the body of the avatar.

Plug the holes in a boatThe user onlgawthe position of their hands

- they have to cover the holes that appear in the boat.
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Figure 7:Example of theVirtualrehabplatform exergame graphics

A. Balloon reach

F. Knock out G. Push it
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3.4 SET-UP REQUIREMENTS WITHIN THE HOME

The industrial collaboratgorovided a manuabetailing the specific setp
requirementsgdapted from recommendations used whth Kinect V2 sensor
(Microsoft, Washington, United Statgshhis was to ensure the optimal use
of the Virtualrehab platform in the home environmenthe following
summarises information given by tiedustrial collaboratorit should be
noted that these requirements were adapted for each indivasluabme
environment the equipment was-sgtin, during the studieseported in this

thesis

The sensor requik a certain height to optimally capture the anatomical
landmarks, to ensure this was reached in each home envirqrauéptwas

obtained to attach theensoto the TV Eigure8).

Figure 8: Kinect V2 setup requiredor the home environment

|:D I 80-120 cm

The user requigkapproximatelysix foot of space, with adequate room for

their full range of movement to safely use the platfdrgyre9).
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Figure 9: The optimal distance for sep

Other environmental factothat needed to be considered, included:

9 Limiting other light sources

(i.e. sunlight, mirrors and floors with shine);
1 Ensuing thatall the anatomical landmark&erein the sensors field

of view (i.e. no animals or children, no furnituie aside from

suppotive equipment).

For appropriate satp within the home environment, a tape measure was
required to ascertain the distance from the device to where the participant
would be standingr sitting Overall, @rticipants needed to be at lease
metretall, ensure thewore appropriate clothes (i.e. avoid baggy shiny

clothes), ensure their feaeretouching the floor.

3.5 |TERATIVE DEVELOPMENT

Phasdl andlll of the work reported in this thesis wenedertaken in patb
provide enduser and Researchégedback to thendustrial collaboratgra

research diary was usedrexordchallenges throughout the thesis period.

which could interfere with the sensors
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4 METHODOLOGICAL FRAMEWORK

A rigorous methodological approach is essential for replicable, robust and
implementable evideng®Valkeret al, 2017) The following chapter justifies
the multiphase mixedethodology framework that was used to address the

overarching research aim:

To investigate the delivery of exerciséased upper limb stroke

rehabilitation via virtual reality within the home

To appropriately explore the aim, three phases of work were deskgedy(

10).

Figure 10: The phases of work addressing the overarching thesis aim

Phase I. Research question 1

Is there evidence that neurophysiological changes
are correlated with, or accompany reduction in
motor impairment, in response to virtual reality-

aided exercise-based training?

training as a mode to deliver upper limb stroke

Phase I11. Research question 3
\ How feasible is virtual reality-aided exercise-based
rchabilitation within the home?
Phase II. Research question 2 /

What are the views of end-users on using and
refining  virtual reality-aided exercise-based

training for stroke rehabilitation?
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4.1 METHODOLOGICAL UNDERPINNINGS TO THE THESIS

The research reported in this thesis falls under the scope of a complex

intervention as it involves heterogeneous stroke population, midteted

healthcare system and tailored rehabilitation technology. Thus, the
methodological underpinnings are first guided by the Medical Research
Council 6s ( MRC) Framewor kigured) tiCompl ex 1| n
i mportant t o not e t hat t he progressi
O0i mpl ementati ondé r ephasad appreaqi@raigetyast e mat i ¢ m

2008)

Figure 11: The MRC Framework for Complex Interventions, from development to
implementation (Craig et al., 280p. 8), with a note of where the thesis work falls

in this framework.

’ .,x°‘.\k Feasibility/piloting
(g\\é\% 1. Testing procedures
\/ 2. Estimating recruitment/retention \
3. Determining sample size
Development Evaluation
1. Identifying the evidence base 1. Assessing effectiveness
2. Identifying/developing theory 2. Understanding change process
3. Modelling process and outcomes 3. Assessing cost-effectiveness

Implementation
\ 1. Dissemination /
2. Surveillance and monitoring

3. Long term follow-up
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The thesis focused on refining a potential virtual rehabilitation tool and

investigath g 1 t s use within the community, r
Oi mpl ementingdé an intervention. Theref ol
0devel opment & and oO0feasibilityd stages o

Interventions (as indicated Figurell). Researching complex interventions

for stroke rehabilitation is known to be challenging. Stroke is a heterogeneous
disease, with recovery highly dependent on the brain regions involved in the
infarct (Regenhardet al, 2020) Interventions require a targeted, individual
approach built from a robust understanding of the numerous mechanisms
involved (i.e. biomarkers of motor recovery, time after strqBeyd et al,

2017) Hence, translating stroke research into meaningfuplemented
clinical practice is a complicated pess, and often unsuccessflobkin,

2009; Stroke Association, 2018; Juckedtal, 2020)

It can be challenging to bridge the gap between feasibility/pilot studies to
large, robust trials and finally, clinical rehabilitation guidelines and practice.
In order to facilitate the process of designing succesdfnical trials
recommendations haveeen developed for conducting higher quality initial
investigations (i.e. pilot, feasibility studied)obkin, 2009) Thus, the thesis
development was also informed by stage one (considefaftiooncept trials)

and stage two (developmeunit-concept trials), taken from the progressive
staging of pilot studies to improve phabeeetrials for motor interventions
(Dobkin, 2009) The above framework guidedslthesis in order to progress

the evidencepathway appropriately.
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4.2 A MIXED METHODS RESEARCH APPROACH

Healthcare research is inherently complex and must account for the nuances
of realworld investigations (i.e. uncontrollable human factors; outside
therapeutic influences; diverseness of the study popula{Bradshaw,
Atkinson and Doody, 2017; Greenhalgh and Papoutsi, 2018; Jetkatt

2020) Furthermore, delivering stroke rehabilitation via technology includes
many additional factors (i.e. challenges with technology and intricacies of

homebased therapy).

In order to account for the complex factors involved, a mixethods

approach was deemed appropriate. The design offers a more comprehensive
interpretation of the phenomena, than eitpaalitative or quantitative alone

(Tashakkori and Creswell, 2007Mhe combination of such methodologies is

often seen to be O6compl ementaryéo, overco

both processereswell,2014; Hafsa, 2020)

The qualitative methodology offers an inductive process to explore the lived
experiences of individuals undertaking or working with stroke rehabilitation.
However, despite the idepth wealth of information gained, the small
samplessizes limit the generalisability of interpretation. Furthermore, the
diverse nature of the stroke population is difficult to account for, and thus
small samples can limit the effectiveness of interventions inwedd

clinical settinggVanderKaayet al, 2018)
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On the other hand, quantitative methodologies utilise large representative
samples to investigate phenomena empiricalhleseE methods are essential

in understanding the underlying mechanisms of change that interventions can
produce, allowing for a targeted therapy that can facilitate behavioural
restitution. However, acceptability and clinical uptake of interventions cannot
be fully explored without the experiences of those invol¢&driq and

Woodman, 2013)

The integration of both quaditive and quantitative findings is key to
provi di ng -deptld\iew bfialstheifactors witimn a phenomenon
(Hafsa, 2020)It is also important to include persaentred rehabilitation

and cedevelopment, as these are known to be at the centre of facilitating the
uptake of stroke therapfBowen, James and Young, 2016; Kulmk al,

2019) There are numerous potential benefits of collaborating with the end
user in research, including insights into how therapy delivery could be
optimised as well as improving retention, recruitment to research and
adherence to therapid&err et al, 2018; Wentink et al, 2019; Kubler,

Nijboer and Kleih, 2020)

Thus, it is necessary to utilise a mixethodology research approach in
order to produce robust evidence that has the potential to improve stroke
rehabilitation, with both empirical findingsd the lived experiences of those

involved (Bowen, James and Young, 2016)
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The mixedmethodology research approach used in this thesis is defined as:

Collecting, analysing, and mixing both quantitative and
qualtative data in a single study or a series of studies.

(Creswell and Clark, 2007, p. 2)

The philosophical assumptions of a mixeéthods approach are founded in
pragmatism(Cherryholmes, 1992; Shaw, Connelly and Zecevic, 2010;

Creswell, 2014)defined as:

Aparad gm t hat debunks concept
0realityd and focuses instea
regarding the research question under investigation.

(Tashakkori and Teddlie, 2003, p. 713)

o w
(@]
5
(@)
=
5

A pragmatism approach offerssearchers flexibility in terms of the methods,

techniques and procedures utilised in combination, to provide a
comprehensive view of the research question. It allows for a holistic
understanding of the research problem; particularly in light of the

compexities of healthcare resear@@reswell, 2014)

A mixed-method approach is required to provide robust evidence and
facilitate the uptake of stroke rehabilitation technologies; a ffadated
approach long advocated for in resediChaiget al, 2008; Creswell, 2014)
It is also vital to include the voice of those who would benefit from such
research. This approach is recommended at all stages and ramtabtated

by the MR@ Bramework forComplexinterventiongCraiget al, 2008)
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4.2.1 Identification of the mixed-methods research approach

Identifying which mixedmethod research approach to use is a complex,
flexible process, that differs depending on several factors subbrasearch
aims, population investigated, and procedures involved. Thesioecof
which approach to use iniffithesis was guided by the key principles put forth
by Creswell and colleagues. There are four key principles and decisions to
consider when choosing an appropriate migegthods desig(Creswell and
PlaneClark, 2011) The full process used to decide the mixeethods

approach adopted in this thesis is outlinedable?2.
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Table 2: Key principles considered in identifying the appropriate mixed methodology for the thesis

Principle Description of principle Relevance for thesis work

A mixed methods  Fixed: QUAL and QUAN methods are The overarching framework of the thesis followed a

research design car predeterminedbeforethe study conduction. fixed approach, incorporating both QUAL and QUAN

be fixed and/or Emergent QUAL or QUAN methods are within the planning of the phases. However, during tl
emergent added during the study to overcome challen¢ conduction of each study (phase of the thesis) aspec
with the original methods used. anemergent approachwas required to overcome any

Both: Both fixed and emergent designs can t challenges in the planned methodologies.

used to aid complex intervention developmel

Identifying an Typology-based approach Choosing a A typology-based approachwvas chosen to answer th

approach to the mixed-method classification based upon an overarching thesiaim (chaptetwo). This was used as

mixed methods existingdesignanddapt i ng it a guide for developing the overarching thesis resear

research design purpose and research questions. design and its componenigereadated to the researc
Dynamic-based approach Choosing purpose.

components from different mixed method
designs that fit the

research questions.
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Principle Description of principle Relevance for thesis work

Level of interaction Independent The QUAN and QUAL Within the three work phases for this tisethe
between the components are kept separate throughout th components ardependentand were mixed at the
components study research guestions, data collection anc¢ point of interpretation, including the overall discussic
(QUAN and QUAL) analysis. The only point at which mixing addressing the overarching research aim.

occurs is the overall interpretation at the end

the study.

Interactive: The QUAN and QUAL

components are used to build upon each oth

throughout thestudy research questions, data

collection and analysis.

The priority of the  Equal priority : Both QUAN and QUAL Overall, the components hagqual priority within

components components have equal priority in answering this thesis in order to achieve the overarching aim.

(QUAN and QUAL) the research aim. Phase | of the thesis only incorporates QUAN
Quantitative priority : The QUAN components (chaptéour). Whereas Phase the

components takes overall priority within the QUAL components is the priority as dictated by the
research study. research question (chaptx). Finally, in phase Il
Qualitative priority : The QUAL components both components have equal priority as is approprial

take overall priority within the research study for the research objectives (chamewenandeighy).
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Principle Description of principle Relevance for thesis work

The timing of the ~ Concurrent: QUAN and QUALare used The most appropriate timing to addressdklerarching
components parallel and independently. thesisaim is amultiphase combination timing.
Sequential One method precedes the other,
influencing the other.
Multiphase combination timing: A series of
QUAN and QUAL phases are used to answe
an overall research aim, the exact combinati

of which is dependent on the research quest

NB. QUAN, quantitativeQUAL, qualitative
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After considering the key principles, the mixeathods approach was both

a fixed and emergent design. It also utilises a typoelmaged approach with
independent interaction between each component. The results of each method
are mixed at the point of imMeretation and given equal priority. Finally, a
multiphase combination timing was most appropriate for the three phases

developed, to answer the overarching thesis aim.

Once the design principles have been decided, the exeettmethodology
framework needs to be considered. There are traditionally six main designs
(Figure 12). It should be noted that each research dis@phvill have
variations in the design, and the process is flexible. Typically, the flexibility

of applying the frameworks are guided by the research @resvell and
PlanaClark, 2011) Each of the six main mixeghethod designs has strengths

and weaknesses, with guidance on implementation in research. For the thesis
overarching research aim, we regarded a multiphase muetidod design

appropriate.
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Figure 12: Diagrams of the skcommon mixeemethods designs (QUAN, quantitative methods; QUAL, qualitative methods), adapted from
(Creswell and Plan€lark, 2011, pp. 6970 fig 3.2)

(1) The convergent parallel design
QUAN

data collection and analysis
Compare or relate — Interpretation

QUAL /
data collection and analysis

(2) The explanatory sequential design

QUAN QUAL

— Follow up with — — Interpretation

data collection and analysis data collection and analysis

(3) The exploratory sequential design

QUAL QUAN

. . — Builds to - . . — Interpretation
data collection and analysis data collection and analysis P

(4) The embedded design

QUAL QUAN
data collection and analysis or data collection and analysis
QUAN QUAL

data collection and analysis Interpretation data collection and analysis

(5) The transformative framework design

QUAN QUAL

data collection and analysis — Followup with data collection and analysis —  Interpretation

(6) The multi-phase design

%Overall programme Study 1 Study 2 Study 3
éobjective QUAL — Informs — QUANT — Informs — 4 ved methods
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4.2.2 The multiphase mixedmethod design

The multiphase mixedhehod design provides an overarching
methodological framework that calls for a set of incremental research
guestions to address the overall research(@raswell, 2014) The factors
detailed in this chapter led to the choice of framework. Overall, a single
mixed-method study would not address the overarching research aim. This
project was also supported by a nudligciplinary research team, with
experience in such pragmmes (i.e. the supervisorgam additional
colleagues from the Acquired Brain Injury Research Alliance (ABIRA) and
the industrial collaborator). The team had the resources and funding to
support the Researcher (author of the thesis) in carrying outiffeesnt
phases. This included access to a wide range of expertise in stroke
rehabilitation, physiotherapy, technology rehabilitation and both qualitative
and guantitative methods. It is also important to consider the philosophical
assumptions behind thesign, as discussed earlier; a pragmatic approach is
appropriate for the research aim. This assumption is also recommended for
multiphase mixed methods research proj¢Cieswell, 2014) Finally, the
systematic phased approach of this design has bhdvocated by MR s

Framework for Complex InterventioSraiget al, 2008)

It is important to acknowledge éhstrengths and challenges of the chosen
methodological design. The complexity of the intervention and the
subsequent need to investigate a diverse population in the community requires

a flexible approach. This design allows for a series of interconnexgedrch
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guestions to be explored in an adaptable, pragmatic way. Indeed, this design
provides an overall framework for the multiple studies required. This design
presentseverac hal | enges that are relevant
important b anticipate and account for the challenges associated with each
study (phase) of the project. This is apparent when considering the resources
and time required to conduct multiple studies over several years. For example,
each methodology requires diffetezthical and recruitment procedures; if a
phase is dependent upon the completion of a prior one, any challenges can
produce an accumulative effect. The time over which such projects are carried
out is also challenging when working with a fasiced evolvig industry

such as technology; adaptions are required for potential changes in the

equipment required.

4.2.3 Operationalisation of the mixedmethods design within the thesis

The mixedmethod design was used to address the overarching thesis research
aim via aseries of interconnected studies. Each study consists of specific
research aims, questions and methods that contribute to the overall program
of inquiry. This framework was utilised within the thesis in three phases
(Figure 13). Phasel consisted of systematic quantitative synthesis of the
evidence base (chaptéiwe); phasell involved developing a qualitative
descriptive design (chaptsix); and in phas#l, a ®nvergent parallel mixed
methods approach was implemented (chaggeenandeighi). The results of

all three phases are integrated into a discussion to address the overall research

aim (chaptenine).
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Figure 13: Diagram of how the multiphase mix@dethodology research design, following the MRC framework for complex interventions,

was operationalised within the thesis

MRC framework for complex interventions

Development Feasibility/piloting

1. Identifying the evidence base 1. Testing procedures

2. Identifying/developing theory 2. Bstimating recruitment/retention
3. Modelling process and outcomes 3. Determining sample size

Phase 1.

Is there evidence that neurophysiological changes are correlated with, or accompany
reduction in motor impairment, in response to virtual reality-aided exercise-based

training?

Phase 1. Phase 3.

Methodology: systematic review | How feasible is virtual reality-aided exercise-based training as a mode to deliver
Design: systematic review upper limb stroke rehabilitation within the home?

Data collection: five databases to identify relevant articles and extraction of data
relevant to the objectives

Analysis: narrative synthesis and risk of potential bias Phase 3.

Methodology: congruent parallel mixed methodology

Phase 2. Design. replicated single-case studies feasibility trial

What are the views of end-users on using and refining virtual reality-aided exercise-
based training for stroke rehabilitation?

Data collection: interviews, feasibility outcomes, motor function/impairment, neuro-
physiology measures

Analysis: thematic analysis and descriptive statistics
Phase 2.
Methodology: qualitative descriptive methodology
Design: user-led refinement consisting of a demonstration and home-trial
Data collection: focus groups, interviews and proformas

Analysis: thematic analysis and descriptive statistics
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4.3 CONCLUSIONS

This chapter has justified and detailed thaltiphase mixed methodolgg

framework used to answer the thesis research aim and associated research
questions/objectives. The thesis consists of three phases, aligned with the

6devel opment 6 and oOf é BrareworklfoiCampléx st ages of
InterventiongCraiget al, 2008)and informed by the progressive staging of

pilot studies to improve phagkreetrials for motor interventiongDobkin,

2009)
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5 PHASE |: NEUROPHYSIOLOGICAL CHANGES
ACCOMPANYING A REDUCTION IN UPPER LIMB
MOTOR IMPAIRMENTS IN RESPONSE TO
EXERCISE-BASED VIRTUAL REHABILITATION
AFTER A STROKE

5.1 INTRODUCTION

Phase | addressed the first research questi@pf{er 2, section 2.1):

Is there evidence that neurophysiological changes are correlated with, or
accompany reduction in motor impairment, in response to virtual

reality -aided exercisebasedtraining?

The research question was investigated through a systematic review of the
l'iteratur e, aligning wit adicdiResearchdev el opme

Counci | 6FaméwdR fGr)lComplex InterventiofSraiget al, 2008).

The following chaptepresentsthe y st e ma t iresearcheobjectevespd s

methods, results ardiscussion
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5.2 RESEARCH AIMS

To answer the first research question, phase | aimed to:

Aim la: Determine the neurophysiological correlates of upper limb motor
impairment response tartual reality aided exercislkased training following

astroke

The above research aim was devised to establish if Virtual Reality (VR) can
drive neural recovery. As a recent Cochrane review noted that there was a
limited number of studies investigating the underlying neural mechanisms
(Laveret al, 2017) if insufficient evidence was found to answer research aim

la, a subsidiary resedr aimwas proposeda.2.

Aim 1a.2: Determine if there is evidence that an improvement of motor

impairment occurs alongside change in neurophysiological measures

5.3 METHODS

5.3.1 Design

This study followed a systematic review design, conducted according to the

Cochrane Collaboration guidelin@égiggins, 2015)Thes y st emat i ¢ r evi e w¢
protocol can be found on thé’rospero database, registration number:
CRD42017071312. Three reviewers worked independently, using pre

prepared proformas (a) identify eligible studies, (b) assess the potential risk

of bias and (c) extract data. Disagreements were resolved through referral to

the full text, with a fourth reviewer arbitrating if an agreement could not be

reached.
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5.3.2 Searching for studies
The search strategy was developed in collaboration with a research librarian.

Eight online databases were searched from their inception to August 2020:

MEDLINE via Ovid,

Allied and Complementary Medicine Database (AMED);

Excerpta Medica dataBASE (EMBASE);

PuMed Central (PMC);

Cochrand.ibrary (COCHRANE);

The Cumulative Index to Nursing and Allied Health Literature
(CINHAL);

ProQuest Dissertations and Theses (PROQUEST);

1 Open Grey Europe (OPEN GREY).

=4 =2 =42 4 -4

=

The search combined MeSH and #AdeSH terms. The examplgearch
strategy provided inTable 3 was used for MEDLINE and adapted as
appropriate for other databas@égppendix1B). In addition, the reference lists

of eligible articles were hand searched for potential studies not identified in

the databases.
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Table 3: The searcistrategy used to search the MEDLINE via Ovid database as an example of electronic searches

Participant
(title and abstract only)

Intervention

(title and abstract only)

Outcome
(full text)

Limits

Stroke survivors OR stroke patients OR cerebrovascular accident OR stroke OR CVA OR
rehabilitation

Virtual reality rehabilitation OR VR OR telerehabilitation OR telehealth OR computer rehabilitatio

technology rehabilitation OR useomputer interface

Electromyography OR EMG OR Electroencephalography OR EEG ORalks OR Heflex OR
Functional electrical stimulation OR FES OR peripheral stimulation OR electrical stimulatio
Biomechanic* OR TMS OR Trans Magnetic Stimulation OR Evoked potential ORnwasive brain
stimulation (NBS) OR Functional Magnetic Resonance Imaging OR FMRI OR SMRI OR MR ima¢
MR scan OR magnetic resonance scan OR structural adj2 MR* OR volum adj2 OR MR OR vMRI C
OR Diffusion tensor imaging OR DTI OR BOLD OR Tomography ®-ray computed OR computer ad
tomograph OR Positron Emission Tomography OR Magaatephalography OR MEG OR Neul
correlate OR neurophysiological measure OR cortical reorgani* OR MEP OR PET OR CAT OR C

English Language, human, fadxt.

NB.Each search row was combined using the command 6ANDSO®
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5.3.3 Eligibility Criteria

Types of studies
All experimental study designs were included if they investigated an
experimental and a control condition before and after the provision of a VR

intervention (defined in subsectidrtypes of intervention).

Types of participants

Participants were at leadt8 years old and had an upper limb motor
impairment at any time point after a stroke. Studies were excluded if they
investigated participants who had a diagnosis of a neurological condition in

addition to the stroke.

Types of intervention

Studies were dible if they included virtual reality exercidmsed
interventions designed to reduce motor impairment and used an electronic
screen. All virtual reality devices were included, ranging from immersive (i.e.
using headsets) to nammersive (i.e. realime movement replicated via an
onscreen avatar). However, studies that investigated virtual reality combined
with another rehabilitation technology (e.g. a robotic arm device) were

excluded.

Types of measures

Studies were eligible if they reported measuresnotor impairment (i.e.
Upper Extremity FugMeyer, Biomechanical variables) and neural measures
(i.e. Electromyography (EMG), Transcranial Magnetic Stimulation (TMS),

functional Magnetic Resonance Imaging (fMRIlerived measures).
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5.3.4 Assessment of poteml risk of bias

The Cochrane Risk of Bias tool (CROB) was used to measure methodological
weaknesses in the design or execution of the included studies; which can

increase the risk of bias, influence the validity of the findings and lead to an
overestimateor under esti mate of(Hidggihsetal,nt er vent i
2011; Higgins, 2015 ach study was individually elvated according to the

criteria by the Researcher, in consultation with the review team.

The CROB tool was designed to assess Randomised Control Trials (RCTSs),
known as the gold standard research design for assessing interventions.
Systematic reviews a@nmetaanalysis of RCTs are used to synthesise the
evidencebase to guide recommendations for clinical practice; for example,
prior reviews of virtual reality for stroke rehabilitation have used the CROB

tool to assess RCTkaveret al, 2017)

The tool was used to assess the IRamdomised Studies (NRS) included in

the systematic review. Although it was not developed with these designs in
mind, it has been argued that a comprehensive assessment of the evidence
requires an irdepth understandingf both RCTs and NRS desig(Saturni

et al, 2014; Bothwellet al, 2016) It is knovn that RCTs investigating
complex health care interventions are difficult to implement into clinical
practice because of the methodological weaknesses, not only inherent in the
larger trials but in the initial investigations that are used to develop RETs

nonrrandomised small pilot or proaff-concept studieg)Valkeret al, 2013;
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Lynch, Chesworth and Connell, 2018)is clear that these initial NRS need
to be held to the same scr uDobkinj as

2009)

There were two other risks of bias tools considered for the systematic review.
Firstly, the Cochrane collaboration released a CROB for NRS in 2016
(ROBINS) (Sterneet al, 2016) this was during the development of the
systematic review and had not been widely used, or assessed, at thedime
thus was not utilised. Secondly, the Downs and Black ROB tool was
consideredDowns and Black, 1998)t was determined that the tool would
not allowfor an indepth review of the methodological quality for the multiple
trial designs included; potentially underestimating the risk of bias. A mere in

depth investigation was required; hence the Cochrane RoB tool was chosen.

5.3.5 Data extracted

At the baselin@oint for included studies, the data extracted were: the number
of participants in experimental and control condition; age; time since the
stroke; and the values for motor and neural impairment. For each included

study, the intervention characteristicdragted werghe number of weeks;

number of sessions; duration of each session; device details and training task.

At the outcome point for included studies, the data extracted were: the number
of participants in each condition; time since baseline; amdalues for motor
and neural impairment. If data was not available within the publications, then

the authors were contacted for the data required.
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5.3.6 Synthesis
A metaanalysis was not possible because of the heterogeneity in participants,
interventions and outcome measures. A narrative synthesistiveasfore

undertaken to address the reseaioms

5.4 RESULTS

5.4.1 Identification of studies

The PRISMA flowchart is provided iRigurel14. Initially, 1764 records were
identified from the electronic searches. Removal of duplicates left 1387
records, of which 1296 were excludedrSequently, 91 fullext articles
were screened for eligibility. No additional records were identified from
searching the reference lists of eligible figtkt articles. Four articles met the
eligibility criteria (Janget al, 2005; Caret al, 2007; Donoso Browat al,
2014; Ballesteet al, 2017) The main reasons for records to be excluded
were a lack oiheurophysiological outcome measures, using virtual reality

combined with another intervention, and no control condition.
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Figure 14: Prisma diagram of searches and identification of included studies in this
review.

Screening Identification

Eligibility

P i
o Inclusion

E JE

A —Aa-_a—_a_-8_9_9_-9a_-2

Records identified through database searching
(n=1764)

l

Records after duplicates removed
(n=1387)

l

Records screened Records excluded
(n=1387) (n=1296)

l

Full text articles assessed for eligibility Full-text articles excluded
(n=91) (n=287)

l

Included studies
(n=4)

. The percentage of futext articles under each exclusion criteria

No neurophysiological outcome measure (75%);

No Virtual Reality intervention (44%);

A diagnosis of other neurological condition (5% reported; 60% did not
report this);

No prefpost contrbgroup (46%);

No clinical measure of motor impairment (37%);

No upper limb motor impairment (31%);

No diagnosis of stroke (24%);

Not an experimental study design (20%);

Not adult participants, 18+ (20%);

No prefpostintervention group (19%);

Not writtenin English (18%);

Other reasons: 5% were protocols; 12% did not have an available full
text.
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5.4.2 Characteristics of included studies

Participant characteristics are displayed able4, Table5.

5.4.2.1 Types of studies

The four included studies had different experimental designs:

=

paralletgroup controlled tria(Ballesteret al, 2017)

1 randomised crosgver trial(Careyet al, 2007)

1 singlegroup repeated measures study, with the control phase
preceding the intervention pha&onoso Browret al, 2014)

1 pre/posttest randomised controlled desi@anget al, 2005)

PagelOlof 511



Table 4: Characteristics of included studies and participants at baseline, part 1

Study reference

Number of

participants

Age, years.

(mean * standard deviation,

Sex

(female: male)

Time since stroke, years.

(mean + standard

unless otherwise stated) deviation)
VR Ctrl VR Ctrl VR Ctrl VR Ctrl
Ballester et al. 2017 17 18 65.1+10.3 61.8+129 8:9 11:6 2921 22+1.2
Carey et al. 2007 10 10 65.9+7.4 659+74 9:1 6:4 35+£20 29+22
Jang et al. 2005 5 5 545+ SE5.3 545+SE 32 32 13.8+3.6 34+22
5.3
Donoso Brown et al. 2014 9?2 50.9+8.9 4:5 72+7.9

N.B. SE, Standard Error; a, repeated measures design, participants took part in both intervention and control conditions.
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Table 5: Characteristics of included studies and participants at baseline, part 2

Study reference More paretic side Type (Haemorrhagic: Ischemic);
(Left: Right) Location of stroke lesion(R, right; L, left)
VR Ctrl VR Ctrl
Ballester et al. 2017 11: 6 9:9 6:11; 6:12;
Location not reported. Location not reported.
Carey et al. 2007 5:5 8:2 Type not reported; Type not reported;
Cortical (5); Subcortical (5) Cortical (3); Subcortical (7).
Jang et al. 2005 Not reported Not reported 2:3 2:3

Thalamic (R =1, L=1); Cortical (R=1 Thalamic: R=1, L=1; Corona
L=0); Corona Radiate (R=1, L=1) Radiate: R=1, L=2.
Donoso Brown et al. 2014 6: 3 Type notreported

Unknown = 4; Brainstem = 2; Basal Ganglia = 1; Frontal = 1,
Parietal/Frontal = 1.

NB. a, repeated measures design, participants took part in both intervention and control conditions.
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5.4.2.2 Participants

The included studies reported baseline characteristics data on a total of 74
participants, 32 for the intervention and 33 for the control condition, with an
additionalnine participants who took part in both conditions in a repeated
measures design. The areages of all participants were: 62.35 (standard
deviation = 10.5) years and similar for those in the virtual reality conditions,
62.67 (standard deviation = 9.41) years, and the control conditions 61.39
(standard deviation = 10.42) years. The mean tsimese stroke onset were:
4.22 (standard deviation = 4.63) years for all participants, 5.45 (standard
deviation = 5.66) years for participants in the intervention condition and 3.82

(standard deviation = 4.69) years for participants in the control condition

The severity of motor impairment at baseline ranged from moderate to severe,
according to the included studies criteria and confirmed by data collected at
baseline (i.e. passive paretic hand extenfiexion (Careyet al, 2007)
Upper Extremity FugMeyer (UEFMA) scoreg(Janget al, 2005; Ballester

et al, 2017), paretic finger and elbow Active Range Of Movement (AROM)

(Donoso Browret al, 2014).
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5.4.2.3 Virtual Reality intervention equipment and procedures

A variety of equipment was used for the Virtual Reality intervention
conditions Table6). All included studies used a computer and screen in their
setups (Janget al, 2005; Careyet al, 2007; Donoso Browet al., 2014;
Ballesteret al, 2017) Three included studies used types of data collection
gloves(Janget al, 2005; Careyt al, 2007; Ballesteet al, 2017) One study

used surface Electromyography (SEMG) to mdpper Extremity (UE)
movements(Donoso Brownet al, 2014) The tasks engaged upper limb
movements that were tailored and customised for indilsdulamed
amounts (doses) of the intervention varied between studies, with only one

reporting the actual dose provided (fideli{iponoso Browret al, 2014)

Pagel050f 511



Table 6: Included studies details of Virtual Reality intervention equipment and procedures

Study VR intervention procedures Control intervention procedure
reference Equipment Task Dose Fidelity Task Dose Fidelity
Carey et Computer with Target:Flexion/ 2 weeks Notreported Target: Fexion/ 2 weeks Not
al. 2007 customized software. extension with the extension with the 10 reported
index fingerand 10 index finger and wrist. sessions,
Data gloves containing wrist to complete sessions, 120 mins
custommade electro  waveforms 120 Game: screen each.
goniometers, each with appearing on the mins displaying a sweeping
2 potentiometers computer. each cursor, but no targes
capturing shownor feedback
(extension/flexion Game: The screen Paretic provided

movement at the index showed a target  side for

MP joint and the wrist). waveform and 90% of
tracking response the

Firstperson from the training.

perspective, with real  participants.

time hand movements

translated ofscreen Tailored:

(joint movement, Knowledge of

represented through  results via an

voltage collected at accuracy score

100hz). with text
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Study VR intervention procedures Control intervention procedure
reference Equipment Task Dose Fidelity Task Dose Fidelity
instructions on
how to improve.
Ballester Computer with Target: Bilateral 3 weeks Notreported Target: Mimic the VR 3 weeks Not
et al. customized software. reaching intervention reported
2017 movements with 15 movements. 15
Camerato capte UE  wrist and fingers  sessions, sessions,
movement (trunk flexion/extension. 30 mins Game: Stacking/un 30 mins
movements were each stacking of plastic each
filtered out). Game: Interceptior cups with right and lef
and grasping of Equally hand consecutively.
Data gloves equipped virtual spheres. split
with bend sensors between
capturing finger flexion Tailored: each

and extension.

Firstperson
perspective, with real
time movement

translated ofrscreen

Performance ratio hand
(successful trials

over total trials)

was kept above 0.

and below 0.8.

Customized:

Trajectories
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Study

VR intervention procedures

Control intervention procedure

reference Equipment Task Dose Fidelity Task Dose Fidelity
(differing hand and
grasp motions);
velocity.

Jang et  Computer with Target: Reaching, 4 weeks Notreported No therapy No therapy No

al. 2005 customized software. lifting and therapy

Camera to capture UE

movement

Data gloves for

movement capture.

Firstperson
perspective, with real
time movement

translated osscreen.

grasping motor 20

skills (i.e. hand sessions,

soccer). 60 mins
each

Game:

Combination of

custom games,

such as bidéall;

soccer.

Tailored: created
and overseen by

therapists.
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Study

VR intervention procedures

Control intervention procedure

reference Equipment Task Dose Fidelity Task Dose Fidelity
Customsed:
speed, angles and
lifting force for
each game.
Feedback: error
rate, speed,
direction, joint
position and
resistive force
feedback.
Donoso  Computer with Target: Controlled 4 weeks Sessions: No therapy No therapy No
Brown et customized software. the aim using their mean =16.8 therapy
affected 5days standard
al. 2014 To detect movements, upper extremity per deviation =
SEMG used for the and launched the week; up 7.0;
wrist flexor carpi ball by clickinga to 45 Hours: mean
radialis and extensor  button using (mins, 11.9,
digitorium communis  the less affeed per day) Standard
movements. hand or atotal deviation 5.8
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Study

VR intervention procedures

Control intervention procedure

reference Equipment Task Dose Fidelity Task Dose Fidelity
of 45 Only recorded
Firstperson Game: Peggle hoursa sessions that
perspective, with real  Participants week. lasted more
time movement attempt to clear the than 5
translated ofscreen board of minutes
orange pegs by One
identifying the participant
correct angle to carried out
launch a ball to the
eliminate pegs. intervention
at the

Tailored: software
converted muscle
activity into
movements used t
control the game.
Sensitivity can be
adjusted to detect
very low levels of

activations

research lab
instead of

their home.
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Study VR intervention procedures

reference Equipment

Task Dose Fidelity

Control intervention procedure

Task

Dose

Fidelity

Customized:
Conversion was
adjusted as neede
to facilitate
challenging but
successful

gameplay.
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5.4.2.4 Control condition procedures

The control conditions differed across the included studies. In two studies,
the control condition was no thera@anget al, 2005; Donoso Browat al,

2014) In the other two studies, the control condition was a comparator task
designed to mimic the movements of theual reality intervention tasks but
without the replication of the participahtsattime movement§Careyet al,

2007; Ballesteet al, 2017) Planned doses for control conditions matched

those for intervention conditions.

5.4.2.5 Time points for assessment of outcomes

Data collection pointyaried between the included studidsalfle 7). All
studies collected data pre and post the intervention period for both conditions
(Janget al, 2005; Caret al, 2007; Donoso Browat al, 2014; Ballesteet

al., 2017) One study also measured botinditions three weeks into the-12
week intervention perio(Ballesteret al, 2017) One studyncluded a three
month postintervention followup collection point for the VRondition to
check for retention of any changes acqu@dreyet al, 2007) In one study,

an additional time paot was needed for one participant due to their schedule
requiring an eightveek intervention period instead of the intended five

(Donoso Browret al, 2014)
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Table 7: Neurophysiological and motor impairment data measurement points in
theincluded studies.

Study Included study reference
timepoint

Ballester et al. Carey et al. Doncso Brown Jang et al

2017 2007 et al. 2014 2005

NP MI NP MI NP Ml NP MI
Day 1 \% \% \ \%
Day 10 V V va \As
Day 15 VP Vb
Day 28 V
Day 56 Vv \Y, Vv Y,
Day 84 A Vv

Day91 V Vv

& Only the control group received a crossover test after 10 days

®-Only the virtual reality group received a follewp test 3 months posést
¢Day 1 measures were beginning of control phase and day 28 measurédsyv
end of the control phase

4 One participant undertook outcome measures at day 112

NP, neurophysiological measurll , motor impairment measure

5.4.2.6 Motor impairment outcome measures

The motor impairment outcome measures varied athesscluded studies
(Table8). Onlytwo included studies used the same measure, namely the Fugl|
Meyer Upper Extremity (FMJE) scores, to determine the severity of motor

impairment(Janget al, 2005; Ballesteet al, 2017)
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Table 8: Data reported in included studies, motor impairment measures

Study Number of participants reported to have completedhe
ID Motor impairment outcome measure measure
Experimental Control
Ballester (1) Ashworth proximal and distal scores 17 18
et al. (2) FugktMeyer.
2017 (3) Grip force
(procedural details not reported)
(4) MRC proximal andlistal scores
(2) Finger flexion/extension
(calculated from bend sensors in gloves (ranging from O to 1 to indicate maximal and minimal metacarpal angles), ¢
across all fingers on the paretic hand during an active movement)
Jang et 5 NR
al.2005 (1) FugkMeyer Upper Extremity scores
Donoso (1) Active range of motion (wrist extensor) during pigk a
Brown  cup task VRand C: 8
et al. (movement withithewrist for maximum extension and flexion (supported at foreammiyerage of 5 attemptghe absolute
2014 value of the wrist angle from start of movement minus the maximum of the wrist extension completed during the tria

(2) maximum elbovextension (deg) during a pickup a cup task
(calculated from the vector dot product elirle segments formed by the shoulder to the elbow marker and the elbow n
to the average position of the 2 wrist markers)

(3) number of movement segments frima hand marker during a pickup a cup task
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Study

Number of participants reported to have completedhe
Motor impairment outcome measure measure

Experimental Control

(The hand marker velocity peaks were defined as the difference between the first the local min and max velocity, ar
next max velocity that was >20mm/s occurring at least 150miliseconds after the prichpeakmber of velocity peaks
meeting that criteria arethe number of movement segments)

(4) Reach time during pickup cup task

(the time fromthe start of movement (when the third metacarpal of the hand is greater than 2% of the max velocity of
hand marker) until the cup was moved a min of 2mm from its starting position during the trial)

(5) maximum trunk displacement during a pickup a cup task

(Displacement of the trunk from the starting position in millimetres)

Carey et
al. 2007

(1) Active range of motion for the finger (deg) 10 10

(electro goniometer attached to the more paretic hand, with the potentiometer centred on the MP joint of the index f
determingherange of motion, participants made a fist, followedh®maximum extension of the index finger. This
movement wabeld at the peak of each motion for approximatelya3sltage signal was recorded and converted into ar

angular value (degrees))
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5.4.2.7 Neurophysiology outcome measures

There was no commonality between tmeurophysiological outcome
measures used in the included studiezb(e9). Two studies used functional
Magnetic Resonance Imaging (fMRI), but withinffeiing anatomical
regions of interest, collecting measures such as the laterality index between
hemispheres, number of significantly activated voxels or relative volume and
intensity indexJanget al, 2005; Caret al, 2007) One included study used
Transcranial Magnetic Stimulation (TMS) to collect measures (e.g. Motor
Evoked Potentials (MEPs)) from the AbductasliRis Brevis (ABP) and
Extensor Carpi Radialis (ECR) muscl@&allesteret al, 2017) Finally, one

study used surface Electromyography (SEMG) to measures-ttent@ction

of wrist flexors and extenso(Bonoso Browret al, 2014)
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Table 9: Data reported in included studies, neurophysiological outcome measures

Study Neurophysiological outcome measure
reference Number of participants reported
to have completedhe measure
Experimental Control
Ballester et al. 2017 TMS derived measures (1) Stimulation Efficacy 14 3
(the cortical matr areas (greatest value in the 80
representing the APB and ECF percentile of Motor Evoked
in M1, for both hemispheres) Potentials, divided by the
maximum stimulation intensity)
(2) Centroid location of the
cortical motorareas
Jang et al. 2005 fMRI derived measures (1) Laterality index: 5 5
(Anatomical regions: the (the laterality index ranged from

bilaterally predefined regions o 1.0 (all contralateral activation) tc
interest (ROIs), including the 1 1.0 (all ipsilateral activation))
primary sensorimotor cark (2) thenumber of significantly
(SM1), the premotor cortex activated voxels

(PMC), and the supplementary

motor area (SMA))

Donoso Brown et al. 201. sSEMG derived measures (1) Maximum Voluntary
Contractions (MVCs)

*VR and C: Extensor = 8, flexor =
7
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Study Neurophysiological outcome measure

reference Number of participants reported
to have completedhe measure
Experimental Control
(more paretic wrist flexor carpi
radialis and extensor digitorum
communs used for MVCs in a
pregame maximum flex or
extend 3 trials, each for 10
seconds)
Carey et al. 2007 FMRI derived measures (1) laterality index 10 10

(Anatomical regionsprimary (Volumes of activation for each
motor area (M1), supplementa’ anatomical region was compared

motor area (SMA), premotor  between hemisphere.)

cortex (PMC) in each (2) relative volume

hemisphere. The primary (voxels activated when surpasse!
somatosensory area (S1) threshotl of a false determination
including the grey matter rate of less than 0.01h€ btal
comprising the entire number of active voxels.)
postcentral gyrus) (3) intensity index
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Stud Neurophysiological outcome measure
y

reference .
Number of participants reported

to have completedhe measure

Experimental Control

(change in BOLD signal intensity
during active movement versus

rest)

NB. *Only 8 participants had usable motion analysis data and drdg Gisable SEMG data
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5.4.2.8 Risk of potential bias

All of the included studies were assessed as having a high risk of potential
bias (Table 10). The number of potential participants approached during
recruitment was unclear, as well as the number and reasons for attrition; one
study accounted for the loss of a participant but notother three who
withdrew (Ballesteret al., 2017) There also appeared to be poor reporting of

al included outcome measures; several described in the methods were not
detailed in the results thediscussion(Jang et al, 2005; Caret al, 2007,
Donoso Brownet al, 2014; Ballesteret al, 2017) Additionally, such
outcomes were not carried out bynded assessofdanget al, 2005; Carey

et al, 2007; Donoso Browat al, 2014; Ballesteet al, 2017)

When considering the intervention alion and related risk of bias, we
acknowledge that the nature of Virtual Reality leads to challenges when
carrying out appropriate blinding. One studgnget al, 2005)ensured that
intervention allocation was carried out by a team member who was unaware
of the baseline characteristics. The other studies did not describe this in
sufficient detail(Careyet al, 2007; Donoso Browmet al, 2014; Ballesteet

al., 2017) Similar challenges would not affect random sequence generation
(selection bias), but this revealed a high risk of bias. Two studies did not
clarify how allocation sequences were generéladget al, 2005; Care\et

al.,, 2007) One (Ballester et al, 2017) detailed their stratified block
randomisation methods, while anoth{@&onoso Brownet al, 2014)used
repeated measures and as such, randomisation was not appropriate. Half of

the studiegCareyet al, 2007; Ballesteet al, 2017)had a high probability
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of reporting biasfor instance, on¢Ballesteret al, 2017)published study
differed from the clinical trial retspectively published in terms of the

primary outcomes.
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Table 10: Potential risk of bias assessed with the Cochrane tool

Study Random Allocation Selective Blinding of Blinding of Incomplete

reference sequence concealment  reporting participants and outcome outcome data
generation (reporting personnel assessment (attrition bias)
(selection bias) bias) (performance bias) (detection bias)

Ballester et al. + 2 . . . .

2017

Carey et al. 2007 -

ooncso roun @ © + ® ©

et al. 2014
Jang et al. 2005 . .

Key.
Low risk of bias
Unclear risk of bias

. High risk of bias
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5.4.3 Narrative Synthesis of findings in relation to review questions

5.4.3.1 Aim la: Determine the neurophysiological correlates of upper
limb motor impairment response to virtual reality aided
exercisebased training following astroke

The published reports of the included studies did not provide data on the
correlation between meophysiological and motor impairment changes in
response to virtualeality exerciseébased training after stroke. Authors of the
included papers were contacteahd of the three who responded, the
appropriate raw data was not available; thus, correlattmsgd not be

calculated. Research aim la cqtlgrefore not be addressed.

5.4.3.2 Aim la.2: Determine if there is evidence that an improvement
of motor impairment occurs alongsidea change in

neurophysiological measures
Two of the four included studies fouad improvement in motor impairment
and a change in neurophysiology measy@seyet al, 2007; Ballesteet
al., 2017)(Table1l). There was a reported improvement in the more paretic
fingers flexion and extension (p = 0.01), alongside an increase in the
stimulation efficacy within the ipsilesional hemisphere for thedudtor
Pollicis Brevis (APB) (p < .01) and the Extensor Carpi Radialis (ECR) (p =
0.05) representation within the primary motor coieallesteret al, 2017)
This occurred after Virtual Reality (VR) training that engaged bilateral
reaching movements with the wrist and fingers flexion/extension. There were
no other reported improvements pogervention within the motor
impairment measures (i.e. Ashworth proximal and distal, grip force, Medical
Research Council (MRC) proximal and distal and the FMgger upper

extremity scores). There was also no significant change within the centroid
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location of the cortical motor areas producing Motor Evoked Potentials
(MEPSs) for the ABP and ECR within the primary motor coiallesteret

al., 2017) There was a significant change in the active range of motion for
the finger (deg) pos¥R intervention which engaged the index finger and
wrist with flexion and extension movements (p = 0.004). This was
accompnied by a significant decrease in the relative volume within the
ipsilesional Supplementary Motor Area (SMA) anatomical region £p
0.008)(Careyet al, 2007) No other significant changes occurred within the
other functional Magnetic Resonance Imaging (fMRI) derived measures (i.e.

laterality and intensity index).

The other two included studies showed a significant change within their
neuophysiological measures but no improvement in the motor impairment
measures. There was a significant increase in the selactivation of the
wrist extensor Maximum Voluntary Contractions (MVCs) (217992, p =
0.046), but no improvement in motor impaent (i.e. Active range of motion
wrist extensor; elbow extension; reach time and maximum trunk
displacementjDonoso Browret al, 2014) Another included study found a
significant increase in the laterality index (p < 0.05) &nmel number of
significantly activated voxels (p = 0.05) within the ipsilesional hemisphere
for the primary Sensory Motor cortex (SM1) anatomical region; howeusr, t
was not accompanied by a significant improvement in -’Mgyer upper
extremity scores after therapy, including reaching, lifting and grasping motor

movementgJanget al, 2005)
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Table 11: Measurement values prpost Virtual Reality intervention

Study Motor impairment changes reported Neurophysiological changes reported
reference measure Pre Post Significant measure Pre Post Significant change
change
Ballester 1. Ashworth m = m = No 1. Stimulation Not Not y m=4.17
et al. proximal 1.24 1.18 efficacy! reported reported Ipsilesional sd = 9.86
2017 sd = sd = comparison p<.01
1.25 1.25 across
hemispheres,
APB for the
M1
2. Ashworth m = m = No 2. Stimulation  Not Not y m =5.21
distal 1.47 1.35 efficacy! reported reported Ipsilesional sd =
sd = sd = comparison 10.98
1.51 1.19 across p =0.05
hemispheres,
ECR for the
M1
3. More paretic  Not Not yweek p-= 3. Centroid med= med= No
fingers reported reported 2/3 0.01 location of the 0.1 0.55

flexion/extension

cortical motor
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Study Motor impairment changes reported Neurophysiological changes reported
reference measure Pre Post Significant measure Pre Post Significant change
change
areas,
producing
MEPs
APB in M1
4. Grip force = = No 4. Centroid med= med= No
6.15 6.36 location of the 0.72 1.41
sd = sd = cortical motor
5.04 5.82 areas,
producing
MEPs
ECR in M1
5. MRC m = m = No
proximal 3.47 3.35
sd = sd =
0.51 86.18
6. MRC distal m = m = No
2.82 3.12
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Study Motor impairment changes reported Neurophysiological changes reported
reference measure Pre Post Significant measure Pre Post Significant change
change
sd = sd =
1.19 1.05
7. Fugl- Meyer m= = No
42.94 42.77
sd = sd =
14.37 15.02
Donoso 1. Activerange m= m = No 1. Maximum m = m = y selection z =-
Brown et of motion wrist  31.6 254 Voluntary 3.47 5.84 activation  1.992
al. 2014 extensor (deg) sd= sd = Contractions  sd = sd = of the wrist p = 0.046
17.7 17.7 (MVCs) 5.85 9.78 extensor
2. Elbow m = m = No
extension (deg) 96.8,sd 95.5, sd
=247 =221
3. Reachtime m= m = No
2.52,sd 95.5, sd
= =221
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Study Motor impairment changes reported Neurophysiological changes reported

reference measure Pre Post Significant measure Pre Post Significant change
change
4. Maximum m = m = No
trunk 123.22 131.7
displacement sd = sd =
(mm) 65.1 49.6
Careyet 1.Activerange m= = ymore p= 1. Relative Not Not z p = 0.008
al. 2007  of motion for the 64.5,sd 86.5 paretic 0.004 volume (fMRI) reported reported Ipsilesional
finger (deg) =10.8 sd=8.4 index in the
finger SMA
anatomical
region
2. Laterality Not Not No

index (fMRI)  reported reported

3. Intensity Not Not No
index (fMRI)  reported reported

Jang et 1. FugitMeyer m=51 m=58 No 1. Laterality m=01 m=09 ¥y p <0.05
al. 2005 upper extremity index (fMRIl) sd=0.2 se=0.1 ipsilesional
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Study Motor impairment changes reported Neurophysiological changes reported
reference measure Pre Post Significant measure Pre Post Significant change
change
sd = sd = in the SM1
7.12 6.25 anatomical
region
2, Number of m= m=44 y p =0.05
significantly 57.8 sd = 4.4 |Ipsilesional
activated se = in the SM1
voxels 27.2 anatomical
region

NB. 1. The stimulation efficacy was determined aspfeatest value in the 80th percentile of Motor Evoked Potentials (MEPS); div

by the maximum stimulation intensity

m = mean;sd = standard deviatioomed = median;se= standard error.

ABP = abductor pollicis longus musclECR = Extensor Carpi RadiajM1 = primary motor cortexSM1 = Sensorimotor cortex

MEPs = Motor Evoked Potential$MRI = functional magnetic resonance imaging
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5.5 DISCUSSION

The systematic review found insufficient data to identify the
neurophysiological correlates of change in motor impairment in response to
VR training for the upper limb after a stroke (aim 1a). Of the four included
studies, two found a change in motor impairment and a neurophysiology
change in response to an exerdissed virtual reality intervention (aim 1a.2).
However, across the four studies, many measures of motor impairment and
neurophysiology showed no change betweenirgervention and post
intervention time points. Consequently, this systematic review deratesst

that there is insufficient robust data to provide an understanding of the
neurophysiological changes underlying reduction in motor impairment in

response to VR exercidmsed intervention.

The findings of this review are in broad agreement with conclusions seen in
other reviews in that there appears an initial change in motor impairment in
response to therapy delivered via virtual reality devielesnderson, Korner
Bitensky and kevin, 2007; Mumford and Wilson, 2009; Lawetral, 2012,
2017; Cheret al, 2015; Aramaket al, 2019; Maieret al, 2019; Rohrbach,
Chicklis and Levac, 2019; Subramanianal, 2019; Valkenborghst al,
2019) The findings included in these reviehave been noted to be steering
the development work for virtual stroke rehabilitation devigeseret al,

2017; Maier, Ballester and Verschure, 2019)ispromising initialreduction

in motor impairment has been used to strengthen the theoretical
underpinnings; thafunctional exerciséased VR training facilitates neural
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plasticity and thus reduces motor impairmédheunget al, 2014; Levin,

Weiss and Keshner, 2015)

Although there is a promising reduction in motor impairment reportédrwi

the included studies, it is important to view this in light of their
methodological strengths and weaknesses. Importantly, the potential risk of
bias of the included studies was high overdbbtably, attritionrates often
were not accounted for, andithdrawal reasons not collected. Virtual
rehabilitation devices require high levels of usability and acceptability to
facilitate integration in healthca(Bemainet al, 2013; Wentinlet al, 2019)

It is crucial to understand if attrition rates could be due to the device features,

therapy procedures or dose to facilitate the-@ser experience.

Additionally, the lack of reporting within the included studies hindered the
ability to address the aims difie review (i.e. means, standard deviations,
effect sizes and confidence intervals were often missing or incomplete).
Appropriate reporting is of importance for the replicability and interpretation
of such research. Other methodological inconsistenciegirnde the extent

to which the neural correlates found can be interpreted. All the included
studies lacked statistical power due to small sample sizes, including one that
only completed neural measures on three control condition participants, as
opposed tahe fourteen in the virtual reality intervention condit{@allester

et al, 2017)
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Theprior evi ews, coupl ed wbnclide with thessanset udy 6 s

recommendation a need for larger robust trials to overcome the
methodological weaknesses of current evidence (i.e. small samples, lack of
reporting and variation in protocols and devjcéslenderson, Korner
Bitensky and Levin, 2007; Mumford and Wilson, 2009; Laseal, 2012,

2017; Cheret al, 2015; Aramaket al, 2019; Maieret al, 2019; Rohrbach,
Chicklis and Levac, 2019; Subramanianal, 2019; Valkenborghset al,

2019) This call for stronger evidence has not changed in the last decade,
though the included studies can provide a foundation for further investigative
work tobe carried out with @gorous staged approa¢bobkin, 2009; Boyd

et al, 2017) This is an important future step to augment the evidence of motor
impairment reduction based upon clinical outcome changes that are then used
to assume a reflective neural charfgaver et al, 2011) Nevertheless, we
argue that there is still a prevalent gap in the evidence base. We cannot know
if VR is beneficial for reducing motor impairments until thorough, robust

trials investigate the impact on neural physiology and motor impairment.

It is important to interpret these findings in light of the strengths and
limitations of this systematic review. The studies included demonstrated
heterogeneous results; in part, this could be due to the broad definition of
Virtual Reality included in the searchés appropriate, concise stratification

of devices and protocols falling
required; for example, the differing levels of participant engagement
occurring within each device, particularly with the different immersiosh a

participant engagement within each de\({icaveret al, 2017; Lee, Park and
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Park, 2019) Attempts to gain raw data from the laots of the included
studies were unsuccessful, limiting the synthesis to the data reported in the
papersin addition to being applied to naandomised control trials there are
other limitations of the CROB that need to be noted, researchers have
criticized that subjective interpretation of the tool, difficulty in assessing
selective reporting outcomes, terminological ambiguity (subjective/
objective) and modest intebserver agreemerfdgrgenseret al, 2016)
Furthetrt he i ncl usion of oOuncleardé as a
the sufficient information to adequately address bias overall and could
influence recommendations for clinical decisions and future st(idi&sano

Faggion Jr, 2016; Puljadt al, 2020)

On the other hand, this review did mestrict the literature search by date, or
study design, allowing for a comprehensive overview of potentially relevant
studies. This was, to our knowledge, the first systematic review that aimed to
identify the neurophysiological correlates of changesgper limb motor
impairment in response to VR exercised based interventions. We conclude
that there is insufficient evidence to address this research question. There is
also an apparent lack of adequately powered studies investigating the
relationship betwen reduction in motor impairment and neurophysiological

change.

Future trials investigating the effect of virtual reality intervention on upper

limb motor impairments should investigate both clinical outcomes and
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correlate these with evidence of reflective neural changes. This should be
done with larger, robust and te@ble trials with clear reporting. In order to
drive the evidencéase forward, the research question proposed in this
review needs to be answered in order to conclude if VR drives neural

recovery.
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6 PHASE Il: USER-LED REFINEMENT OF THE

VIRTUALREHAB PLATFORM

6.1 INTRODUCTION

Phase Il addressed the second research question (chapter 2, section 2.2):

What are the views of eneusers on using and refining virtual reality-

aided exercisebased training for stroke rehabilitation?

The research question was investigated using a qualitesaiptivestudy
incorporating the voice of eagsers into the next iteration of t@tualrehab
pl atfor m. This work aligngshe Maditkah t he O6de
ResearclCounci | 6s ( MRC) Framewor k @e&or Compl e

al., 2008).

The following chapter presentsh e s reseatch aies, methods, results

and discussion.
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6.2 RESEARCH AIMS

To answer the second research question, phase Il aimed to:

Aim 2a: Explore the usability and acceptability of a virtual reality system (the

Virtualrehabplatform) for delivery of homdbased stroke rehabilitation

Aim 2b: Inform thedevelopmenbf future terations of the device via user

feedback and experience.

6.3 METHODS

6.3.1 Design
A Qualitative Descriptive(QD) studydesign was usedyith demonstrations

of the Virtualrehabplatform (stage one) and a small hotrial (stage twa)
Full details of the Virtualrehab platform can be found in chapter Braba
was collected from endisers through focus groups, interviews, and
questionnaires. The term 'enders’ is used within ththesis to describe those
who would potentially incorporate th¥irtualrehab platform into their

rehabilitation practiceghree groupsvere identified.

1. Stroke Survivors (SS): individuals who have hadedf-reported
stroke.

2. Informal carers (IC)family and friendswho have been part of an
individual 6s stroke journey.

3. Stroke Clinicians (SC): physiotherapists or occupational therapists

that have worked in stroke rehabilitation services.
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The QD research design was choseorder to address the research aims and
incorporate the endsers voice into th¥irtualrehabplatform. Itis typically
utilised in healthcare research where a descriptive understanding is needed
for intervention development or improvement to practiSandelowski,
2010) The design isappropriatewhentime and resources are limitéfibr
example, in a PhD research projeady a mixedmethod approach s
undertaken (for example, the overarching mufthase mixed methods
framework used in this PhD, described in chapter thréle¢ inductive
pragmaticapproach has sound methodological and theoretical underpinnings
(Sandelowski, 2010; Bradshaw, Atkinson and Doody, 20T design
allows for flexibility with diverse realorld investigations that the other
main approaches cannot provide (i.e. Narrative, Grounded theory,
Phenomenology and Ethnoghgf). For example, this flexibility allows for a
variety of methods and techniques to be used that may typically be associated
with other qualitative approaches, all of which depend on the research
guestion(Neergaardet al, 2009; Sandelowski, 2010; Bradshaw, Atkinson

and Doody, 2017)

6.3.2 Ethics

Ethical approval was granted by the University of East Anglia's (UEA)
Faculty of Medicine andHealth ethics committee; on the 17thFdbruary

2017 (reference 2016/427). An amendment was approved on the 16th of
March 2017, to include the option of integwing participants if the
recruitment numbers were not suitable for a focus group (i.e. less than three)
(O.Nyumbaet al, 2018) The approval letters are Appendix1C. Potential

participants were given at least one week to read the information sheet,
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detailing the study's procedures. Any questions were answered via email,
phone or irperson. Those interested were invited to the Movement and
Exercise Laboratory (MoveExb) at UEA, where written informed consent

was obtaine@Appendix 2C and 3C)

Electronic data was stored on a password protected UEA computer,
accessible by the researcher and supervisory team only. Physical copies of
data were stored in a locked filinglmnet within theResearcher'éauthor of

this thesispffice for the duration of the PhD. The final custodian of data from

this study is the primary supervisor.

6.3.3 Participants

6.3.3.1 Sampling

A non-probability purposeful sampling technique was used to identify
potential participants from each eoder group. This method is
recommended for qualitative investigations in healthcare research and
focuses on the characteristics of interest éaehenduser grouj as well as

those accessible to the research team within the study's time and resources

(Neergaarcet al, 2009; Bradshaw, Atkinson and Doody, 2017)

Sample size

Stage 1

The intent was to recruit up to ten participants for eachused groupThe
pragmatic nature of this research determined the sample saeptim data is
required from each participant in qualitative studies; as such, the samples tend

to be smal(Bradshaw, Atkinson and Doody, 201Dther factors considered
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were the small sample sizes and high attrition rates prevalent in similar studies
within the Researcher's research groughe Acquired Brain Injury
Rehabilitation Alliance (ABIRA)In addiion, the rural nature of Norfolk can
cause potential participants difficulties organising travel to UEA, and it can

be a long fatiguing journefLeiraet al, 2018; Ferreir&t al, 2019)
Stage 2

The twoweek home trial required a stroke survivor and informal carer dyad.
Two dyads were chosen, from stage 1, to complete theveek trial. It was

only possible to complete twityadsbecause there was only ovietualrehab
plattorm device available during stage twavhich the dyads used
consecutively totalling four weeks for colafon. The stroke clinicians were
considered for this stage of the study, but the time commitment needed was

not possible within their work schedules.

6.3.3.2 Recruitment and criteria
The stroke clinicians weregecruited from NHS hospitals in Norfolk.
Cambridge hospitals were not approached due to their involvement in

developing an alternative virtual reality device.

To recruit stroke survivors and their informal carers, stroke support groups in
Norfolk and Cambridgeshire weapproachedTheResearcher contacted the
gatekeepers for each group and also gained permission from the East of
England Stroke Association are@anager. Four support groups responded

with interest.
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The Researcher visited the support groups to garner interest in participation.
During each visitthe Researcher gave a presentation to the entire group,
outlining the study'saims and procedure, withaminated pictures of the
Virtualrehabplatform as an aid. ThResearcher then interacted with each
person individually, to further explain the study and hand out participant
information sheets while answering any questions. From these conversations,
similar concerns were highlightethe main hesitation was on giving views
relating tounfamiliar technology (i.e. never used a laptop). Researcher
answered any concerns or questions and reiterated the aim was to develop the
Virtualrehabplatform to be usable bndividualswho were living with the

consequence of strok€he participant criteria useatedetailed inTable12.
Stage one

The support group visiteecruited11 stroke survivorsand seven informal
carers for the study. Unfortunately, this number was approximately half of
the people who indicated an interest in participatthgse who could not
participate mentioned either being unable to travel to the MoveExLab or not
having a gitable date free. In order to optimise the recruitment and anticipate
those who could not attend on the day, additional data collection days were
included althoughit was acknowledged théihe number within each focus
group would be lower. Therefore, athics amendment was obtained to allow
for a smaller sample of participantsr each data collection dawith
potential for 1:1 interviews the number was lower than thrégetailed in

6.3.2)
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Table 12. End-user group#clusion criteria and rationale

End-user Criteria Rationale
group
Stroke Diagnosis of stroke with an ~ To ensure participants have

Survivors onset at least three months  preliminary knowledge of

(SS) prior. typical stroke rehabilitation on
offer.
Informal A family memberor friend To ensure participants

Carer (IC)  thathas been part of an understand typical stroke
i ndi vi dual 6 s rehabilitaton on offer.

Stroke Physiotherapist or To ensure participants have

Clinicians Occupational therapist who is experience with typical stroke

(SC) currently involved in stroke  rehabilitation on offer.
rehabilitation

Stage two

All stroke survivors and informal carers from stage one wdoemed about

the second stage of the study to identify those interesteakiitipating As

there was one device available, only two dyads (a stroke survivoarand
informal carer) could be recruited; this was decided based upon participants
availability. Each participant dyad was given the device within their home for
two weeks allowing sufficient time to experience t@tualrehabplatform

After which the next dyad received the device for their home trial.
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6.3.4 Procedures

This section details the procedures for stage one and two visualisedtigthin

flow diagrans (Figurel5 andFigurel16).

6.3.4.1 Stage one: demonstration of th&/irtualrehab platform

Enduser groups (stroke survivors and informal carers) attendet)EAe
MovExLab in small groups, across different days, dependent on their
schedules. ThResearcher visited the final emder group (strokeliniciang

at the hospital to minimise the impact on their work.

The participants completed the characteristics questiditeen the
Virtualrehabplatform (ully detailedin chaptertwo) was demonstrated for
each eneuser participant group by thBesearcher. The hardware and
software components were shown with the potentialumadof the platform
explained (i.e. how a therapy pleould be setip and carried out in practice).
Participants were offered a chance to try the platforms exercises and
exergames, while th&®esearcher answered questioiitie exercise and
exergames trialled were done either seated or standing, dependém on t
participants preference and at the
possible tailoring of the system is explored in chapter twi)e
demonstrations took between 30 minutes to an hour, dependent on questions
andthe reliability of the softwae. Particular to this study, the assessment
module andLEAP hand motion sensor (Ultraleap, San Francisco, United
States)wereunusable in both stages, due to technical erfidrs participants

then completed the system usability questionnaire. Following which the
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participants then took part in discussions with Besearchefi.e. focus
groups and interviews) following a sestructured topic guidelasting
between 30 minutes @n hour(Table15). The discussions were carried out

in their enduser group; for example, when the stroke survivors discussed
their views, their informal carers were in another room having a refreshment
break.Laminated pictures of the hardware and software were used,en cas
participants needed to focus on a specific part oY/trtealrehabplatform or

remember their earlier thoughts.

6.3.4.2 Stage two: a homerial

Two dyads completed the second stage of the study, each consisted of a stroke
survivor and their informal carer. TiResearcher first set up the Virtualrehab
platform system in the home of each dyad. The participants were given
instructionson how to seup, use the system and the sessions planned for
them were explained in detail. Each stroke survivor was a set arsésai
included all the exercises (i.e. shoulder abduction) and exergames (i.e.
rowing) available (full list is available in section 3.3.3 and 3.3.4,
respectively), in order to trial the system. The participants were asked to use
the system for at leasO3ninutes a day, five days per week, for two weeks;
and to trial all exercises and exergames over the two weeks. The participant
could choose when to trial each exercise and exergame, and they were given
audio recorders and sekported proformas (i.e. tebooks) to record views

of the sessions. At the end of the two weeks, all participants filled in the
system usability questionnaire and the Researcher conducted a 1:1 interview

with the stroke survivor.
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Figure 15: Flow diagram of stage 1

Stage 1

Informed consent

Stroke clinicians

'

4

Stage 2 recruitment

Participant characteristics questionnaire ‘
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Age;
Gender;
Time working with stroke;
Prior experience and confidence with technology;
Type of therapy carried out.
4
) }
Demonstration
4
Group discussions ‘
System usability questionnaire ‘
v Usability of the system
Usability within the home

Customisability of the system

End of study
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Figure 16. Flow diagram of stage 2

Stage 2

 Strokesurvivors Informal carers
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Informed consent 1

| |

Home trial

(Equipment set-up)

—
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Two weeks

System usability questionnaire

|

Usability of the system;

Usability within the home.

End of study
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6.3.4.3 Participant characteristics

Participant characteristics were recorded inpeforma before the
demonstrations for all enalser groups. Alongside typical characteristics (i.e.
age,sexand experience with strokéJable 13), their prior experience and

confidence with technology were gathered

Table 13 Participant characteristics collected per group

Participant group Characteristics collected
Stroke Survivors (SS) Age;
Sex

Prior experience and confidence wi
technology;

Time since stroke;

Type of therapy they havet are
undergoing;

Impact ofstroke on quality of life.

Informal Carers (IC) Age;
Sex
Prior experience and confidence wi
technology;
Time caring for someone with stroke;
Type of therapy they havet is

witnessing.

StrokeClinicians (SC) Age;
Sex
Prior experience andonfidence with
technology;
Time working in stroke rehabilitation;
Type of therapy they havet is

carrying out.

Experienceand Confidencewith technology
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Prior experience and confidence in using technology can influence views on
the usability and acceptability devices such athe Virtualrehabplatform
(Lewiset al, 2011) It is important to understand the potential bias underlying
the participant grougwhen interpreting their qualitative data. Therefore, two

specific sereported questions were creat®dthe Researcher for the study

(1) how confidentare youwith using common technology (which shared

features needed to use Wietualrehabplatformy

- Mobile phone (specifically touchscreen versions);
- Computers;

- TV,

- Tablets/iPad;

- Wi-fi;

- Internet;

- Email.
A multi-choice answer scale was devised for participants to choose

from: ‘confident; 6 u riusconfideid@' and 'never used'.
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(2) What is yourprior experience with technology similar to etualrehab
platform:

- TheMicrosoft Xbox One Kinect;

- The Nintendo Wii;

- Videogames on the computer;

- ThePlayStation;
- Games on the mobile.

A multi-choice answer scale was devised for participants to choose
from: can use it and set it ypan set it up; can use itot used it and

not heard of it.

The answers were chosen to allow for information on those who had
experience with the technical aspects (i.e. setting it up for themselves or other
people) and general (i.e. using it after it waswgeby others). This allowed
answers to be differentiatdettween those who had heard of the technology

before but not useid and those who had nat all.

Impact of stroke on quality of life

Stroke is known to be heterogeneauserms of impairments, disability and
lasting impact orthe quality of life (Boyd et al, 2017) Thus, it isdifficult to
ensure the inclusion of representative potential user views from the entire
stroke population. It is important to identify the characteristics of the
individuals' stroke to understand how representative the views are. In addition
to the earlie characteristics collected the sedporedimpact onthe stroke
survivorsQuality of Life (QoL) was collected. There are several reliable and
valid psychometric assessments availatdemeasure QoL. The Stroke

Impact Scale (SIS JDuncanet al, 2003a)was ceemed most appropriate
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the toolgathers information on how a stroke has impacted their health and
lives (Sullivan, 2014) The SIS 3Duncaret al, 2003a)s a valid and reliable
selfreported scal€Choiet al, 2017) The 59item instrument measures QoL

in eight dimensions. Each is rated onjadint Likert scale depending on how

'difficult’ the participant perceives completing the activity.

6.3.4.4 System usability questionnaire

The usability of th&/irtualrehabplatform was explored with a questionnaire
developed for this studyt was used to identify areas of improvement and
gather views on specific aspects of the platform (resesinch 2 and2b).

The questionnaire was made up of the following:
System Usability Scale (8S)

The 10item System Usability Scale (SUS) was chosen to provide a subjective
assessmerdf the Virtualrehabplatformb s u s (8rbakd, 1996y This 5

point Likert scale has been used previously in virtual stroke rehabilitation
research{Meldrumet al, 2012; Howe®t al, 2019; Stephensaat al, 2020;
Tuenaet al, 2020) It is also able to differentiate between 'usable' and
‘'unusable’ systems with data from small sample sizes. The answers range from
'strongly agredo 'strongly disagreeThe SUS scale has strong psychometric
properties, having been found reliable anddvélLewis and Sauro, 2009)
Thescale was kept identical to the original, apart from the term 'system’

whichwas replaced with 'Virtueghab tool' for clarity Table14).
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Table 14: System Usability Scale (SUS)

System Usability Scale (SUS 3) (adapted frofBrooke, 1996)

1.

2.

10.

| think that | would like to use thigirtualrehabtool frequently.
| found theVirtualrehabtool unnecessarily complex.
| thought theVirtualrehabtool was easy to use.

| think that | would need the support of a technical person to be al

use thisVirtualrehabtool.

| found the various functions in thi¥irtualrehab tool were well
integrated.

| thought there was too much inconeisty in thisVirtualrehabtool.

I would imagine that most people would learn to use\thisialrehabtool
very quickly.

| found theVirtualrehabtool cumbersome to use.
| would feel very confident using thértualrehabtool.

| would need to learn at of things before | could get going with tF

Virtualrehabtool.

Additional usability questions

The Researcher developed these questfonshe study.All three enduser

groups were asked to consider how 'easdgsy unsure,or uneasy) they

might incorporate certain aspects of tetualrehabplatform within the

home.Stroke survivorand informal carers answered from their perspectives

as if they were attempting to use the device. Stolikécianswere asked to

consider it from the perspective of their patients and their knowledge of prior

attempts to incorporate similar rehabilitatidevices within the home.
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Q: How well do you think you/they could incorporate the tool into the home

and use it?

- Find a space for théirtualrehabplatform;
- Connectit to the TV;

- Switch it on

- Turn it off;

- Navigate through the welcome screens andl tire exerciseessions

Stroke cliniciansvere also asked additional questions on the therapy editor
component of theVirtualrehab platform, with answers ranging from

important unsure, onot important.

Q: How important are the following aspects whengidering using this tool?

- Customisng a rehabilitation plan?

- Accesing other therapists plans and exersiaeound the world?
- Tracking the overall progress of your patieffite. remotely?

- Adjusting the rehabilitation plan at any tinfiee. remotely?}

- Measumg physiological improvemen®s

They were also asked about the variety fmdtionality of theVirtualrehab
platform games and exercisesvith answer ranging from satisfied to

unsatisfied and neither.

Q: How did the games and exercises appeal in terms of:

- The \arietyon offer,
- The similarity to current rehabilitation exercises/games
- The functionalityof the movements involved in the egises/games
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6.3.4.5 Group and individual discussions

To appropriately answer the reseaaitms group and individuadliscussions

were required. Two methods of collecting this data were used, focus groups
and 1.1 interviews, both of whiclkare recommended for qualitative
descriptive studydesigrs (Bradshaw, Atkinson and Doody, 201Hocus
groups(typically 47 12 peoplejare built on the notion that group interaction
encourages respondents to explore and clarify individual and shared
perspectivegDahlin lvanoff and Hultberg, 2006\Whereas semistructured
1:1linterviewexploresthe experiences of participants and the meanings they

attribute to them, in an open-depth manner.

Theprimary aim for thdirst stage of the study was to conduct focus groups;
there were two exceptions made pragmatically. The first wiasn the
number of participants aihe data collection day did not meet the minimum
number recommended for a focus group (ess tharthree); in this instance

1:1 interviews were conductg@Guest, Namey and McKenna, 2017The
second was when stroke participants requested a 1:1 intertnay;
expressed this would help the challenges they felt with their communication
impairmentsOverall, ith methods followdthe samesemistructured topic
guide which wasre-worded, reordered or clarified tanvestigate further

topics introduced by theesponderst where appropriat@ablel15).
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Table 15: The topic guide used in all focus groups and interviews

Semistructured questions

What did you think of the physical device? (fTae Kinect V2and LEAP hanc

motion sensors)

What did you think of the exercises and games? (i.e. the software modul

What did you think of the therapy editor?

How would you feel if this was aadditional rehabilitation tool?

What do you think of the technology requiremdints setup and usée)

Do you feel this can be implemented into stroke rehabilitation?

What benefits or challenges could this potentially have for stroke surviva

Any further thoughts on the positives and negatives of this new tool?

NB. At the end of each question, a prompt was given to identify pote

changes to the platform (reseaei 2b)
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6.3.5 Data analysis

The following section outlines the data analyshniques used in the study.

6.3.5.1 Participant characteristics

Descriptive statistics were used to describe the questionnaire responses. The
Stroke Impact Scale (SI¥puncanet al, 2003a)scaes were transformed to

gain 'domain’ scores out of 100, from the following equafMaolder and

Nijland, 2016)

e e, . AQEQOQME T X
Ot 0 wWipe 1 Q - Zp MM

There is also an additional questionthe SIS 3Duncanet al, 2003a)that
asks participants to score their perceived recovery on a scale of O #rnl00.
additionalphysical dimension subscalas also created from trsaimmed
strength, hand function, Activities of Daily Living (ADdpmaing to create

the SIS16 (Duncanet al, 2003b)

6.3.5.2 System usability questionnaire
System Usability Scale (SUS)

The SUS raw scores were adjusted as foll@lesdan, 1996)

1 The evemnumbered items (Q2, 4, 6, 7, 10): subtract each response
from 5.

1 The oddnumbered items (Q1, 3, 5, 7, 9): subtract 1 from each
response.

1 The converted scores are then summed and multiplied by 2.5: creating
anoveral|l Oadjusted SUS scored between

The mean and standard deviation were then calculated from the adjusted SUS

scores; the small sample size prevented further inferential statistics.
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It is important to note the adjusted SUS scores are not rmagss or

percentiles and must bieterpretedappropriately.Thus, a score of 50 does

not indicate the system is HAdAhalf as goo
indicates serious usability issues that require amendiiitas been argued

that the SUS adjustl scores should be converted to percentile ranks through

a process called normalizifgewis and Sauro, 2009).ewis et al (2009)

created a calculator and guide from over 500 Sitlflies that convert

adjusted scores to percentiles; unfortunatilg study did not have enough

resources to purchase this calculatbhus, it should be noted that as

percentiles were not calculated the results of this study cannot be compared

with other studies SUS scores.

In the interpretation of the adjusted SUS score a total above 68 is seen as

6above averaged (Lewis and Sahas o, 2009) .
beencreated for SUS scores in termstadljectivéand Gacceptana@ratings

(Bangpr, Kortum and Miller, 2008). Other researchesse used Bangor et al

(2008) acceptability ratings as a means of interpreting the SUS adjusted
scoregshown inFigure 17); this will be also used within this study (Howes

et al., 2019; Stephenson et al., 2020).
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Figure 17: A comparison of mean System Usability Scale (SUS) scores bytiadje
ratings, and the acceptability of the overall adjusted SUS score (from Bangor et al
(2008) Figure 13, P592).
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Additional usability questions

Percentages were calculated for eacheset group from the results of the

additionalusability questionreated for th study:.

6.3.5.3 Discussions within focus groups and interview

Transcription

An ‘intelligent verbatim stylewas used, where repetitiog pauses and
stuttering were omitted in the transcriptiohhese were not necessary to
address the researaimsor required for QD design(Sandelowski, 1994;
Halcomb and Davidson, 2006; Davidson, 2009)e participants involved
wereconsidered when omitting wordssa stroke can impacommunication
abilities potentially leading to repetition, pauses, and stuttethag are not
connected to their viewginally, the discussions were audiotaped; therefore,
nontlinguistic observations (i.e. facial expressomtonations and body
languae) were not availabléThe Researcr transcribed the discussions
following a data management protocol in order to increase content accuracy,
transparency, validity and efficiencihe following steps were undertaken:
Step 1. Listen to the recorded audma consult any notes taken during

the discussions
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Step 2. Transcribasing an intelligent verbatim method;

Step 3. Compare the transcription to the audio recording, making
alterations or changes as and when neg&degeated as often as

required

Step 4. A Supervisor quality cheekl a random selection of

transcription to increase accuracy.

Finally, to ensure confidentiality, identifiable information was removed by
the Researcher. An example aftranscript isshownin Appendix4C. The
transcripts were then imported into NVIVO 11 (QSR International
technology and software solutions, Austral@mputer software designed to

organise qualitative data, facilitating the Reseaktisemntatic analysis.
Thematic analysis

Once importedinto NVIVO 11 (QSR International technology and software
solutions, Australia),the transcripts were analysed with similar codes
grouped to identify emerging themes. Thealysed focus groups and
interviews, per stagewere comparedvia triangulation.To ensure the
trustworthiness of the results a second coder is standard practoeafiy
checking qualitative data analy¢iMowell et al, 2017) The second coder (a
member of the supervisory teamapalysed a random selection of the
transcripts tvo focus groupstwo interviews) and then compared with the
ResearcherSources of disagreement were resolved by discusstween

the two, or an additional supervisor if required
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The data was analyseddllowing Braun and Clarke'six-stagethematic

analysisprocesgBraun and Clarke, 2006the following details the steps

1. Familiarisation of the data;

2. Generating initial codes;

3. Searching for themes;

4. Reviewing the themes;

5. Defining and naming the themes;

6. Producing the report.

In order to answer the researaim 2b - identifying future development
directions for th&/irtualrehabplatform, any emergercthanges recommended

by participants wereodedinto a separate theme.

Thematicanalysisvas chosen to allow the Researdioestay close tthe data

and as suchthe interpretatiorwould be oflow-inference(Neergaarcet al,

2009) meaning that different researchers will agree more readily on the same
findings, even if they do nathoose to present the findings in the same way

(Sandelowski, 2010)

Researchrigour

It is importantto demonstrateigour in qualitative research to increase the
trustworthiness of findingsn order to do so e Researcher reflected upon
their own biases and the effect these may have ofinliegs to increase

transparencyNicholas, Clark and Szauter, 2018) addtion, guidance was
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taken from Bradshaw (2017) in showingourwith a QD design Tablel16

described the recommended stapsdedo demonstrategour.
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Table 16: Demonstratingigour for qualitative description researdesigngadapted from Table 2, Bradshaw, 2017)

Stepsfor demonstration ofrigour Rigour criteria that each stepdemonstrates

Credibility Confirmability Transferability Dependability

1. Establish a rapport prior tbmmencing interviews V
2. Express compassion and empathy during interyiews V
3. Prolonged engagemewtth participantghroughout the V
study;
4. Participants to verify the accuracy of the transeript Vv Vv
(member checking)
Maintaining areflexive journaj V V
Establi shment of an audit Vv \%
procedures and processes
Description ofparticipants characteristics Vv
8. Findingsthatrepresent the data gathered aneinot biased Vv
by the research, evidencedtineinclusion of direct
quotations from participants

9. Purposeful sampling used; \%
10. Providing sufficient study details so recreati@moccur, \%
11. Rich descriptionis shown in the findings; \%
12. Account for any changes that occur in the study \%
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6.4 RESULTS

The following section details the results from both stages of this study
according to the appropriate outcome and research quéstiathe first stage

of the study eight data collection sessions (four focus gro@psl four
interviews) were conducted in totdlgble17). The second stage of the study

two dyads (each with one stroke survivor and informal carer) wedscted.

Table 17: Focus groups and interviews details from stage 1

Group (location of data Participant group  Participants
collection)

Group 1 (UEA MovExLab?)  Informal Carer n=2
Group 2 (UEA MovExLab')  Informal Carer n=3
Group 3 (Support group) Informal Carer n=2

Group 4 (UEA MovExLab')  Stroke survivors n=3

Group 5 (UEA MovEx Lab')  Stroke survivors n=72

Group 6 (UEA MovEx Lab')  Stroke survivors n=72

Group 7 (Support group) Stroke survivors n==6

Group 8 (Hospital) Stroke clinicians n=9

NB. 1 University of East Anglia's Movement and Exercise
Physiology Laboratory; 2 Participants requested a 1:1 interview

due toselfreported communication challenges
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6.4.1 Participant characteristics

Ten stroke survivors seven informal carers and nirgtroke clinicians
participated in stage T'able18). The ages varied for each euaser group:
stroke survivorg60 to 82 years); informal carers (46 to 72 years)sdrake
clinicians (22 to 52 years). The strol&inicians group consisted ofour

occupational therapists and five physiotherapists.

Table 18 Participant characteristiésom stage 1

End-user Number of  Age, years Sex Experience with
participant participants (m + SD) (F; M) stroke, years
group (m £ SD)
Stroke 11 70.5x7.5 4:7 74+4.7
Survivors

Informal 7 58.6 +10.9 4:3 5.36 +4.7
Carers

Stroke 9 31.3+8.6 8:1 7.5+6.8
Clinicians

NB. m, mean;SD, standard deviatigrF, female;M, Male

Two dyadswvere chosen from stage 1 to complete stage 2,@andisting of

astroke survivor and an informal carer within eathb{e19).

Table 19: Participant characteristics from stage 2

Dyad Participant Age, years  Sex Experience with stroke,
group (F; M) vyears
1 Stroke survivor 60 F 10
Informal carer 72 M 10
2 Stroke survivor 82 M 4
Informal carer 71 F 4

NB. F, female:M, Male
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Selfreported impactofthepar t i cstrgkant 6 s

In the first stage of the stugihe stroke survivorvaried in terms of the self
reported impact of their stroke according to the Stroke Impact Scale (SIS 3)
scores(Duncanet al, 2003a) their strengthappeared thenost affected

domain(Table20).

Table 20: Stroke Impact Scale résultsfrom stage 1

Stroke impact score (SIS 3), domain Result (m+ SD)
SIS domain: Strength 35+14.8

SIS domain: Memory and thinking 87.5+15.7

SIS domain: Emotion 66.3+ 15.5

SIS domain: Communication 94.7+7.4

SIS domain: Activities of Daily Living 84.6+13.8

SIS domain: Mobility 58+ 26.1

SIS domain: Hand function 64.4+ 33.9

SIS domain: Participation 71.9+19
SIS16: Total 257+ 54.7

NB. m, mean;SD, standard deviation

The second stage of teeudy was carried out with twstroke survivors who
also completed stage 1. They varied in terms of thergptirted impact of
their stroke according to the SIS 3 scofPsincanet al, 2003a) Dyad 1
stroke survivords hand f unappeaed was aff

strongly affected in the strength domaliale21).
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Table 21: Stroke Impact Scale 3, results from stage 2

Stroke impact score (SIS 3), domain Dyad 1, stroke

survivor result

Dyad 2, stroke

survivor result

SIS domain:

SIS domain:

SIS domain:

SIS domain:

SIS domain:

SIS domain:

SIS domain:

SIS domain:

SIS16: Total

Strength

Memory and thinking
Emotion
Communication
Activities of Daily Living
Mobility

Hand function

Participation

43.75

100

88.89

100

75

58.33

35

75

212.08

31.25

89.29

75

96.43

97.5

94.44

100

87.5

323.19

NB. Scores out of 100 for each participant win stage 2, were calculated
according to steps outlined in section 6.3.5.1

Seltreported

therapy experienced

Only stroke cliniciansandstroke survivorprovided answerto the question

regarding the type of thgmg experienced; wherein what constitutes therapy

was left as the participants choicEable 22, lists the 'therapies' shared in

response fostroke cliniciangandstroke survivorgrom the first stage In the

second stage of the stydynly one participant (Dyad 1) reported currently

under goi ng

Ohydrotherapyo.
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Table 22 Self-reported therapy experienceddage 1

End-user participant group ‘Therapy' experienced, selfreported

Stroke clinicians Facilitated reaching
Normal movement
Active assisteagnovement
Mirror-box
E-stimulation
Mirror box
Sensory stimulation/integration
SAEBO MAS(mobile arm support device)
Functional tasks
Neurology physiotherapy
Handson
Exercise
Hydrotherapy
Electrical stimulation
Strokesurvivors Hydrotherapy
Gymi clinic and home
Homei personal trainer
Tai chi
Swimming
Walking
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Prior experience and confidence with technology

In the first stage of the studfne participants’ prior experience and confidence
with technologyvaried.Over half thestroke survivorseported confidence in
using technologyhowever,informal carers andtroke cliniciansvere more
confident in using common technologshown inTable 23). In particular

over threequarters of stroke survivors had no reported experience with the
Kinect V2(Microsoft, Washington, United State#)emain hardware part of

the Virtualrehabplatform (Table 24). Over half of the stroke survivors had
not experiencedany other technology which shared aspects of the
Virtualrehabplatform. Although informal carers reported more experience
with certain technology examples (i.e. computer, mobile NintendoWii
(Nintendo, Kyoto, Japargames), nearly half of the group had no experience
with the Kinect V2(Microsoft, Washington, Umeéd Statespr PlayStation
(Sony Interactive Entertainment, Tokoyo, Japahhe stroke clinicians
reported no experience with the Kinect YRicrosoft, Washington, United
States) but for the other technology examples (i.e. mobile games), a large

number otthe participant group had experienced them.
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Table 23 Confidencen using common technologgtage 1

Technology End-user participant group Number of participants (percentage of participant group)
confident unsure unconfident never used
Mobile SS 6 (54.55%) 2(18.18%) 2 (18.18%) 1 (9.09%)
IC 6 (85.71%) 1(14.29%) O 0
SC 8(88.89%) 1(11.11%) O 0
Computer SS 4 (36.36%) 2 (18.18%) 4 (36.36%) 1 (9.09%)
IC 5(71.43%) 1(14.29%) 1(14.29%) 0
SC 9 (100%) 0 0 0
TV SS 8(72.73%) 2(18.18%) 1 (9.09%) 0
IC 6 (85.71%) 1(14.29%) O 0
SC 9 (100%) 0 0 0
Tablet or iPad SS 5(45.45%) 2(18.18%) 2 (18.18%) 2 (18.18%)
IC 6 (85.71%) O 1 (14.29%) 0
SC 8(88.89%) 1(11.11%) O 0
Wi-fi SS 5 (45.45%) 1 (9.09%) 4 (36.36%) 1 (9.09%)
IC 5(83.33%) 1(16.67%) O 0
SC 9 (100%) 0 0 0
Internet SS 5 (45.45%) 3(27.27%) 2 (18.18%) 1 (9.09%)
IC 6 (85.71%) 1(14.29%) O 0
SC 9 (100%) 0 0 0
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Technology End-user participant group Number of participants (percentage of participant group)

confident unsure unconfident never used
Email SS 7 (63.64%) 1(9.09%) 2 (18.18%) 1 (9.09%)
IC 7 (100%) 0 0 0
SC 9 (100%) 0 0 0

NB. SS,Stroke SurvivorstC, Informal CarerSC, Stroke Clinicians
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Table 24: Prior experience with technology similar to tietualrehabplatform, stage 1

Common technology

End-user participant group

Number of participants (percentage of participant group)

Experienced Unsure Not experienced
Xbox (Kinect V2) SS 1 (9.09%) 1(9.09%) 9 (81.82%)
IC 2 (28.57%) 1 (14.29%) 4 (57.14%)
SC 0 2 (22.22%) 7 (77.78%)
Wi SS 2 (18.18%) 2 (18.18%) 7 (63.64%)
IC 3 (42.86%) 3 (42.86%) 1 (14.29%)
SC 4 (44.44%) 5 (55.56%) 0
Computer games SS 2 (18.18%) 3 (27.27%) 6 (54.55%)
IC 5 (55.56%) 2 (22.22%) 2 (22.22%)
SC 3 (42.86%) 1 (14.29%) 3 (42.86%)
PlayStation SS 1 (9.09%) 0 10 (90.91%)
IC 3 (33.33%) 2 (22.22%) 4 (44.44%)
SC 2 (28.57%) 2 (28.57%) 3 (42.86%)
Mobile games SS 2 (18.18%) 1 (9.09%) 8(72.73%)
IC 6 (66.67%) 1(11.11%) 2 (22.22%)
SC 3 (42.86%) 1 (14.29%) 3 (42.86%)

NB. SS,Stroke SurvivorsIC, Informal CarerSC, Stroke Clinicians
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In the second stage of the studhe participants in Dyad 1 reported
confidence in using common technology, while Dyad 2 were unsure about
using the computer of TVIable25). Whereasthe informal carer in Dyad 1
was confident in their prior experiencgith technology similar to the
Virtualrehab platform Table 26). The stroke survivor in Dyad 1 was only
confident in their prior experience with games on the computer and mobile.

Finally, the participants in Dyad 2 were confident in their prior experience

Table 25: Confidence in using common technology, stage 2

Technology Dyad 1 Dyad 2

Stroke Informal Stroke Informal

survivor carer survivor carer
Mobile Confident Confident Confident Unsure
Computer Confident Confident Unsure Unsure
TV Confident Confident Unsure Unsure
Tablet oriPad  Confident Confident Confident Confident
Wi-Fi Confident Confident Confident Confident
Internet Confident Confident Confident Confident
Emalil Confident Confident Confident Confident

Table 26: Prior experience with technology similar to the Virtualrehab platform,
stage 2

Common Dyad 1 Dyad 2
technology Stroke Informal Stroke Informal
survivor carer survivor carer

Xbox (Kinect V2) Unconfident Confident Unconfident  Unconfident
Wii Unconfident Confident Unconfident Unsure

Computer games Confident  Confident Unconfident  Unconfident
PlayStation Unconfident Confident Unconfident Unconfident

Mobile games Confident  Confident Unconfident  Unconfident
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6.4.2 Research rigour

The rigour and subsequerttustworthiness of the qualitative datallected
areevidenced inTable27. In addition,the research team met regularly at all
stages of the study to improve the credibility of findings and challenge

assumptions.

Although these steps increase rigour, it is alspartant to consider the bias

of the researcher background when considering qualitative dtr

psychology and cognitive neuroscience background with prior experience
volunteering in stroke support groups may have influenced the analysis and
interpretaion of the dataFurther, the Researcher carried out the focus groups

and interviews,and had built a prior rapport with the participants in the
recruiting stage; this coupled with the
characteristics may have influecéhe participantsesponsiveness to the

interviewer.
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Table 27: Operationalisation afigour within the study

Means to support a demonstration of Operationalisedwithin the study Rigour demonstrated
rigour
1. Establish a rapport prior to TheResearcher met with the participants before the ¢ Credibility
commencing interviews collection sessions to establish a rapport and develo}
trusting relationship
2. Express compassion and empathy Active listening skills (of which th®esearcher is Credibility
during interviews trained in) were employed during the data collection
3. Prolonged engagement with sessions to express compassion and prolong Credibility
participantghroughout the study; engagement
4. Participants to verify the accuracy The participants were unable to verify the accuracy ol Credibility/confirmability*
of the transcrifg (member transcripts due to the potential added participant bur
checking) a summary was given at tlemd of the data collectio
sessions to ensure their views were accoufdednd
understood.
5. Maintaining a reflexive journal TheResearchrkept a reflexive journahatdetailed the Confirmability/ Transferability
rationale for and methodological or procedural chang
and personal reflections were recorded.
6. Establishment of an audit trail In addition, an audit trail waset for all data collection Confirmability/Dependability
describing the ¢andanalysisprocesses
and processes
7. Description of participants The patrticipants' characteristie®redescribedsection  Confirmability
characteristics 6.4.1).
8. Findings represent the data gather Direct quotations used from participants, to ensure  Confirmability

andarenot biased by the research,
evidenced byheinclusion of direct
quotations from participants

representativeness of ddfsection 6.4.3 and 6.4.4).
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Means to support a demonstration of Operationalisedwithin the study Rigour demonstrated
rigour

9. Purposeful sampling used; A non-probability purposeful sampling technique was Transferability
used (section 6.3.3.1).

10. Providing sufficient study details s« Sufficient study detailbave beemprovided to allow for Transferability

recreation can occur recreation(section 6.3).
11. Rich descriptions shown in the In-depth information (i.e. rich description) was gainec Transferability
findings; from the discussions, shown via the thematic analysi
which addressed the research aims (section 6.4.3 an
6.4.4).
12. Account for any changes that occL An audit trail was kept to account for any changes  Dependability
in the study within the study (i.e. additional ethics required for 1:1

interview in stagd).

NB. *Despite not checking the transcripts participants found the summaries accounted for their disemsstbos it can
be argued thatredibility/confirmability was demonstrated
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6.4.3 Researchaim 2a: to explore the usability and acceptability of a
virtual reality system (Virtualrehab platform) for delivery of
home-based stroke rehabilitation

System usability questionnaire

Overall, the SUS scores varied amortfsparticipant group and study stage,
the scores are visualisedHigurel8. In the first stage of the studge mean

SUS total scoréout of 100)of all three groups was 57.8téndard deviation

= 15.2)(marginally low) Thestroke survivorsmean score for the platform
was52.5 gtandard deviatior 14.0)(marginally low) The informal carers
scoreda mean of75.7 gtandard deviatior 9.2) (acceptablefor informal
carers and thestroke cliniciansa mean 0f60.5 tandard deviatiosr 7.9)
(marginally low)(Table28). Stroke participants rated the following aspects
of the platform the lowest: (4) requiring technical support and (10) feeling the
need for training before us®hereas, thestroke cliniciansreported most
concerns with: (1) frequent use of the platform and (7) users would adapt to
the platform quickly. The informal carers, in general, scored more positively
regarding the usability of the platforMlithin the second stage of the study
the twod y a d 6 s vasedfrom 6.5 (marginally high)to 85 (acceptable)

(Table29).
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Figure 18: SUS scoresisualisedfor each study stage and participant gréagapted from Bangat al(2008)figure 13 p. 593.
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Figure 17 legend

Study stage 2:

D = Dyad 2- stroke survivor
E = Dyad 1- informal carer

F = Dyad 1- stroke survivor
G = Dyad 2- informal carer

Study stage 1:

A = stroke survivors
B = stroke clinicians
C = informal carers

E E
E
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Table 28 Stroke Usability Scale (SUS adjusted raw scores (m+SDyjgpestion,
per participant groupstage 1.

SUS mzSD, per question Stroke Informal Stroke

survivors Carers clinicians

1. | think | would like to use this VRI 2.5+ 0.9 3.7+05 1.7+0.7
frequently

2. | found the VRP unnecessari 2.0 £0.8 29+05 23zx0.7
complex

3. | thought the VRP was easy to use 2.2 £ 0.9 3006 21+0.6
4. | think | would need the support of 1.1 £0.7 30£10 2010
technical person to be able to use t

VRP.

5. | found the various functions in th 2.5+ 0.7 30+x06 27x05
VRP were well integrated.

6. | thought there was too muc 2.2 +0.8 27105 23x05
inconsistency in this VRP.

7. 1 would imagine that most peop 2.5+ 0.7 29+04 11+0.8
would learn to use this VRP vel

quickly.

8. | found the VRP cumbersome to u: 2.3 £ 0.5 3010 20+05
9. I would feel very confident using tr 2.3 £ 0.8 34+x05 20zx0.7
VRP.

10.1 would need to learn a lot of thin¢ 1.7 + 0.9 27108 2.0+0.7
before | could get going with this VRI

Total 525+140 75.7+9.2 50579

NB. m, mean;SD, standard deviatign/RP, VirtualRehab platform

Pagel760f 511



Table 29: Stroke Usability Scale (SUS adjusted raw scores), stage 2.

Stage 2 SUS score
Dyad 1
Stroke survivor 72.5
Informal carer 70
Dyad 2
Stroke survivor 67.5
Informal carer 85

When asked about finding space for the platform in the homesttbke
survivorsand informal carers felt this could be done with ease (54t668ke
survivors 100% informal carers(Table30). However, the majority aftroke
clinicians were unsure if their clients could find space within their home
(42.9%). The participants varied in responses when asked about using the
platform (.e. connecting it to the TV, switching it on and off and navigating
through the software). The informal carers astiloke cliniciansfelt
connecting the platform to the TV would be easier thfaoke survivors
(whom only 27.27% felt they could with easdéiowever, in terms of
switching the device on and off over tthurds of stroke survivorsand
informal carers participants felt this could be done stheke cliniciansvere

less surdhattheir patients would be able to. Finalktroke survivoravere

more unsure of navigating through the software than informal carers, and

stroke cliniciangelieved they would be able to.
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Stroke clinicians were also asked how important customising aspects of the
Virtualrehabplatform therapywas The cliniciansprimarily chose 'satisfied'
when asked about the variety of content on offed{-specific- 55.5% hand
specific- 44.49); the rest were 'unsure'. The majority chose ‘'unsure' when
asked about the functionality of the exercises and exergdoegspecific-
44.4%; hand specific55.5%) Overall, he majority (44.4%) were 'satisfied’
with the similarity between the platform's content and rehabilitation

exercises.
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Table 30: System usability questionnaire, specific aspects o¥ittaalrehabplatform

Aspects of using thé/irtualrehab

End-user participant

Number of participants (percentage of participant

platform group group)
Easy Unsure Difficult
Find a space for it SS 6 (54.55% 4 (36.36% 1 (9.09%
IC 7 (100% 0 0
SC 1(11.11% 5 (65.56%) 3(33.33%
Connect it to the TV SS 3 (27.27% 6 (54.55% 2 (18.18%
IC 4 (57.14% 3(42.86% 0
SC 4 (44.44% 5 (565.56% 0
Switch it on SS 8 (72.73% 2 (18.18% 2 (9.09%
IC 6 (85.71% 1(14.29% 0
SC 4 (44.44% 5 (565.56% 0
Turn it off SS 8 (72.73% 2 (18.18% 2(9.09%
IC 6 (85.71% 1(14.29% 0
SC 4 (44.44% 5 (65.56%) 0
Navigate through the software SS 4 (36.36% 4 (36.36% 3 (27.27%
IC 6 (85.71% 1 (14.29% 0
SC 3(33.33% 5 (565.56% 1(11.11%

NB. SS,Stroke SurvivorsIC, Informal CarerSC, Stroke Clinicians
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Group and individual discussions

The group and individual discussions from stage 1 and 2 of the study revealed
three themes with related subthemes, answedsgarch aim 2&isplayed

in a thematic magigurel19).
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Figure 19: Thematic map, for research aim 2a

Safety of using the platform

Practicalities of using the platform Clinician-patient relationship*

@ _-®

Time requirements for therapy

Potentia! !)urfien of The therapy editor®
Rehabilitation* \ /

The optimal timeframe to 3 . -
approach patients* Perceived psychosocial effect

Demand for technology-based rehabilitation*® Technology for people with

The target user

Usability of the platform*

‘ stroke*

* Stage 2 of the study themes
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The differences in themes arising between thewssal group and study

stages are shown fable31.

Table 31: End-user participant group thematic difference amongst study stages

Theme Subtheme Stroke survivors Informal  Stroke
carers clinicians

Stage 1 Stage 2

Theme 1. Implementation of the Virtualrehab platform in the home

(a) Therapistpatient V \% \%
relationship
(b) practicalities of \% \% \% \%

using the platform

(c) Safety of using \% \%
the platform
Theme 2. Integration of the Virtualrehab platform into UK stroke
rehabilitation

(a) Demand for \% \% \%
technologybased
rehabilitation

(b) the optimal Vv Vv \%
timeframe to
approach patients

(c) Time \%
requirements for

therapy

(d) Potential burden Vv Vv \% \

of rehabilitation
Theme 3. Perceived benefits and challenges of using the Virtualrehab

platform
(a) thetarget user \% \%
(b) the therapy editol V \% \% \%
(c) Perceived \% \%
psychosocial effect
(d) Technology for Vv \% \% \
stroke survivors
(e) usability of the Vv \% \% \
platform
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6.4.3.1 Theme 1. Implementation of theVirtualrehab platform in the
home (Table 32)

The therapispatient relationship was highlighted as an important part of
rehabilitation: promoting safety, trust and motivation. Participants worried
about losing thehuman toucé elementif virtual reality systems replaced
therapistsStroke survivorand informal carers suggested the platform should
be a tool for therapists, not independent of th®&troke clinicianviewed the

use of the platform positively, especially the ability to recoiretorrect

movements potentially highlightingpmpensation

The use of the platform within the home was seen as a potential way to
increase therapy access. Indestthke sirvivorsreported wanting less travel
and moreprivacy, suggesting advantages to conducting therapy within the
home.They also felthatthe 'offline’ version would help in areas with poor
internet connectivitythe Virtualrehab platform sessions could without an
internet connection; the data recorded is saved until either an internet
connection is created or the therapist laptop directly downloads the data)
Althoughstroke cliniciandelt the home could be beneficial for therapy, they
worried about ptentially cluttered environments. The informal carers felt the
platform's design was less intrusive than rehabilitation technology they had
experience with previoushAlthough it should be notedhey did not report

much experience with prior technology.
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Table 32 Subthemes from the implementation of Yigualrehabplatform in a domestic setting

Subtheme lllustrative quote Participant group
(a) clinician-patient
relationship
Whereas a computer can't hold my hand Stroke survivoystage 1

| think it's also somebody else coming in and it's a watchful ey Informal carer, stage 1
It's a backup for me

I am not sure how great the machine will pick up all the other Stroke clinician stage 1
movementd.think if the patients doing it we would almost have
see the patients doing it, to make sure they are doing the
movement correctly

(b) practicalities of using the

platform
| think in your home, you can do it whegou want, without being  Stroke survivorstage 1
watched

It would be a godsend if there is very little phyeiwlvedif you Informal carer, stage 1
live in a place with little transport and the carer does not drive

A lot of houses can be quitaittered Stroke clinician stage 1

Depends on what must be done Stroke survivor Interviews,
stage 1

It was not intrusive or anyt Stroke survivorstage 2

(c) Safety of using the platform
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Subtheme lllustrative quote Participant group

| think it's different doing it in person than doing it in your own Informal carer, stage 1
home. You have your own ti me

maybe tired or anything, the

think it is a comfortale setting anyway in your own home

Ensuring that they are going to be safe if we leave them doing Stroke clinicianstage 1
exercise
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6.4.3.2 Theme 2. Integration of theVirtualrehab platform into UK
stroke rehabilitation (Table 33)

Participants considered that integrating technoloasedtherapyaids into

UK stroke rehabilitation had potentiglarticularly in areas where there was
limited, or inconsistent therapistm@act time Stroke survivorselt aids, such

as the platform, should be offered as soon as possible but, with support in

place to facilitate acceptance.

Stroke cliniciandelt that the platform's usability is key to ensuring there is
nofurtherburden on the friends and family sifoke survivorsThey reported

that, in theirexperiencelearning similar systems can reduce treatment time.
Informal carers also felt that thelatform's design needed to facilitate
autonomous rehabilitation to lessen their burden; with clear instructions and

technicalsupport for an acceptable system.
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Table 33 Subthemes from the integration of Metualrehabplatform into the UK stroke rehabilitation pathway

Subtheme lllustrative quote Participant group
(a) Demand for technology
based rehabilitation
We would fit it in, it's a priority in our livesn't really. Stroke survivoystage
1

(b) the optimal timeframe to
approach patients

She actually feels she is doing something rather than something is bt Informal carer, stage 1

done to her

I'd like to see it become a normal part of rehab. | do think it would be Strokesurvivor, stage

benefit 2
As soon as possible. If it's going to improve their situation Stroke survivorstage
1

Introduce at the right time, not pushed too soon. Be mindful of the m¢ Informal carer, stage 1

impact of astroke.

As soon as possible. Because it comes from that period of adjustmer Stroke surwor, stage
when all the emotions come, it makes you feel you are not left, | had 2

input but then there was a period where | went and had therapy.
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Subtheme lllustrative quote Participant group

(c) Time requirements for

therapy
Someone else would need to be quite well trained in order to able to Stroke cliniciansstage
it-up quickly and then to get the patient in and it all to be ready, it woi 1
be quite frustrating and that could actually b&@atment time in itself

(d) Potential burden of

rehabilitation
Someone has to do that. | want to burden my partner less, not more. Stroke survivoystage
it'd be best for me if it was sap, fixed and left static. | mean we have ¢« 1
Wii athome and that is seip, fixed and static.

| was getting frustrated, every time [identifying information removed] Informal carer, stage 1
given exercises or homework to do. It was oh help him do this, help t

do that and | just thought | don't haenough hours in the day, to help

him do the things he has been told, never mind the things to get by a

have to. In that sense this feels good, the way | have seen it today, h

could, I could help him get the thing on and going and none of it mad

feel he would need me there, obviously | would keep an eye initially t

could possibly do some on his own. That would be a relief.
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Subtheme lllustrative quote Participant group

Then you have to rely on someone else to help them set it all up, alr Stroke cliniciansstage
carrying it out andnoving them really, whether that's carers or family. 1
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6.4.3.3 Theme 3. Perceived benefits and challenges of using the
Virtualrehab platform (Table 34)

Stroke survivordelt the variety of exercises and ganasilableoffered a
challenging and enjoyable environmehhis was also aenefit for informal
carers they noted thatecording progress over time might hedproke
survivorsto see improvement$herapists praised the ability of the platform's
therapy editor to individualise plans for each stroke surviliee usability of
theplatform's softwarevas appreciated by all participants praising the visual
design and module content. In particult#te ability to identify wrong
movementsvas praised bystroke survivorsHowever, participants felt the
format of theinstructions needed to consider stroke deficits (i.e. audio and
written). The main potentialchallengs identified was the durability,
reliability and accuracy of the equipmetroke survivorswvorried about
unreliable equipment affecting motivatiorStrdke clinicians reported
previous experience witlmreliablehomebased technology led frustration
andadditional maintenancar replacement costs. They were also concerned
that family members using the equipment would interfere with the data

collected.

Stroke survivorsacknowledged a personal lack of computer literacy but felt,
with the right instruction, they could confidently use the platform. In contrast,
informal carers andtroke cliniciansfelt that computebased technology
could be confusing fostroke survivorsOverall, participants agreed that if
using the platform and therapy programmeseasy(e.g.starting with just
one action), then it would be acceptable.
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Table 34: Subthemes from the perceived benefits and challenges of usi¥gttrerehabplatform

Subtheme lllustrative quote Participant group

(a) the target user
Yea because it is a unique thing, you can't say well your stroke will make your body and Informal carer, stage
brain do this because everyone's is quite unique. So, if it's tailored to your own personal 1

situation it's very good.

It is sometimes easy for us to develop an exercise programme for-lggalgpatients it is the Stroke clinician
lower level patients that we want to be more successful with. stage 1

(b) the therapy editor
| think the therapists has got to be involved in that anyway. As you progress. Because y Stroke survivoy
could end up not knowing what you are doing otherwisedottufou? stage 1

It was good that you could set different ranges and targets. Again the schedule for exerc Stroke clinician

is good you can check up on what they are doing. That is useful feedback. stage 1

| think thestroke rehabilitation team would be quite good, with their input. They would kn Stroke survivoy

what the stroke patients need. stage 2

(c) Perceived psychosocial effect
| just think motivation is quite hard as they do tend to have a lot of depression understar Informal carer, stage

So anything that could make it a little bit fun and not too difficult, that they can't do it. 1
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Subtheme

lllustrative quote Participant group

Anything that is enjoyable, so perhaps like [identifying infdromeremoved] said you can

play with someone else or compete with someone else, your carer, your friend, your rel
another stroke, link up with another victim or stroke victim it might be someone you budt
up with someone say in Australia, for exale, that would be quite a good motivation, it wol

help reconnect with society

Confidence building, when you suddenly realise that yes | can do something with this he Stroke survivor
something with my arm. A lot of people just kinthofk it does not work, when in fact if they stage 2

just used it they could see the benefit.

(d) Technology for stroke survivors

Well if it's all setup for you and you just have to plug it in and switch it on. Strokesurvivor,
stage 1
| don't think they can cope with technology quite honestly. Once they have had a stroke, Informal carer, stage

just my opinion, from what | have seen. 1

Just IT skills in the older generation because they are not actuatlpitpebut it's just the Stroke clinician

setting up. stage 1

It (the hardware) fitted in fine, it's just a pity it didn't work properly Stroke survivor,
stage 2

(e) usability of the platform
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Subtheme lllustrative quote Participant group

As a stroke patient if you like that is the waythiak, because it's | don't know if you agree Stroke survivor,
with me [referring to other respondents] but it seems we don't want to get to complicatec stage 1

things we are trying to do in our lives. We know we are trying to normalise it a little bit. £

think if you aregoing have to reset something all the time. Then it presents a problem to L

think

| think there could be, if they don't understand it. It's very important how itgpsand that Informal carer, stage
they have the time to get used to ithdy are not computer literate. | think it's a motivator, i 1

its handled right and the clients ready for it

It just needs to be as easy and simple as possible and for them to press start [talking ov Stroke clinician,
other] not like thosevith pages and loads of different steps, yea it will just make them stage 1
confused [agreement for several other participants]. Simple as possible to get them to w

needs to be, to start their programme.

| found it very good actually. One of the things that impressed me was that if, when you Stroke survivor,
doing the exercises. If the movement isn't correct then it comes up in a red line to show stage 2

in the wrong position. Even the graphics come up on the scidiag @u are in a wrong

movement, your backs wrong or whatever. | think that's great, that's one thing | really lik

about it. But maybe put it into writing, say move your foot to the right, for someone who

as good at correctintheir movement.
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6.4.4 Researchaim 2b: to inform the developmentof future iterations of the device
Four main areas for future development were identified from the group discussions and interviews from stag€itjuar@@.(

Figure 20: Thematic map, for research aim 2b

— \‘

The planned next iteration of Specific suggestions for the platform's
development development (i.e. hardware, software)

Suggestions for how to use it in
rehabilitation Cost of the platform
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6.4.4.1 Theme 4. Future developments for th&irtualrehab platform
(Table 35)

Stroke survivorsand informal carers emphasised portability for the next
iteration of the Virtualrehab platform. Participants felt gortable (i.e.
briefcasestyle) platform, light enough to be used enhended, would
facilitate autonomy and privacy within the home. Specthprovements to

the hardware and software of the platform were suggested to facilitate its
usability and acceptabilityStroke survivordelt slow indepth instructions
should be included; both audio and written for different strekated
impairmentse.g. hemianopigstroke cliniciansuggested adding more daily
living activities; they also wanted to see raale feedback from their patients

to facilitate collaborative therapy design. All participants felt the platform
should offer personalised andtivating feedbackCostsof theVirtualrehab
platform were discussegstroke survivordelt being able to triabr rent the
platform from stroke units or charities could improve access. Nevertheless,
stroke cliniciansand informal carers were concerned that such avenues might
not have the resources, especially with the 'hidden costs' such as damage
updating and the nddor therapist oversight. Social and competitive factors
were focussed on within the discussioBoke survivordelt playing with
family may lessen the isolation that is sometimes felt and help people’
reconnect with society'. They, including infornerers, felt a multiplayer
option (for family, support groups or online communities) could offer
companionship potentially increasing motivation and thus adherence to

rehabilitation.
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Table 35 Subthemes from future development suggestions fovittwealrehabplatform

Subtheme

lllustrative quote Participant group

(a) the planned next iteration
of development

(b) Cost of the platform

(c) Specific suggestions for the
platform’'s development (i.e.
hardware, software)

That would be good because it would not necessarily be in the main Informal carers, stage 1
room. Itcould be somewhere quiet where you could concentrate on v
you want to do.

Me personally | think it's priceless, | really do. | think its brilliant Stroke survivorstage 1
Ultimately it's a tool that cuts down anan powey stops the physio Informal carer, stage 1
having to go taite although it is an expensive bit of kit to buy and

develop it ultimately it is saving a lot mfan powetime, but as you say

the NHS is not an unlimited pot of money

Wellour department would not be able to afford it, you have upkeep Stroke cliniciansstage 1
maintenance costs.

| think if stroke organisations bought the packages and hired them ot Strokesurviviors stage 2
members.
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Subtheme

lllustrative quote Participant group

(e) Suggestions for how to use
it in rehabilitation

| would benefit from some kind of motivational thing you know. On th Stroke survivorsstage 1
Wii it says 'you haven't been back to the Wii for 7 days, get your act

together' it doesn't say that. But it recognises when you are using it &

when you are not. Some kind of motivation like you know, 'keep goin

little bit a day will make a difference’, don't give up keep going.

Something like that would be really heilpf

Some of the games [referring to their experience with the Wii], | knov Informal carer, stage 1
are not for person with strokes, have almost a punitive like when you

don't do well it would be disastrous in this context. You know positive

encouragng, or soothing, or neutral

| think the hand thing (LEAP) getting low on the floor, some of the  Stroke survivorsstage 2
stretching ones you have to be careful of not to overstretch.

One idea | had, something that would involve two people a partnerst Stroke survivorsstage 1
thing. So | can do it with npartner,because we do on the Wii.

| thought of one thing, if there were the technology possible todink  Informal carers, stage 1
other players, | know [identifying information removed] goes to other

person with strokes group. if they met up, they could say oh are you

playing, they could use it for motivation for other survivors

| think if you went intestroke groups and did it as a group exercise, mi Stroke survivoystage 2
be handy.
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6.5 DISCUSSION

This study foundhatthe Virtualrehabplatform was usable and acceptable to
endusers &im 29. For example, participants found: the wide variety and
personalised therapy plans to be acceptable; the home environment enabled
convenient private rehabilitation, and the software add¥or poterially
motivating and engaging functional training. However, the usability of the
platform requires improvement, to enhance the abilitytiafke survivordgo

use it independently, and ensure the technology is dufadleaccount for
equipment failuresrad support requiredYhe Virtualrehab platform received

a low rating for the System Usability Scale by participants, indicating
improvements are need&mlbe seen as acceptable for uséherewerealso
specific improvements identified, including betpartability, affordability,
software changes to improve acceptability, accommodation forspogie
impairments &im 2b). These findings support the potential for delivering
stroke rehabilitation via technology within the hothaveret al, 2011) It

should also be noted that participants emphasised such devices should be seen
as an aid for therapists, not a replacement. As in previous research, this study
found thathe instructiongor using the platform, and a design that facilitates
independent undertaking of therapy were impor{aah Ommereret al,

2018)

Participants characteristics and prior experiences with technodogy
important to highlight possible bias in the results. Thajority of the

participants reported confidence with using common technology, although
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thestroke survivorsvere less likely to; which could influence their views on
utilising the platform within stroke rehabilitation. It is important to note that

the diverse experieeanay influence the groups' discussions on the platform.

Impact of the findings for the iterative development of the platform
A series of recommendations arose from the-@set groups (researeim

2b) for the next iteration of theirtualrehabplatform.

- Specific training and technical support: appropriate support and
instruction need to be given and available throughout thiophs
use.

- Portability: the platform needs to be portable in an accessible way
for onelimb transport.

- Cost: it is essential to focus on costing the platform in a way that
increases its availability to everyone.

- Feedback: it was recommended that fueth detailed feedback is
given to motivate users and also allow them to track their
improvement. It was emphasised this feedback must be positive, due
to fluctuations in stroke recovery.

- Community: it was suggested that a community could be built into
the platform, allowing solo players to interact or engage with other
users.

- Safety: measures need to be in place to ensure the safety of the user
and limit the burden to family and friends.

- Therapist interaction: further therapist interaction abilities were

advised.
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- Evidence:users would be more inclined to utilise the platform if there
was robust evidence of potential rehabilitation benefits.

- Instructions: the ability to tailor the instructions amuteract aspects
of the software of the platform to different potential stroke impacts
(i.e. visual, hearing) could allow for more potential users.

- Time: ensuring the training and use of the platform did not add more
therapist burden.

- Reliability: ensuimg the reliability and longevity of such devices.

The recommendations from the three participant groups and two dyads were
summarised in a report for Evolv Rehabilitation Technologies (Evolv,
Basauri, Spain) to incorporate into the next iteration of \ireualrehab
platform. Some of these changes were completed prior to phase Il of this
thesis, others are currently in progress. The software was altered to allow for
slower movements to ensure the participants could follow the exercise and
understand thé&edback given. In addition, several updates to the software
improved the reliability and prevented the problems prior versions saw, such
as freezing and losing the data, this helped to lower the number of technical

challenges the participants faced.
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Strengthsand limitations of the study

The inclusion of three endser groups was a key strength of the study and
further demonstrates the i mportance
rehabilitation devicesThis study also highlights théirtualrehabplatform's
potential for deliveringstroke rehabilitation within the home. The next step

IS to investigate theotential therapeutic benefits of using the next iteration

of the Virtualrehab platform for the delivery of evidencéased physical

therapy tostroke survivaos in their home settm

The limitations of this study are acknowledgspecifically the small sample
size in each endser groupthe goal was to recruit a larger sample for stage
one The first stage of the study asked participants to discuss the platform
prospectively following only one brief demonstratidinere was a lack of
exposure to the system that limits the usability information gained. In stage
2, only two dyads trialled the platform which limited the diverseness of the
participants and thus thaformation gathered. They also used the platform
for only two weeks and were not prescribed a training plan, rather asked to
use all available software components. Due to these limitations more
extensive home testing, using additional dyads should havedoeepleted

in order to strengthen the study reported in phasé&ihklly, as the virtual
reality system was théirtualrehabplatform, there needs to lsautionwhen

generalising the findings to other systems.
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6.6 CONCLUSIONS

Phase Il of this thesis denmgimated the usability and acceptability of the

Virtualrehab platform and incorporatedencs er s 6 vi ews i nto the
of the Virtualrehab platform. Stroke survivors, informal carers and clinicians
recommended key hardware and software usability clsarfgather, this

phase of work reported in the thesis underlined the development of phase lll,

an initial investigation into the feasibility of delivering exerelsesed virtual

rehabilitation within the home. Finallyhe findings from this study were

sunmarised in an internal report sent to theustrial collaboratofor use in

the next stage ofirtualre h a pladfam development.
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7 PHASE lll: FEASIBILITY OF DELIVERING
EXERCISE-BASED UPPER LIMB STROKE
REHABILITATION WITHIN THE HOME VIA THE
VIRTUALREHAB PLATFORM

7.1 INTRODUCTION

Phase IIl addressed the third research question (chejtesection2.3):

How feasible is virtualreality -aided exercisebased training as a mode to

deliver upper limb stroke rehabilitation within the home?

The research question was investigated wittbavergent parallel mixed

methodsfeasibility study consisting of aeries of replicated singlase

studies with a 12week intervention periodnd two interviewsThis work

aligns with the O0development 6, 0f easi bi
Medi cal R e s e MR Rram@wotk ioc ©nplexdntefventions

(Craig et al, 2008) also the studypr ovi des a o&éconsideration
investigation(Dobkin, 2009; Bernhardt, Haywardt al, 2019) If evidence

of feasibility/concept is found, then the next steitl be to identify optimal

therapeutic dasas a precurseo a clinical efficacy trial.

The following chapter presents tBet u dangtldods, results and discussion
for the quantitative componenfgeesearch objectives one seven section
7.2). The qualitative detailgesearch objectivesightandnine) are reported

in chapter eight
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7.2 RESEARCH AIMS

To answer the third research question, phase Il aimed to:

Aim 3a: Determine the feasibility of delivering exercisased upper limb

stroke rehabilitation within the honwea theVirtualrehabplatform.

The specific research objectives were to:

1. Establish the process for recruitment of stroke survivors to a
subsequent Randomised Control Trial (RCT) when they have been
discharged from NHS specialist stroke services;

2. Explore @herence (number of more paretic upper limb repetitions) of
stroke survivors to thérescribe@use of the Virtualrehab platform;

3. Assess the viability of the researcher adjusting the 'prescribed’ training
programme over time;

4. Evaluate theechnical reliability of the Virtualrehab platform;

5. Test the viability of collecting neuromechanical and behavioural data
in the home;

6. To assess the viability of using randomised length of baselines and
repeated measures during the intervention perioaféon a
subsequentoseoptimisationstudy;

7. Estimate changes in paretic upper lifaibctional ability and motor
impairment and neural measures;

8. Ascertain the acceptability of hortased taslorientated upper limb
training via noAmmersive virtual realityo stroke survivors in their
own homes;

9. Establish the acceptability of participation in the study.
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7.3 METHODS

7.3.1 Design

A convergent parallel mixethethods feasibility study was conducted using

a series of replicated singbases following an AB design; with1:1

interviews after the control and intervention peri@drlhe justification for a

convergent parallel mixechethod studyis detailed insection 4.2.3. A
feasibility design was choseno answer the question O6can

beforethe next steps leading to a clinical efficacy trial can be carried out.

7.3.1.1 The quantitative component

The quantitative component consisted of replicated single case studies
following an AB designA groupof stroke survivors completed both phases,

a no therapy control period (A) and-t&ek intervention (B). During the A,
control phase, stroke participants completed a measurement battery before
and after. The control phase was randomised between onertavéeks.
Following this, the B, intervention phase, was carried out where stroke
participants completed an exercis&sed virtual reality therapy programme,
alongside weekly measures in the home; with a measurement battery at the

end of the intervention pied.

The use of replicated single case studies is applicable: whasstigating a
novel intervention(i.e. virtual reality), when obtaining multiple sets of
equipment is challenging; with heterogenous subjects acting as their own
controls. The design has the potential for a nuanced, empirically rich holistic

account of the phenomena within each particigiirasny-Pacini and Evans,
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2018) Further,the feasibility of this design, with its randomised control
period (A), required investigating before a dagimisation study can be

developed (objective six).

Finally, a group of healthy individuals were recruited to provide standardised
normative neural score$he neuralmeasuresre not directly comparable
between research settings because of variatioegjuipment used and the
exact instructions provided tparticipants. It is important to provide
normative values from these measures conducted with healthy participants,

to compare with the stroke participants.

7.3.1.2 The qualitative component
The qualitative component involved descripts@mistructured interviews
conducted with the stroke participants at the end of ghasand B. Full

details are in chapter eight.

7.3.2 Ethics
The following section details the approvals obtained for the study, and
subsequent ethical consideration for dataagament and procedures carried

out.

7.3.2.1 Approvals

Ethical approval was obtained from the NHS, specificaihe National
Research Ethics Services (NRES) committee in London, Surfewéy
2018) and the Health Research Authority (HRA){218ne 2018) (Appetix

1D to 3D). The Integrated Research Application Sys(#RAS) project ID is
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233548, with reference number 18/LO/0562. Adoption to the National
Institute for Health Research (NIHR) portfolio was declined as the industry
funding obtained for thproject was not via a peeeviewed process {7June

2018).

7.3.2.2 Data management

Al l data was handled as per the European
Regulation (GDPR) guidelind&uropean Union, 2016Yhe electronic data

was kept on a secure passwrdtected University of East Anglia (UEA)
database, accessible only to the research team. Data colleetadpifis was
stored in a locked folder, with electronic data on an encrypted USB and
transferred to a locked filing cabinet within the Researcliauthor of the
thesis) office or the secure database at the first opportunity. Contact details
were stored securelgccessible only by the Researcher. If at any point during
the study, contactwith participantswas unsuccessful, the Researcher
attempted wo more times; if no contact was made, the participant was

recorded as lost to followp and withdrawn from the study.

7.3.2.3 Procedures

The Researcher visited the homes of stroke survivors interested and screened
for eligibility (detailed in section7.3.3.3. The healthy participants were
screened via the phone, email orperson at the UEA Movement and
Exercise Laboratory (MovExLab) (section.3.3.3. If eligible, written
informed consent was obtained, and a unique participant identification

numberassigned (VRXX, stroke participant group; HXX, healthy participant
group).
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The outcomameasurefiave been used in prior research investigating upper
limb motor impairment rehabilitation following a strokeang et al, 2013;

Liu et al, 2013; Budhotat al, 2016; Demers and Levin, 2017; Kleshal,
2018) However,it should be noted that tiheeasurement battehgd not been
carried out ina home environmerdind formed the rationale for objective 5

(testing the viability of collecting such data within the home)

The Researcher undertook the appropriate health and safety training required
for working within the MovEXxLab, including first aid, fire safety, nmoy and
handling, accident reporting policies, cleaning and storage of equipment.
When working within the home, risk assessments were carried out, and lone
worker policies followed. The Researcher ensured their whereabouts were

known at all times when tralling, by car, to participants' homes.

The Virtualrehab platform (described in chapter threeg¢quired physical
activity; this was explained clearly to potential participants, and that they
would be encouraged to only carry out movements within thelitiei
Potential participants were screened to ensthat there was no

contraindication to the level of exercise required.
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7.3.3 Participants
The following section details the sampling, sample size, recruitment and

criteria within this study for the stroke and healthy participant groups.

7.3.3.1 Sampling

A nonprobability convenience sampling method was used to undertake this
feasibility work. The method allows for recruitment from accessible areas
within the study's time and resources. For the stroke participants, prior similar
research within UEA oftensed a stroke rehabilitation unit from an NHS
hospital as the recruitment site (is&x-month stroke review team). There are
limitations to this method;the capacity to undertake multiple stroke
rehabilitation projects is limited at the time of recruitm, the local teams
could not accommodate another study. The other challenge comes from
sampling in a rural area, where recruitment and retention rates are typically
low (Leiraet al, 2018; Ferreirat al, 2019) Finally, the number of patients
passing through such a recruitmheite with the characteristics required at

any given time is unpredictab{8tinearet al, 2020)

A different recruitment approach wamdetaken for this study and as a
possible additional resource for future trials within Aogjuired Brain Injury
Rehabilitation Alliance ABIRA). Thus, those within the community under
the care of charge of NHS General Practices (GPs) were condidejextive

1).
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7.3.3.2 Sample size

Formal sample size calculations are not required for feasibility, migt®ugh
appropriate justification is still importangBillingham, Whitehead and
Julious, 2013) Healthcare feasibility research guidelines recommend 30
participants split between the control and experimental gr{lLgscaster,
Dodd and Williamson, 2004; Araiet al, 2010; Billingham, Whitehead and
Julious, 2013)These guidelines were used astarting point to identify an
appropriate sample size. The resources and time adtégsitere also
considered; five sets of thértualrehabplatform were procured for the study.
The equipment available limited recruitment, as each set potentially weul
used for up to four months, per participant. Finally, the recruitment and
retention rate of prior research reported within this thesis (dhaskapter

six) and carried out in the ABIRA research grpafso guided the sample

size.

Stroke participants

Following the points made above, the study aimed to recruit 15 stroke
participants, each acting as their control due to the replicated -siagge

study AB design.

Healthy participants

Healthy participants were required to complete the neuessures. Once

more, the practicalities were considerigd terms oftime and resource
availability( i . e. Lab scheduTheaimwRetsrecaitrc her 0 s
healthy participants, an achievable and suitable amount for the research

objectives.
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7.3.3.3 Recruitment and criteria

Stroke participants

The following inclusion criteriawere used to recruit stroke survivors

appropriate to the research objectives (attg)se who coulgotentially use

the Virtualrehab pl at f or md s equi gnmeéheirt honeuccessf ul
environmen{c to f) and had the potential to show motor impairment changes

following suchtheintervention (c)Table36).

Table 36: The stroke participasinclusion criteria

Criteria Rationale
A At least six months afterstroke. To be within the chronic phase of
recovery.
B A score of at least 19/33 on the To ensure responsiveness from tr
Motricity Index (Collin and Wade, 1990) Virtualrehabplatform.
elbow flexion and shoulder abductio
section.

C While also being unable to complete To ensure an adequate level of
the Nine Hole Peg Test (QHPT' ¢ motor impairment of which such
al. 1971)in 50 seconds or less with the exercise movements would be
contralesional (more paretic) upper prescribed in typical therapy.
limb.

D Able to use the contralesional upper To ensure appropriate motor
limb for drinking from a cup, before function existed before the stroke.
the onset of the index stroke.

E Have an appropriate space in their To ensure the safe and appropriat
home for theVirtualrehabplatform's. setup todetect movement.

F Able to play theVirtualrehab'boxing To indicate the ability to follow
game' with their ipsilesional upper instructions relevant to the
limb (less paretic). Virtualrehabplatform.

G Fit to participate in the exercidmsed Determined by recommendations
training pogramme as assessed by fromthe NHS blood pressure
resting heart rate of 90 beats per  general guide (high is systolic of
minute or less and a systolic blood greater than 140) and tBeitish
pressure of 140mmHg or less. heat foundation as a resting

heartbeabf 100 or higher (90 was
choserfor Caution)(Your heart rate | BHF
no date; NHS, 2016)

NB. Participants also needed to be adults (18+), aljjeadde informed

consent.
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Stroke survivorsvere recruited through GP practices within an@te radius

of the LEA MovExLah This radius was chosen to limit the potential burden

of travel onparticipants.The following recruitment method was chosen to

avoid any potential participant being inappropriately approached by the

research teanfpr example,if medically unwell, in emotional distress or if

theydid not want to be approached byeaearcher

10

The Researcher advertised the study through an email newsletter sent
to researcfactive GP practices;

Those interested contacted Besearcher, and a meeting was arranged,;
The Researcher gave the initial screening criteria (a, d, and g) to the
research leads within each interested GP practice;

The research leads then applied the initial screening criteria to their
patient database to obtain a list of potentially eligible individuals;

A GP within each practice then confirmed the potentiallglity of the
selected individual's records;

The research lead then sent invitation packs, containing a recruitment
letter, participant information sheet and consent form to the potentially
eligible individuals;

Potentially eligible individuals who were terested in participation
then contacted thieesearcher (via phone or email);

TheResearcher then visited the potentially eligible individuals to carry
out the full screening criteria and gain written informed consent;

The research leads retained a confiae log of potential participants

the invitations were sent to, and one reminder letter was sent to those
who had not responded;

Once consent was gained, fResearcher contacted the research leads
to confirm the participants' stroke diagnosis and ifetite time since

stroke onset.
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Potential participants were given an information sheet with at least 24 hours
to read it fully and consider any questions about the project. Subsequent
guestions were answered via email, telephone conversatiopersan. All

the participant forms werere@ated fromPatient and Public Involvement
(PP) work done in ABIRA and prior trial documents. The forms followed
the Stroke Association guidelines for accessible materials, created from
their extensivd’Pldiscussions (i.e. recommended font, spacing aradje

use)(The Stroke Association, 2012)

Healthy participants

A combination of electronic (i.e. news bulletin emails) and physical (i.e.
posters) advertisements was used withiPA to recruit healthy individuals
into the study. Interested potential participants contacteRekearcher (via
phone or email) and receist a participant information sheet, with the
eligibility criteria:

A. 18+

B. No selfreported clinical diagnosis of stroke, epilepsy or other

neurological pathology;
C. Able to provide informed consent.

TheResearcher assessed eligibility and invited individitadsdata collection

session at the UEA MovExLab.
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7.3.4 Procedures
This section details the procedures used within this study for both participant

groups, visualised within the flow diagrafidure21).

Figure 21: Participants procedure flow diagram

Stroke participants

Baseline 1 .
Dl Healthy participants
Informed consent; Participant characteristics; Neural measures

¢

L ... » End of participation

Motor function measures; Functional impairment measures

4

Phase A, control period

1 to 4 weeks (randomised)

¢

Baseline 2

Neural measures; Motor function measures; Functional
impairment measures; Interview |

'

Phase B, intervention period
12 weeks, weekly collection of:

Neural measures; Motor function measures; Functional
impairment measures

'

Outcome

Neural measures; Motor function measures; Functional
impairment measures; Interview 2

¢

End of participation

7.3.4.1 Stroke participants

Participants attended thdEA MovExLab to begin phase A. Baseline
measurene (BL1) were undertaken, and the randomised control period
allocated. The control phase A was between one and four weeks. A
randomised sequence was used to generate the control phase length for each
participait, ensuring an equal spread. An independent administrator

concealed the allocation order from the research team in sealed opaque
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sequentially numbered envelopes. The envelope was opened at the end of
each participants BLIn order to schedule the next bel;ie measure

appointment (BL2).

The phase B, intervention, lasted for 12 wee#taring which participants
undertookweeklymeasures in their home. These visits also included therapy
alteration discussions between the participants andR#s=archer; who
relayed these to the Research Physiotheralpefbre enacting then(full
details in section 7.3.4.4)n addition,1:1 interviews were conducted with
participants by the Researcherat the end of the contrphase(A) and the

interventionphase(B).

7.3.4.2 Healthy participants
Participants attended thdEA MovExLab, provided informed consent,
completed questions relating to partigipa&haracteristie and the to the

neural measures.

7.3.4.3 Intervention delivered via theVirtualrehab platform

TheVirtualrehabplatform hardware and softwaf@escribed in chapter three)

wereused to deliver the exercibased upper limb rehabilitation intervention.

The research | og captured reported chall
hardware and software (both participant and researcher reported) (objective

4), including if a solutionvas found and carried out by the Researcher and if

necessary, the industry collaborator.
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7.3.4.4 The therapy plans

The Virtualrehab platform was set up in the participants home for the
intervention phaseB. The Researcher provided training, instructions and
ongoing supportlf any challenges could not be remediated remotely, then
theResearcher made a home viSihe personalised training programme was
created by th®esearcheralong with a qualified physiotherapist member of
the research team (Research Physiotherapidie programmewas a
combination of exercises and exergames that targeted the movement
challenges each individualidentified by théResearcher in discussions with
the participantsEach participant was asked to undertake their set exercise
based training programme for a minimum of one hour a day, six days a week

for 12 weeks.

The participants werallocated the rowing and the boxing game as a standard

element to the therapy programmige. the first week of the intervention

period participants wre given a 1@minutes per day, six days a week
programme. This all owed t-tpeuseoftoe 6get to
Virtualrehab platform; and develop an understanding of the personal exertion

needed for such a plan. For the rest of the intervention pbhsages

incressed in 1@minute increments, per th&esearchPhysiotherapisi s

advice, to ensure a graduated progression.
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The Virtualrehab platform recorded adherence or otherwise to this
prescription the exercisdexergamescompleted andthe number of
repetitions(objective 2) However, while the platform records completed
sessiongit does not record sessidigt are exited early by the participant or
due toa software erroflfo ensurdghepreservation of the data in case of error,
all prescriptions andadjustments were kept in the research ldge
informationrecordedvas saved on tRértualrehabplatform and transmitted,
without identifiable personal data, to tResearcherlf there was not the
appropriate connectivity, the data, without identifiatiéails, was stored on
the Virtualrehab platform and downloaded directly to an encrypted laptop
during the Researcher's next vigihe Researcher then met with tResearch
Physiotherapist (face to face the early weeks of the intervention) and
showedthe data on the lapto discussthe participantled adjustments.

Alternatively, theResearcher emailed tiResearchPhysiotherapisan update

ont he participantds progress and requests
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The viability of this participanked therapy approach, with reneot
adjustments over time, was assessed from certain factors captured in the

research logobjective 3)

1 Consideration of the remote adjustments, discussions between
Researcher and Research Physiotherapist, and ensuring the

participants' views were used iretApy updates.

1 Views on changing the programme over time reported throughout

the weekly measures.

1 The variations of adjustments carried out, with factbeg were

effective or challenging.

1 The content available from the Virtualrehab platform software.

7.3.4.5 Participant characteristics
Participant characteristics were collected duringitisebaseline session

(BL1).

Stroke participant group

Age;

Sex

Handedness before stroke;
Time sincestroke;

More paretic side;

Current therapy undergoing;

Selfreported impact of the stroke;

=4 =2 4 A4 -4 -4 -4 -2

Confidence and experience with technology.
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Healthy participant group

T Age;
T Sex

M Handedness.

Experience and confidence with technology

Stroke parti cienpea antd solfidepce with techeology avere
gathered to provide contextual information relating to the qualitative data
collected in order to answer research objecteight and nine These are

described in chapter eight.

Selfreported impact of stroke

Stroke has a known heterogeneous imgad it is important to understand
the variety and severity within a participant sample. Eightregibrted

guestions were created specifically for this study, covering the following:

Physicaldifficulties;

Speech and communication problems;
Depression or low mood,;

Fatigue;

Memory;

Confusion;

Confidence;

© N o g A~ WD PRE

Motivation.

A multi-choice answer scale was devised for participants to choose from:

None, Minor, Moderate, Unsure and Severe.
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7.3.4.6 Neural measures

After the participant characteristics had been collected, the neural measures
were carried out. Participants were shown the equipment, with procedures
explained in full and the opportunity to ask additional questions. The
following section details the neal measures procedures used throughout this

study.

7.3.4.6.1 Equipment

Neural measures were used to detect changes in the neural control of upper
limb muscle activity during functional tasks. This study usetP-aensor
surface Electromyography (SEMG) Trigno Wireless Foundation system from
Delsys (Delsys,Massachusetts, USAJt is a wellestablished, safe and
painless techniqgue where electrodes
muscle activity noAnvasively Figure22). Data were collected at a sampling

rate of 1925.93 Hz; with additional accelerometer data at 148.15Hz.
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Figure 22 Demonstration of SEMG sensors placement

SEMG clectrode

7.3.4.6.2 Muscles of investigation

The following five muscles were chosen as they are essential in everyday
functional activities using the upper limbs (i.e. eating, getting dressed). An

example of placement can be seefigure23.

Deltoid

Biceps brachii (Biceps)
Triceps brachii (Triceps)
Flexor Carpi Radialis (FCR)
Extensor Carpi Radialis (ECR)

o bk 0N PE

Figure 23: SEMG sensor placement diagram

1: Deltoid, R

6: Deltoid, L

8: Triceps, L

3: Triceps, R

7: Biceps, L.
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7.3.4.6.3 An audible trigger

Previous research within the UEA MovExLab used an integrated trigger
delivering a randomi sed audi bl e 06Gob6
movement and neurophysiology data. The trigger was run through Vicon
motion captur e cteesn©Oxfad) BK) wilDxinfegrated Me
SEMG data capturing capabilities. This allowed for movement and
neurophysiology data to be tirmat c hed and mar ked with
enabling time to onset to be calculated. Unfortunately, thigsetas tailor

built for the UEA MovExLab and could not be used within the home
environment, as required for this study; thus, another trigger method was

devised.

Several options were initially considered for the trigger. The Researcher
contacted the company who produced the SsEMG equipment, Delsys (Delsys,
Massachusetts, USA) wiadfered an additional piece of hardware to deliver

a 6Gob6 signal a rt datanmawewker, thehpeice of this svasq u e n
beyond the resources available for the study. A stopwatch method was

considered and trialled, but inaccuracies occurred because of delays from the

Researcherés physiological r endthe i on t i

stopwatch) and the inherent software delay between selecting the recording

option and the sensorsd data coll ecti

second).
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Therefore, the Researcher wrote a series of scripts using thesopee

programming language, Python3 (Rossum and Jr, 1995p provide a

randomi sed (between 10 to 15 seconds) aud
recording onseind mark the data accurate to 10 milliseconds (full details in

Appendix D). This enabled time to onset to be calculdtbetailed later in

the section). A randomised trigger was used footentially prevent

anticipatory movements and allow for a restiagdline to be collected.

7.3.4.6.4 Procedure: reachto-cup

A reachto-cup task was chosen as an everyday functional actikidy
engages the muscles of interest. The SENIAM procedures outlined for skin
preparation and sensor placements were followed within this @tlestynens

et al, 2000) The participantsskin was prepared for the SEMG placement
using an alcohol wipe. The electrodes were applied to both the more and less
paretic upper limhdParticipants were asked to sit comfortably in front of the
table, with their trunk and shoulders positioned newtrdlheir arms rested

on the table surface with wrists aligned with the edge. The researcher placed
the O6cupd (a standardised can of drink)
each participant's forearm. Participants were instructed to stay as still as
possible until they heard the trigger (an audible beep). Then as quickly as
possible, they were instructed to pick up the cup and bring it to their mouth
as if to drink, and then place it back on the table and return their arm to the
starting position. Theeks paretic arm was used first, and the trial repeated
three times, per arm. If the participant could not grasp the cup or lift it, they
were asked to touch the cup to complete the movement and return to the start

position.
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7.3.4.6.5 Processingand quality checks

The sEMG sensors record electrical currents conducted through the muscle

tissue, generated during contractions known as muscle action potentials that
represent neuromuscular activiti@@eaz, Hussain and Mohdasin, 2006)

The resultant signal is typically described in terms of its amplitude and
frequency. However, addi t itreenmaudcle 6noi seb
activity signal. There are two main sources of interference. The first source
comprises physiological interferences, typically oils, or lotions on the skin,

and in some cases, the amount of subcutaneous fat present. As poor electrode

skin intaface increases electrode impedarstandardised skin preparation

procedures must be followed. The other main source of interference is from

the inherent noise generated from electronic equipment, or even additional
equipment in the area (i.e. fridgespples, laptops). Whilst trialling the neural

measures within the UEA MovExLab, there was an unknown electronic
interference within the SEMG recorded data. This was surprising as the lab

itself is built with electrical shielding, and during data collectiess#ons,

steps are taken to limit the additional noise (i.e. equipment not required is
turned of f). Upon investigation, the int.
battery, while the &énoised was not detec
was beyond thescope of this project to identify the reasons behind this

However, the finding allowed for a clearer signal within the data collection.

This was patrticularly useful knowledge for the home, as the Researcher was

able to ensure that the laptop charger was always plugged in. Unfortunately,

within the home there arenavoidable interferences (i.e. builder equipment,

older poorer insulation in houses); the viability of collecting SEMG data in
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this environment had not been investigated previously and thus was an

objective for this studyb).

Overall, to lower the risk foelectronic interference, signal checks were

carried out before collecting data. Despi
on the recorded signal, there are always interferences that cannot be mitigated

during data collectionThus, it is expected anmmbmmon practice to process

SEMG data before deriving the outputs desired. The following describes the

steps taking to process the sEMG data from the cup task, using an exemplar

from a stroke participantRigure24). The raw SEMG data was exported into

excel format (A), and the Researcher wrote a processing script using Python3

(Rossum and Jr, 1995)he raw sEMG data first had the DC offset removed

(B), then a bandpass four filter was applied (C) followed by rectifying the

data (D); a Butterworth order four filter was then applied (E). Finally, the

0Gob6 signals were cal olowedbyaailcutatod added t ¢

of the time to onset of muscle activity (F).

Calculation of time to onset

Muscle onset time was defined at the point which the EMG envelope
exceeded the baseline value for >100ms. The onset threshold was set at three
standard dewtions above the resting mean; the resting mean (baseline) was
the mean of the 500ms immediatblyforethe dGodsignal (Appendix B for

formulae).
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Figure 24: Example of processing steps applied to SEMG data by Python3 scripts

Raw Data
noon2
5 soom
A. Raw data from VRO6, outcome 5
less paretic Bicep Brachii 20000
0,000
1 i % 3 E) % [ %
Time
DC offset
no01
B. Data after DC offiet removal H
2 oo
o000
13 ) B » © E) & E)
Time
Band Pass 4
ago01
C. Data after bandpass 4 applied z
p— 2 oo
09001
o 1 E3 “ E3 5 "
Time
Rectified
o001
D. Data after rectifying —_— £ asomo
H
" soo00s
oo D . . . \
o 1o B » @ = w0 o
Butterworth order 4
2000030
aoo00zs
E. Data after Butterworth filler order 3 noosaz0
4 applied £ noooms
—
aoo010
aoo0oos
13 » o © » o »
Time
Outcome Cup | Left Bicep
0.00010 H : | — LeftBicep
| i | — GoSignals
| ! |~ Time muscle is on
0.00008 va7 [ B
i i i
i i i
i i i
000006 1 i \
F. Data after go signals and time to = | ' |
onset calculations _— 2 | ! !
* 000004 H i |
| i i
1 i i
| i I
000002 ! ! |
i i
A ~
0.00000
i i
0 10 20 a0 50 60 B

Time (s)

Page2260f 511



Quality checks to identify valid trials

To determine the quality of the data processing, the Researcher and her

primary supervisor independently quality checked the stroke and healthy
participants' 6reach to cupbd dat a. Gr aph
to determine if (1) there wasatdis ngui shabl e muscle burst,;
signal <calculations were successful (i . e.
data collection then the processed data would be missing this information in
the graphs). The calculated time to onset values were ¢checked; if onset
occurred before 140ms or after two seconds, then it was determined invalid
(except in cases where the stroke survivors' more paretic arm showed
consistent onsets above two secondsjisual example of invalid and valid

trials is show in Figure25.
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Figure 25: Visual examples of invalid and
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7.3.4.7 Functional ability and motor impairment measures

The following section details the measureduwfctional ability and motor
impairment collected from stroke participantslifferent measures were
required for the various data collection poirfal§le37). Different measures

and procedures were required within the home due to the space available for
a standardised protocol to be carried out and to mitigate potential practice
effects occurring that could influence outcome measures. The following
section detds the functional ability measures carried out for the pre/post
intervention carried out in the UEA MovExLabhe details and justification

for these measures are as follows.

Table 37: Measures ofunctional ability and motor impairent

Location data Points when data Functional ability Motor impairment
collected collected measures measures

UEA Prefpost interventioh  WMFT Grip strength via
MovExLab Myometef
Parti ci Intervention period ARAT Mi

home

NB.

1.Baseline 1, 2 and outcome measures;

2. Jamar hydraulic hand dynamometer, Patterson medical

3. Weeklyprogressneasures during the 42eek intervention period;

UEA MovExLab, UniversityofEast Angl i aés Movement
WMFT, Wolf Motor Function Tes({Wolf et al. 2005)

ARAT, Action Reaction Arm TegtLyle 1981) MI, Motricity Index (Collin and Wade
1990)
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7.3.4.7.1 Functional ability measures

The following details the functional ability measures carried out pre/post
intervention period(Wolf Motor Function Test) and within the weekly
progress measures during the intervention period (Action Reaction Arm

Test).

7.3.4.7.1.1Pre/postintervention period, functional ability measures

Functionalability of the upper limb was assessed using the Wolf Motor
Function Test (WMFT). The 1Bem test quantifies the upper limb movement
through timed functional tasks in stroke survivgvgolf et al, 2005) It
measures performance (e.g. strengtime (WMFT-time) and quality of
movement through simple and complex functional tasks (e.g. turning a key in
a lock) (WMFT-function) The test has been demonstrated to have high
internal consistency (coefficient alptta98); testretest reliability (intraclass
correlation coefficient, 0.94) and concurrent validity, compared with the
Action Reaction Arm Test (ARAT) (WMFT score, r = 0.86; timings, ¥ =
0.89)(Nijland et al, 2010) The stability oflWMFT scores is also supported

by investigations of chronic stroke survivors tested on multiple occasions

over time(Morris et al, 2001)

Standardised instructions were followedt out for the WMFT and used by
prior ABIRA research team@Volf et al, 2001; Hunteret al, 2018) The
participant is seated in an armless chair, head in a neutral position and trunk

aligned, to ensure movement effort comes from arm movement only.

Page2300f 511



Thescores were as follows:

Doesnot attemptwith UpperExtremity (UE) beingtested

0. UEDbeingtesteddoesnotparticipatdunctionally;howeveranattempt
is madeto usethe UE. In unilateraltasks the UE notbeingtestednay
be usedto movethe UE beingtested.

1. Doesattemptbutrequiresheassistancef the UE notbeingtestedor
minor readjustmentsr changeof position,or requiresmorethantwo
attemptgo complete or accomplishesery slowly. In bilateraltasks,
the UE beingtestedmay serveonly as a helper.

2. Doesattempt,but the movementis influencedto somedegreeby
synergyor is performedslowly or with effort.

3. Does attempt; movementis similar to the nonaffected side but
slightly slower;maylack precision fine coordinationor fluidity.

4. Doesattemptthe movementappearso benormal.

The WMFT was not appropriate in the participant's home due to the
standardised template size and a requirement for an adjustable table. In
addition, using the WMFT over 12 weeks could potentikddd to practice
effects influencing the outcomes. Thus, a different measure was required

within the participants' homes.

7.3.4.7.1.2Weekly progress functional ability measures

The Action ReearchArm Test (ARAT) was used to assess upper limb
functional ability during the weekly measurgyle, 1981) The assessment
hasdemonstratedtrong reliability (testetest reliability, 0.965 0.968; inter
rater reliability, 0.996 0.998 (McDonnell, 2008) and validity (compared

with the WMFT, as shown aboy€henet al, 2012).
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The 19item test uses observational methodsnasure grasp, grip, pinch

and gross arm movement subscales with the following scores:

0 = no movement;

1= movement task is partially performed,;

2 = movement task is completed but takes abnormally long;
3 = movement is performed normally.

Standard scormrules were followedLyle, 1981)

1 The most challenging task within the subscale is attempted first. If
normal movement is achieved, then a score of 3 is awarded and also
given to all remaining items within that subscale.

1 If the score is betweeni12, then the second item within the suldsc
is tested and the next until the subscale is completed.

1 If the score on the most challenging tasks was 0, then the least
challenging item is attempted. If the participant scores 0 on this, it is
assumed they are unlikely to complete the other iteantsthe entire

subscale is giveascore of zero

The Researcher took the MovExLab ABIRA's standardised ARAT test box,
together with a portable table, to ensure the test could be carried out on a
stable surface if no table was available within the padiip home. The
ABIRA research team trained tResearcher in standard instructions and the
scoring above. Participants were seated in a chair with no armrests (also
bought by the researcher if none were available), with feedback being given

to ensure a neutral head position and the back connectihg thair. This
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was to reduce the opportunity for participants to compensate, such as leaning

forward or standing up to complete an item.

7.3.4.7.2 Motor impairment measures

The following section details the motor impairment measures carried out pre/
post (Grip stragth) and within the weekly progress measures during the

intervention period (Motricity Index).

7.3.4.7.2.1Pre/postintervention period, motor impairment measures

In order to assess changes in stroke participatii$ity to contract paretic
muscles voluntarily, handgrip forces were measured using a Myometer
(Jamar hydraulic hand dynamometer, PatteMedical). This was placed on

a stable surface using a standardised upper limb position and standardised
instructians. The myometer used has shown both high-natter reliability ¢

= 0.97) and testetest reliability £ = 0.8) (Mathiowetzet al, 1984) The
procedures were adapted from the FAST INdiCATE Trial protocol, of which
members of the ABIRA formed part of the research tedRomeroyet al,

2014)

Participant position:

A Seated with shoulders abducted and neutrally rotated.
A Elbow flexed at 9Bwith the forearm in a neutral position.
A Wrist between 0 to 30 degrees flexion and between 0 to 15 degrees

ulnadeviation.
A The Myometer was then set to zero, with the participant's hand
comfortably around it at rest. Each value is recorded in Kg.

A The participant performed the test three times per arm.
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Participants were instructed and aided to place their hand around the bars at
rest. They were instructed to "Squeeze as hard as you can”, and repeated this

for three trials, per upper limb.

7.3.4.7.2.2Weekly progress, motor impairment measures

The Motricity Index vas used weekly in participants homes to assess motor
impairment through measuring upper extremity strength, based upen a 6
point ordinal scaléDemeurisse, Demol and Robaye, 1980; Collin and Wade,
1990) For this study, only the upper limb tests were upatch grip; elbow
flexion and shoulder abduction, ommended by the neurology section of
the American Physical Therapy Associations stroke taskforce and developed
by a panel of research and clinical experts using a modified Delphi process
(Sullivan et al, 2013) The test has proven reliability and validity;

specifically,relevant for this study procedures were

1 Consistency of scores taken over time by the same researcher, intra
rater reliability (ICC =0.93; 95% Cl = 0.84 to 0.97; p < 0.0F-Byazi
et al, 2012) In additionthe consensus between ratings from different
scorers, is good for thiotricity Index Ml)ar m ( spear mands r ho
0.88; p < 0.001jCollin and Wade, 1990)
1 When comparedvith chronic stroke survivors over six weeks, the
criterion validity was goodCollin and Wade, 1990)Especially
compared with the -@ole peg test, the Ml arm was seen as a more

sensitive measure for detecting early chaiSysderlanatt al, 1989)
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1 Finally, the test has stror@pncurrent validity between dynamometry
measurements of UE and the MI arm score (r = 0.89; p < 0.001)
(Bohannon, 1999)

1 In addition, there is good predictive validity of dynamotor
measurements and Ml arm scores (r = 0(Z&meron and Bolmaon,

2000)

The researcher received training in the measure from experienced
physiotherapists within their research group in carrying out the measure with
standardised instructions and scoring. The participants were seated in an

armless chair to carmgut the following measurements.

(1) pinch grip: using a 2.5 cm cube between the thumb and forefinger

1 19 points are given if able to grip cube but not hold it against gravity

1 22 points are given if able to hold cube against gravity but not
against a weakul

1 26 points are given if able to hold the cube against a weak pull, but

strength is weaker than normal

(2) elbow flexion from 90° so that the arm touches the shoulder

1 14 points are given if the movement is seen with the elbow out and

the arm horizontal

(3) shoulder abduction moving the flexed elbow from off the chest

1 19 points are given when the shoulder is abducted to more than 90°

beyond the horizontal against gravity but not against resistance
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7.3.5 Data analysis

The following section outlines the data bysés techniques used in the study
related tothe stated research objectives. All participant characteristics were
described with descriptive statistics (i.e. mean, standard deviation and

percentages).

7.3.5.1 Research Objective 1. Establish the process for recittnent of
stroke survivors to a subsequent Randomised Control Trial
(RCT) when they have been discharged from NHS specialist
stroke services
The recruitment procesgasestablishedby detailing the:
- Number of recruitment sites identified;
- Number ofpotential participants identified at each recruitment site;

- Narratively detailing the qocess of recruiting through the sites and

any challenges needing consideration for future research.

7.3.5.2 Research Objective 2. Explore adherence (number of more
paretic upper limb repetitions) of stroke survivors to the

'‘prescribed’ use of the Virtualrehab platform

The following was used to determine adherence to prescribed therapy plans.

1 Number of days prescribediX per week) in comparison with the
number of days the pgfarm recorded use

1 Number of sessions prescribed (one per day, six days a week)
compared with the number of sessions the participant completed each
day (participants could use the platform multiple times a day if they

chose to).
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1 Number of repetitions pscribed for the more paretic upper limb (i.e.
asked to complete, per session) compared with the number completed
(calculated from the number of repetitions given for each session, and

the number the platform recorded as complete)

7.3.5.3 Research Objective 3. Asess the viability of the researcher
adjusting the 'prescribed' training programme over time

Successful and challenging aspects of

programme over time were narratively described.

7.3.5.4 Research Objective 4. Evaluate théechnical reliability of the

Virtualrehab platform
The technical reliability of the Virtualrehab platform was narratively

described.

7.3.5.5 Research Objective 5. Test the viability of collecting
neuromechanical and behavioural data in the home

The percentage of/alid and invalid trials from theaeuromechanical and
behavioural data within the homeompared to the UEA MovExLab was

calculated. The reasons behind invalid trials were narratively described.

7.3.5.6 Research Objective 6. To assess the viability of using
randomised length of baselines and repeated measures during
the intervention period to inform subsequent study to find the
optimum therapeutic dose

The percentage of participants who completed the set duratibalmdseline
was calculatedlhe percentage ofi¢ total possible measures obtained during

the 12week intervention phase was calculated per measure.
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7.3.5.7 Research objectiver. Estimate changes in paretic upper limb
functional ability, motor impairment and neural measures

Although it was nopossible to measure efficaay a feasibility tria] initial
changes were noted, where possible, in relation to their Minimally Clinical
Important Differences (MCID). Thizvasused to showhe potential of the

intervention to provide eeaningfulchange tgatients.

7.3.5.7.1 Functional ability measures

The following details the data analysis carried out for the functional ability
measures carried out pre/pastervention period (Wolf Motor Function
Test) and within the weekly progress measures during the intenveeatriod

(Action Reaction Arm Test).

7.3.5.7.1.1Pre/postintervention period, functional ability measures

The Wolf Motor Function Test (WMFT) produced two measures, for each

measurement point, per participant:

1 The performance time (WMFiime): calculated from the mean
performance time across all the functioased tasks.
1 The functional ability score (WMFiunction): calculated from the

mean scores across all the functlmased tasks.

The minimal clinically important difference (MCID) is defined as the
threshold of change that provides an improvement in perceived outcomes for
patients. The WMFT MCID per item bdeen defined as the followirgin

et al, 2009)

1 The performance time (WMFKiime): 1.5 to 2 seconds;
1 The functional ability score (WMFiunction): 0.2 to 0.4 points.
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7.3.5.7.1.2Weekly progress, functional ability measures

The Action ResearchArm Test (ARAT) scores per item were summed
together to produce an overall score between 0 and 57 ptwnteach
measurement point, per participant. The ARAT hagstablished ancheor
based MCID for chronic stroke derive frampproximatelyl0% of the total

range of the scale, 6 poir{lt Murphy, Willén and Sunnerhagen, 2013)

7.3.5.7.2 Motor impairment measures

The following section details the data analysis carried out for the motor
impairment measures carried out gpest (Grip strength) and within the

weekly progress measures during the intervention period (Motricity Index).

7.3.5.7.2.1Pre/postintervention period, motor impairment measures

The mean and standard deviation of the three grip strength trials was
calculated at the pre/pesitervention measurement points. The Minimally
Clinically Important Differenc€MCID) in grip strength ranges from 0.04kg

to 6.5kg A recent systematic review recommended changes of 5.0 and 6.5kg
as a reasonable estimateMCID (Bohannon, 2019)Therefore a&hange of

5.0kg or morevasclassified ashe MCID.

7.3.5.7.2.2Weekly progress, motor impairment measures

The Motricity Index scores were summed to produce a total arm score (0 to

99), following guidelines establish¢@ollin and Wade, 1990)

Arm score for each side = SUM (points for the 3 arm tests) + 1 = a

score out of 100
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To date a minimal stardard of clinically important difference hasot been
reported. Thereforeghe change between Miotor impairmentevels was
used as an indication of change, although not a clinicali adhe scale is

shown inFigure26.

Figure 26: The Motricity Index scores functional impairment levels

MRC grade/ Ml level Pinch Elbow Shoulder Ml Upper
grip flexion abduction limb total

score for
each grade

No movement 0 0 0 0

Palpable flicker by no 11 9 9 30

movement

Movement but not against 19 14 14 48

gravity

Movement but not against 22 19 19 61

gravity

Movement against 26 25 25 77

resistance

Normal 33 33 33 100

NB. total upper limb score for each grade calculated from the sum of pinch

elbow flexion, shoulder abduction plus 1.

7.3.5.7.3 Neural measurespre/post-intervention and weekly progress
data

The neural measures were analysedntiicate change in time toonset
(calculation detailed in section 7.3.4.6.6yer time and in comparison, with

the healthy group values.
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7.4 RESULTS

The following section details the results of the stadycerningthe stated

research objectives.

7.4.1 Participant characteristics

Participants were recruited from five GP practices; with 761 invitation packs
sent. Of the 222 interested individuals, the researcher carried out a full criteria
screening within the homes of 35 people. Of these, 17 people were eligible
for participation and 12 provided informed consé€Rigure 27, for full
details). Seven participants completed the stuatyd their details are shown

in a flowchart(Figure28).

Page241of 511



Figure 27: Participant recruitment flow diagram

GP potential participant identified and invited to the study

(n=761)

P, ial partici d the R

(n=222)

Phone/email initial screening
m=112)

Full criteria screening (n = 35)

Eligible for participation (n =17)

Consented into the study (n =12)

No contact (n = 539)

Not wanting to participate (n = 110)
No upper limb impairment (n = 74)
No reason given (n = 20)
Not had a stroke (n =9)
Not interested (n =4)
Did not have time for more therapy (n=1)
Severe arthritis in upper limb (n = 1)

Care home (n=1)

Not eligible (n=77)
No upper limb impairment (n = 44)
No upper limb movement (n = 18)

Not available for the time required (n = 15)

Excluded (n = 18)

Not enough motor impairment for potential changes (50 seconds of
Iess on the Y-Hole peg test) (n =8)

Not cnough motor function to complete the intervention (less than
19/33 on the Motricity Index elbow flexion and shoulder
abduction) (n =3 )

Not fit to participate in the study (blood pressure too high) (n =2)

Not enough motor function to complete the intervention (less than
19/33 on the Motricity Index clbow flexion and shoulder abduc-
tion) and net fit to participate in the study (blood pressure to high)
(m=1)

Not fit to participant in exercise-based training (blood pressure to
high) and not enough motor impairment for potential changes (50
seconds of less on the 9-Hole peg test) (n = 1)

Did not have capacity to give informed consent: (n =1)
Declined screening (n =1)

Motor impairment present before stroke (n= 1)

Excluded (n = 5)
Medical procedure planned during duration of study would change
physical fitness criteria (n=3)
Personal circumstances changed availability during planned study
duration (n =2)
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Figure 28: Stroke participant retention

Consented into the study (n = 12)

4
Baseline measures 1 (n = 11) = No data collected (n = 1)
4
Baseline measures 2 (n =9) = No data collected (n = 2)
' withdrew no reason (n = 2)
Weekly measures 1 (n = 6) = No data collected (n = 3)
withdrew no reason (n=1)
J withdrew no longer eligible (n = 1)

Weekly measures 2 (n = 8)

¥
Weekly measures 3 (n =7) - No data collected (n =1)
' Participant on holiday (n = 1)

Weekly measures 4 (n = 8)
4

Weekly measures 5 (n =7) - No data collected (n =1)
i

Weekly measures 6 (n = 8)*
L/
Weekly measures 7 (n = 8)

/
Weekly measures 8 (n = 6) = No data collected (n = 2)
' Participant ill (n = 2)

Weekly measures 9 (n = 8)

¥

Weekly measures 10 (n = 8)
¥

Weekly measures 11 (n = 8)"
v

Weekly measures 12 (n = 8)"
¥

QOutcome measures (n =7) = No data collected (n=1)

withdrew no reason (n= 1)

NB. A, participant completed neural measures, but was fatigued and did not wish
to complete the motor function and functional impairment measures.
B, participants more paretic arm was fatigued, the motor function and functional

impairment measures were not coeipt.
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Of the twelve consented participants, one withdrew before characteristics

were collected (VR0Q7), resulting in eleven participahke stroke participant

group consisted of five women and six men, with ages ranging from 53 to 93

(mean = 67.5; standd deviation = 12.6) years. The time since stroke varied

from 12 months to almost 72 months (mean = 31.9 months; standard deviation

= 22.9 months). Hal f of t hethagttert i ci pant s
more paretic side was the riglsevenparticipants had their dominant side

affected. Two of the participants were undergoing physiotherapy during the

intervention phase, with another having completedrsedfp or t ed odéexer ci s
sheetsdé (VRO6 and VRO09), gistrokenthaby an NHS
they retained to complete in their spare time (VR12). The interventiempset

varied amongst the homes; full participant characteristics can be found in

Table38.
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Table 38 Stroke participant group characteristics at baseline

ID Age Sex Handedness More paretic Time since Intervention
(years) prior to stroke side stroke
setup
(months)

VRO1 80 F R R 20.0 Equipment errors prevented set
up. Withdrew.

VRO02 62 M R L 63.9 Seated and standing. Chair in a
setposition for the duration of the
intervention. Required assistance
to setup.

VRO03 93 F R L 63.4 Withdrew before setip

VR04 82 F L L 70.6 Seated and standing. Chair in a
setposition for the duration of the
intervention. Required assistance
to setup.

VRO05 56 F R R 32.4 Seated and standing, laptop on
floor. No assistance required to
setup.

VR06 58 M R R 13.6 Seateebnly, laptop on floor.
Required assistance to gt each
time.

VRO7 59 m R R 17.8 Seateebnly, laptop on floor.

Required assistance to gt each
time.
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ID Age Sex Handedness More paretic Time since Intervention
(years) prior to stroke side stroke
setup
(months)

VRO8 wd wd wd wd wd Withdrew before setip

VR09 53 M R L 12.6 Seated and standingquipment
put away after each use due to
young children.

VR10 67 F R L 27.2 Seateebnly, chair in a seposition
for the duration of the interventiol

VR11 62 R R 10.0 Withdrew before setip

VR12 71 R R 19.0 Seateebnly, laptop within reach

andchair in a seposition for the
duration of the intervention

NB. F = femaleM = male.R =right, L = left. wd = withdrew
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Table 39 Stroke participants seteported impact of stroke

Seltreported impact rating, number of respondents (% of stroke group)

Areas of strokeimpact Severe Moderate Minor None Unsure
Physical difficulties 4 (50) 3(37.5) 0 (0) 0 (0) 1 (12.5)
Fatigue 3 (37.5) 2 (25) 2 (25) 0 (0) 1(12.5)
Speech andommunication 1(12.5) 1(12.5) 2 (25) 3(37.5) 1(12.5)
Confidence 1 (12.5) 4 (50) 1 (12.5) 1 (12.5) 1(12.5)
Motivation 1 (12.5) 5 (62.5) 0 (0) 1 (12.5) 1(12.5)
Depression or low mood 0(0) 4 (50) 0 (0) 3 (37.5) 1(12.5)
Memory 0 (0) 5 (62.5) 0(0) 2 (25) 1(12.5)
Confusion 0 (0) 3(37.5) 2 (25) 2 (25) 1(12.5)
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Participants were asked to rate the perceived effect their stroke had, within
common areas of impatable39. The main area stroke participants fedith
stroke had impacted physical impairments, with a moderate to severe effect.
This was followed by fatiguaated the second most severe impact by the

stroke participant group.

Healthy participants

Ten participants consented into the normative valuaggiThis included six
women and four men, with a mean age of 36.9 years (SD = 13.5,years)

ranging from 26 to 64 years ofdiable40).

Table 40: Healthy participant group characteristics

ID Age Sex Handedness
HO1 36 F R
HO2 33 F R
HO3 27 M R
HO4 64 M R
HO5 59 F R
HO6 35 M R
HO7 32 F R
HO8 26 M R
HO9 31 F R
H10 26 F R

NB. F = female M = male.R = right,
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7.4.2 Research Objective 1. To establish the process for recruitment of
stroke survivors to a subsequent RCT when they have been

discharged from NHS specialist stroke services
The process by which participants were recruited from community services
was as followsFigure 29 details the resultant numbers arising from each
recruitment siteln order to recruit from the community General Practices
(GP), approval was required within the NHS ethics application from the local
Clinical Research Network (CRNYhe CRN provided appvals, advice,
feedback on the protocol and costing templates for setting up recruitment sites
within researckactive GPsKigure27 andFigure29). The help was limited
as the application for adoption onto the NIHR portfolio was unsuccessful,
limiting the avenue of the advertisement within the CRN aistand
requiring instead the researcher to manage and provide funding for the GP
recruitment sites. Nevertheless, an initial GP pra¢@de 1) was approached
with the screening criteria (section 7.3.3t8)pilot the potential recruitment
rate from theGP.Fourmore GPs were then sgp as recruitment sites within
a 25mile radius of UEAAIlthough further GPs were interested, there was not
the scope in the funding to include them. The researcher visited the included
GPs and met with their research leads. The project was presented, and details
decided: the method of screening the databasegedure for sending
invitation packs to potential participants; maintaining a recruitment log;
sending relevant details from their medical history and sending reminder
invitation packs out. Also, the GPs throughout the study noted that they were
fielding enquiries from potential participants who received an invitation pack

but did not initially contact the researcher.
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As can be seen iRigure 29, the nunbers identified from each GP varied,
including those screened and consequently consented to paeticipghe

study. One GP practice operated within a network database with three other
GP practices; thus, the numbers were considerably higher than théaothe
included. It should be noted that aside from the small numbers identified
within GP 1 to 3, there were other challenges. The database GPs used
appeared to lack the sensitivity required to identify potential participants with
upper limb impairmentsand in some cases, the person contacted had not
suffered a strokendividuals contacted also reported confusion in the role
their GP practice had in the study, which should be clarified if this recruitment
method is used in a future trifdesides, GP 5 as unable to keep a log due

to internal challenges, which prevented a reminder invitation pack from being
sent out. Finally of note, researahtive GPs do not have a standard
organisational structure; for example, one practice was smaller than the others
and relatively new to supporting research projects. Others varied in terms of
if the research contact was a researatse, admin or GP. This may be

relevant in future trials if more clinical information is required.
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Figure 29: GP recruitment site progression

Researcher contacted CRN for Second contact with CRN, following GP 1 recruitment. Advertisement was
a research cost template and placed in the research-active GPs monthly newsletters. Seven GPs were
potential GP practices interested, the resources available could only cost 4 more research-active
practices.
General practices recruitment sites GP1 GP2 GP3 GP 4 GPS5

Tow,n=s | ! l ] ! !

Potential participants identified and
sent an invitation pack

Total, n =761 | | l | | |

Potential participants contacted for a
phone/email initial screening

Total, n=112 l l l 1 1 l

Potential participants screened in-
person for the full inclusion criteria

Total, n =35 l l l 1 l l

Participants eligible to be consented
into the study

Total, n=12

NB. CRN, NIHR Clinical Research Network Eastern; GP, general practice.
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7.4.3 Research Objective 2. To explore adherence (humber of more
paretic upper limb repetitions) of stroke survivors to the
'prescribed’ use of the Virtualrehab platform

Eight participants completed the-t#ek intervention period (72 prescribed

days, 6 per weekJfable4ld et ai | s part i cthepresaibess6 adher en
number of days and number of repetitions in total during the intervention

period. It should be noted that the number of days within the iatgron

period ranged from 82 to 86 (mean = 85.25; standard deviation = 1.67). This

was dependent upon both the participant availability for the equipmeu set

(i.e. day 0) and the day each weekly data collection measures were taken on

for the following Pweeks (e. g. Mondays, Tuesdaysé).

The number of days the Virtualrehab platform was used varied amongst
participants from 33 (VRO06) to 78 (VR12); this variation was due to
participant schedules and their preferred number of days during the week to
use theplatform (i.e. VR0O6 requested a higher number of repetitions per day,
but only used the platform a few times a week as opposed to the prescribed

six days).

The number of upper limb repetitions prescribed within the stroke participant

group ranged from 2013 (VR10) to 20,517 (VR06) (mean = 5,515.6;
standard deviation = 6,180.4). This wvari
preference of the repetitions per session and the number of days they wanted

to use the platform each week. The number of repetitongpleted by the

stroke participants within the intervention period ranged from 1, 710 (VR09)
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to 9, 377 (VRO6) (mean = 3,885.2; standard deviation = 2, 471.8). The
adherence rates ranged from 46% (VRO06) to 12% (VR10) (visualised in
Figure30). The number of repetitions prescribed increased, in collaboration
with the participant, during the intervention period and weekly adherence
differed per participant (append®0D details the number of repetitions
prescribed and completed, per week, perigpent). Figure31 displays the
number of repetitions carried out per week, per participant, showing the

variation over time for each stroke survivor.

Overall variation is accounted for by:

T Participantsd schedule (i .e. the numb:i
platform each week and their availability over the intervention

period);

f Participants?®o prescription preferenceé
number of repetitions differed dependingtbeir preferred number of

sessions each week);

1 Number of sessions each participant completed, per day (i.e. some

participants chose to use the platform multiple times per day);

1 Equipment and software errors: these were reported to the Researcher
who attenpted to fix the issue or contact the industrial collaborator
for assistanceTlable 41 details these factors and the number of days
lost for each participant due to such errors. Further details on

equipment reliability challenges are reported in 7.4.6.
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Table 41: Stroke participants prescribed therapy

Participant ~ Total days Prescribed Number (%) of Number of Number of Fidelity

D within the intervention days platform used repetitions repetitions (performed
intervention days requested (more performed compared to
period paretic arm) (more paretic requested) %

arm)

VR02 88 72 75 (104) 2447 2478 101

VR04 85 72 60 (83) 2573 2150 84

VRO5 85 72 70 (97) 4205 3905 93

VR06 86 72 33 (46) 20517 9377 46

VRO7 86 72 56 (78) 5606 4404 79

VR09 82 72 72 (100) 2618 1710 65

VR10 85 72 47 (65) 2013 2442 121

VR12 85 72 78 (108) 4146 4616 111

NB. VRO01, VR03, VR08 and VR11 withdrew before intervention period begun.
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Figure 30: The total adherence during timervention period to prescribed upper limb more paretic repetitions
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NB. Figure is displayed with participants in order of repetitions requested, from least t&/R0%}.VR03, VR08 and VR11 withdrew
beforetheintervention period beguivR06 requested a higher number of repetitions per day, but only used the platform a few times a

week as opposed to the prescrikeddays
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Figure 31: Numberof more paretic repetitions carried out, by week, during the intervention period
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NB. VRO1, VRO03, VR08 and VR11 withdrew befdtesintervention period begun
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Table 42 Reported factors influencing adherence to the therapy plan

Participant The Software Login Kinect not  Kinect Computer Virtualrehab Number of days
system froze and problems recognised has software update platform issues equipment not

ID did not data lost by the broken issues updating working in the
recognise software  and therapy plan intervention
the replaced period
starting
position

VR02 n n n n n !

VR04 n n n 2

VR05 n n n n 4

VRO06 n n 0 2

VRO7 n n n n >

VRO09 n n 2

VR10 n 3

VR12 n n 2

NB. VRO1, VR03, VR08 and VR11 withdrew befdiesintervention period begun
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7.4.4 Research Objective 3. To assess the viability of the researcher
adjusting the 'prescribed' training programme over time

The exercises and exergames prescribed per participant are outliredden
43. Throughout the intervention periothere were aspects of adjusting the
programme that assuccessful and those that were challenging; these were

noted within the research log and are detailed below.

Successfufactors

Ability to remotely update the programme: The platform allowed the

researcher to adjust the therapy programmes remotely. It also allowed

participants to lower the number of repetitions if required quickly. It should

be noted that the remote updating was problematic at times; however, this

was quekly corrected by the industrial collaborator. This was caused by an

update in the software carrying a O6bug6 |

corrected.

Record of programme completed:The platform automatically recorded
attempts, scores and times ®ach part of the therapy programme. This
allowed the Researcher to monitor participants remotely and update the
Research Physiotherapist when changes were requ8sie. errorsed to

some loss of dataut this was mitigated by the participant feedbaallected

each week and the ability of the Research Physiotherapist to visit the

participants home if deemed necessary.

Patient-input into tailored adjustments: Participants were able to tailor
their programme, thereby having an active role in the thepagscription.

Throughout the 1-2veek intervention period, the participants became familiar
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with the platform and their confidence in suggesting changes increased

accordingly.

Communication between researcher and research physiotherapisthe
Researcherral Research Physiotherapist met weekly for the first month of
the intervention period to discuss participants' progress and changes. Towards
the end of the intervention period, more adjustments were requested.
Communication occurred as and when needeldeeitrperson, via email or

phone calls, both weekly and as required.

Challenging factors

The aim was to prescribe an hour a day, six days a week. Several challenges

lowered the prescribed therapy amount throughout the intervention phase.

Limited content available: The Virtualrehab platform was predictéa; the
industrial collaboratorjo provide enough content for variable therapy plans
to usefor a maximunof 3 hours a daysix days a week for the MReeks. The
development of content was delayethichlimited the length of each therapy

session and the options available for the participants.

Errors with software: There were several exercises and exergames that

contained software errors and were not suitable for the home environment,
limiting the therapy prescription. There were exercises and exergames which
could not be used within the home environment due tevaodt delays and

background influences (i.e. lighting).

Remote oversight: Although the remote abilities of the platform were

beneficial, it was limited in one aspect. The lack of physiotherapeutic
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oversight during each intervention sessied to caution when prescribing
therapy. It also created differences in suggested prescription between what
the participant felt able to do and what the Researcher and Research
Physiotherapist believed appropriate to adjust (i.e. increasing the repetition

by more than 50% was not recommended, to ensure physical safety).
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Table 43 Details of exercisdased rehabilitation programme prescribed

Exercisebased virtual rehabilitation therapy
software options

VR02 VR04 VRO5 VRO06

Participant therapy plan, with the level of difficulty (that was categorised
by the software developers).

VRO7 VR09 VR10 VRI12

Exergames (exercisdbased movements placed
within a virtual game scenario)

Knock Out A boxing gamescenario engaging botl Easy Easy Easy Easy Easy Easy Easy Easy
upper limbs
Rowing Mimicking rowing actionto move a Easy Easy Easy Easy Easy Easy Easy Easy
virtual boat down the river
weightlifting Bilateral upper limb movements to Easy not not Easy not not not Easy
virtually lift a weight bar into various used used used wused used
positions (i.e. one hand in front at hes
level, second underneath at chest lev
Sitto stand Moving from a real word seated Easy not not not used not Easy not not used
position to standing. used used used used
Sit step In addition to standing one leg is uset Easy not not not used not not not not used
reach to step forward, while one arm reache used used used wused used
out to a virtual target.
Stay afloat A virtual boat is sinking requiringa  Easy not not Easy not not not Easy
series of holes to beovered virtually used used used wused used
. (week 1to (week 8 to
with each hand.
5); 10);
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Exercisebased virtual rehabilitation therapy
software options

Participant therapy plan, with the level of difficulty (that was categorised
by the software developers).

VR02 VR04 VRO5 VRO06 VRO7 VR09 VR10 VRI12
Intermediate Intermediate
week 10-
(week 5to (
12)
12)
Balloon Virtual balloons are placed at varying Easy Easy Easy notused not Easy Easy Easy
reach distances on either side of the used
participants' avatar. The goal is to ree
out in front/or to the side to touch eac
virtual balloon.
Water A virtual boat required water to be Easy Easy not easy easy not Easy Easy
pump pumped oud this used contralateral used used
arm movements.
Bullseyes A virtual layout sent a randomised Easy not not not used not not not notused
and barriers pattern of either a bullseye (e.g. a tar. used used used wused used
for the hand to virtually touch) and
barriers (e.g. a virtual step which
required the knee to lift to clear).
Push it Participants were asked to push virtu Easy not not not used not not not not used
targets away from their body in a used used used wused used
smooth movement.
In the A virtual kitchen layout required not Easy Easy notused Easy Easy Easy Easy
Kitchen participants to identify the target item used
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Exercisebased virtual rehabilitation therapy Participant therapy plan, with the level of difficulty (that was categorised
software options by the software developers).

VR02 VR04 VRO5 VRO06 VRO7 VR09 VR10 VRI12

(i.e. apple) on a shelf and then place
on the virtual countertop.

Mirror A virtual mirror reflected the not Easy Easy Easy Easy Easy Easy Easy
participants' avatar, items appeared used
related to typical dressing activities
(i.e. glasses, gloves) and the participi
needed to place the item on the
appropriate highlighted part of the
body of the avatar.

Exercises (exercisévased movements depicted by a
virtual physiotherapist)

Shoulder abduction Easy Easy Easy Easy Easy Easy Easy notused
Shoulder flexion Easy Easy Easy Easy Easy Easy Easy Easy
Elbow flexion and extension not not not Easy not not not not used
used wused used used wused used
Knee lifts Easy not not not used not not not not used
used used used wused used
Leaning forward Easy not not not used not not not not used
used used used wused used

NB. VRO1, VR03 and VR11 withdrew before intervention prescription
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7.4.5 Research Objective 4. To evaluate the technical reliability of the
Virtualrehab platform

The research log contained information on the technical reliability challenges
of the Virtualrehab platform. The industrial collaborator attempted to solve
such problems efficiently and had open communication with the Researcher
through the intervention pise. Table 44 identifies the main reliability
challenges, the impact they had on the intervention, and the solutions

attempted.
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Table 44: Technical reliability of the/irtualrehab platform

Virtualrehab Technical Details Impact within the thesis Attempted solutions
platform reliability
Hardware Manufacturing The Microsoft Kinect V2  Shortly before equipment The industrial collaborato

changes is no longer supported

through the manufacture.

Equipment failures  Two of five of the Kinects
broke during the

intervention phase.

procurement, the manufacture created a new sensor to
stopped producing Kinects. run the intervention
Seconehand Kinects were software through.
purchased, limiting the Unfortunaely, this was
reliability of the equipment and not completed in time for
availability of rephcements. the intervention period.
Time was lost in the

intervention phase, obtaining

replacements, also delaying th

next group of participants

who were in the control phase.

Obtaining replacement caused Resources could only
lost days in the intervention ~ procure two additional
phase and delayed other replacement Kinects.
participants within their control

period.
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Impact within the thesis

Attempted solutions

Participants lost time in their

intervention phase.

The supply of laptops was

delayed by over a month,

thereby delaying the beginmjn

of the intervention phase.

Resources were limited tc
the amount of
supplementary equipmen

that could be procured.

The lab technician
communicated with the
company until a different,
suitable laptop could be
obtained. Shortening the
potential delay. However,
the intervention period
was delayed for some

participants.

Virtualrehab Technical Details

platform reliability
Required cables broke
(i.e. HDMI, Kinect to
Laptopconnectors)
Laptop procurement

Software Updatechallenges  Kinect software

The Microsoft Kinect V2

software update was released
during the intervention period.
The update was incompatible

with the Virtualrehab platform

producing an error.

The industrial collaborato
provided a solution, whert
the Virtualrehab platform
software code was
adapted. This solution wa
provided quickly, which

limited the impact on the
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Virtualrehab
platform

Technical
reliability

Details

Impact within the thesis

Attempted solutions

Laptop software

Intervention software

All updates were turned off on
the laptops, to prevepbtential
inference. However, there was

Windows software update that

could not be turned off and

interfered with the intervention

period.

The intervention software was

in the process of being refined

The updates caused the

software to crash for some

participants, losing interventior

participants, although
intervention days were
lost.

The researcher returned t
the participants' homes a:
soon as possible to carry
out the update, enabling
the intenention to
continue. For some
participants, the research
was able to talk them
through the update steps
via the phone. Although
for some, intervention

days were lost.

The industrial collaborato
worked quickly for each

software challeng.
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Virtualrehab Technical Details Impact within the thesis Attempted solutions
platform reliability
days before a solution was
undertaken.
Homesetup Adaptions required Required additional Each participant home require: Wireless alternatives wert
hardware for home sefp  different setups. Participants  incorporated to enable the
(i.e. wireless mouse, were unable to use the therapy plans to be carrie
keyboard) intervention software from the out safely within the
laptop on thegground. Hence,  home.
the need for wireless
alternatives.
Environmental The setup in participants | n s ome par t i c Toensure starting
considerations homes varied depending the Kinect sensors struggled t¢ positions were met, the
on environmental identify their starting position. researcher placed tape ol
considerations. Participants also had differing the floor for placing of
safety requirements, animals chairs or participants. The
and childrerthatneeded to be equipment setip was
accounted for. altered for each participar
to ensure safety.
Equipment Communication with Communication between There were technical challengt The industrial collaborato

maintenance

theindustrial

collaborator

the researcher and

that were hard to communicate resolved challenges as

industrial collaborator was virtually and delayed attempte« quickly as possible and
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Virtualrehab
platform

Technical
reliability

Details

Impact within the thesis Attempted solutions

Lone worker safety

key to keeping the

interventions running.

The researcher was
required to visit the
participants' homes when
the Virtualrehab platform

was not working.

solutionsi in particularwhen  was available for efficient
the error was prevalent in the communication

home environment but not throughouthe

replicable within the industrial intervention phase.

collaborators' lab environment.

The lone worker policy Solutions were primarily
required t he r attempted viathe phonet
whereabouts to be known at al limit the number of days
times when visiting the lost in the intervention
participants. This limited the  period, specifically over
times the esearcher could visit the weekends.

participants.
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7.4.6 Research objective 5. To test the viability ofollecting neural
and behavioural data in the home.

The viability of collecting neural and behaviour data within the home

environment was assessed by the following.

Neural measures

The issues regardingonvalid trials (defined in sectionn.3.4.6.5 were

grouped into the following when processing the data:

Error with acquiring the Go signal: Recording the Go signal was
problematic with the initial lab measurements and participants. This was due
to equipment errors with collecting the Go signals: the procedure was new at
the time and required refining as challenges became evident. This is show
in the below figuresand once the problems had been sqgltieere were still

trials lost due to Go signal errors, indicating that the process needs careful
monitoring and adjustments throughout a study. Overall, the home vs lab
environment did not impache viability of recording the Go signals for the

neural data.

SEMG noise interference:Fridges; builders; ambient temperature.

Participant movement error: Trials lost to participant movement error.

Overall, the majority of trials within the lab werali, with trials lost due to

Go signal collection error. Within the home, most participants provided over
50% valid trials. There were substantially more trials lost due to SEMG noise
interference; in particular, one participant lost over 50% of triadstduhis

(Figure32 andFigure33)
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Figure 32: Validity of neural measures collected in the home vs a lab environment (% of all potential trials)
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Figure 33: Variations of neural measuvalidity within the stroke participants home (% of all potential trials)
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NB. VR01, VR03 and VR08 withdrew before data collection was carried out in the home
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Behavioural data (motor function and functional impairment measures)

The ActionReaction Arm Test (ARAT) and Motricity Index (MI) were
collected weekly within the participants' home. The participant log reflected
several practical challenges that needed to be considered and overcome in
order to complete the behaural data collection within the home

environment successfully:

1. The appropriate safe space to carry out the behavioural data

collection tasks

Each home environment differed in terms of space available and
potential obstacles preventing safe measuremelatsiils of such
challenges were noted for each participant. For example, in one home
it was necessary to ask the participant's family to move furniture/items
out of the way for the participant to have full safe movement for the

ARAT and Ml tasks, and thesearcher to observe both sides.
2. Equipment requirement for standardisation

Both behavioural tasks required an armless chair and for participants
to be positioned with the table in a standard way, for each data
collection week. It was necessary in somsesato bring a portable

table and chair in homes where these were not available.
3. Other environmental considerations

There were scheduling conflicteat prevented data collection for
some participants, which were not known before the intervention
phase began. There were also occasions where the participant was not
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feeling able to carry out the behavioural measures on that particular
day, for example, positroke fatigue. On one occasion, the weather
was too hot for the participant to carry out the measures safady

the decision was made to stop data collection during that time. Finally,
children and pets need to be considered when carrying out belzviour
measures, for example, the ARAT contains items (i.e. tadlcan

be distracting for pets in the area or even potentially dangerous if
dropped (i.e. ball bearingy swallowed. It was necessary for the pets

and young children to be removed from thesatio ensure their safety.

Overall half of the participant group completed all 12 behavioural data
collection points. The reasons mentioned above are notékhbie 45,

depicting the points at which data was not collected.
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Table 45: Viability of behavioural data collection within the home environment

Participant ID  Weekly data collection during the intervention phase B

1 2 3 4 5 6 7 8 9 10 11 12
VRO1 wd wd wd wd wd wd wd wd wd wd wd wd
VR02 n n n n n 0 n 0o N0 n 0 0
VRO03 wd wd wd wd wd wd wd wd wd wd wd wd
VR04 n n n n o I n I n n n o
VRO5 n n n n n 0o n 0o N0 n 0 0
VRO06 n n n n 0D 0D 0O 0D 0o 0o 0o n
VRO7 n n n n n 0o n 0o N0 n 0 0
VRO08 wd wd wd wd wd wd wd wd wd wd wd wd
VRO9 H n H n n n n n n n no n
VR10 n n n n F n o I n n n n
VR11 wd wd wd wd wd wd wd wd wd wd wd wd
VR12 U n n n n H n n n n n n

n, completed;

wd, participant withdrew

I, illness preventing participant collecting data that day;
H, holiday, so unavailable for data collection that week;
U, unavailable for data collection that week;

F, fatigued causing data collection to end early
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7.4.7 Research Objective 6To assess the viability of using

randomised length of baselines and repeated measures during

the intervention period to inform a subsequent dos®ptimisation

study.
Using replicated singlease studies following an AB design was dedmot
appropriate fora subsequentdoseoptimisation study The attempt to
randomise participants to their control period (between 1 to 4 weeks) was not
possible; randomisation was carried out according to the procedure for only
two participants. The baseline periods varied between participants, ranging
from 29 to B days (mean = 38.7; standard deviation = 14.1 days). The reasons

for the unsuccessful randomisation attempts are detailEahie46.

Of the repeatedneasures during the intervention phasight participants
completed the If#veek intervention phas€igure 28. Four participants
completed ARAT and MI measures tanweeks and four on all 12 weeks.
Therefore, for the ARAT and MI scored8 of the possible total of 96 (91.7%)
were collected. For time to onset of muscle activity, across five muscles in
both uppetimbs of eight participants, the total possible number of measures
was 960The number of valid measures per participant ranged from 68 of 120
to (56.6%, VR04) to 109 of 120 (90.8%, VR1Epr all eight participants

771 of the total possible 960 measui@9.3%) were collectedeight
participants.76.0% of the possible total for the less paretic upper limb were

collected and 78.1% of those possible for the more paretic upper limb.
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Finally, it was noted that the aim was to recruit 15 stroke survivorsder or

to complete a series of replicated single estseies. There were 17 potential
participants eligible for the study, and of these, 12 consehigdré27). Of

these, three then withdrew before the intervention period began, and seven
completed their outcomes. There were scheduling conflicts and illness that
prevented participants from completing certain data collection points; for
example, one partipant was on holiday for two weeks of the intervention

period.
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Table 46: Details of randomisation within the control phase A

ID Length of control  Details of randomisation/lack ofrandomisation

period (days)

VRO1 29 Randomisation was carried out

VRO02 49 Randomi sation could not be carried out due
booked in between BL1 and BL2).

VRO03 Withdrew Participant withdrew before BL2.

VR04 30 Randomisation was carried duParticipant was ilbnthe date of BL2, rescheduling was required.

VRO05 35 Randomisation could not be carried out. BL1 was carriedimeiparticipant then had a threeeek
holiday booked, whickthe Researcher was informed about at BL1.

VRO06 30 Randomisation could not be carried out due to conflicts with (1) participant schedule; (2) lab
availability and (3) additional data collection restaand a research physiotherapist.

VRO7 75 Randomisation could not be carried out due to equipment unavailability (equipment set broke, |
the number of set$§)the priority was given to ensuring BL2 was measuraedweekbeforethe
intervention paod being carried out.

VRO8 Withdrew The participant did not turn up to BL1.
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ID Length of control ~ Details of randomisation/lack ofrandomisation
period (days)

VR09 36 The participant had separate holiday and family priorities (involving childcare commitniethts3e
impacted, BL2, equipment sap, week two and three

VR10 37 Randomisation could not be carried out due to conflicts with (1) participant schedule; (2) lab
availability and (3) additional data collection research and research physiotherapist.

VR11 37 The articipant was ill, causing BL2 to be delayed.

VR12 29 Randomisation was attemptégbarticipants schedule caused BL2 to be rescheduled.
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7.4.8 Research objectiver. Estimate changes in paretic upper limb

functional ability and motor impairment and neural measures
The following details the results from the functional ability, motor

impairment and neural measures.

7.4.8.1 Functional ability measures

The following details the results for the functional ability measures carried
out pre/posintervention period (Wolf Motor Faction Test) and within the
weekly progress measures during the intervention period (Action Reaction

Arm Test).

7.4.8.1.1 Pre/postintervention period, functional ability measures

Seven stroke participants completed a measure of filmegtional ability
(Wolf Motor Function Test, WMFT) prgdost control and intervention period
(table of results in append®8D). One participant (VR12) did not reach a
MCID in either the meaWMFT-time and WMFT-function (FAS) (Figure

35). Five participants demonstrated ®BICID was reached in the (mean)
WMFT-time it took to complete each task pd#R intervention (VRO02,
VRO05, VR06, VR0O7, VR10); two of these also reachadViCID in their
WMFT-function (VRO7, VR10).0ne patrticipant reached an MCID in the
WMFT-time and WMFTFunction between each baseline, but no change post

intervention (VR09).
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VRO02 time per task reduced by 7 seconds, from baseline two (mean = 58.19;
standard deviation = 59.88) to their outcome measures (mean = 51.17;
standard deviation = 58.32Fifure 34). VRO5 also reduced their time per
task by 5.5 seconds, from baseline two (mean = 90.12; standard deviation =
51.57) to outcome (mean = 63.67; standard deviation = 55&§)ré 35).

VRO06 time pe task increased by 1.8 seconds, from baseline two (mean =
6.26; standard deviation = 7.79) to outcome (mean = 8.04; standard deviation
= 9.83); it should be noted their time reduced during the control period by 7.3
seconds, from baseline one (mean =13%i8ndard deviation = 30.14) to
baseline two (mean = 6.26; standard deviation = 7Higute 36). Further,

the above participants did not reach a MCID with their functional activity

scores.

VRO7 reduced their time per task by 12.1 seconds, from baseline two (mean
= 52.69; standard deviation = 57.69) to outcome (mean = 40.61; standard
deviation = 51.56)Kigure36). Their FAS also improved by 0.4 points from
baseline two (mean = 2, standard deviation = 1.13) to outcome (mean = 2.4,
standard deviation = 1.3). It should be noted that VRO7 showed a reduced
motor function performance during the control period. Their time increased
by 10.2 seconds, baseline one (mean = 42.45; standard deviation = 56.95) to
baseline two (mean = 52.69; startlaleviation = 57.69) and their FAS
reduced by 0.3 points from baseline one (mean = 2.33; standard deviation =
0.98) to baseline two (mean = 2; standard deviation = 1.13). VR10 reduced

their time per task by 3.7 seconds (baseline two, mean = 7.47, standard
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deviation = 8.88; to outcome, mean = 3.8, standard deviation = 3.78), and
their FAS by 1.1 points (baseline two, mean = 3.33, standard deviation = 0.72;
to outcome, mean = 4.4, standard deviation = 0.63). Finally, it should be noted
VR10 increased theiimhe per task by 0.5 seconds during the control period
(baseline one, mean = 7.70, standard deviation = 6.76; to baseline two, mean

= 7.47, standard deviation = 8.88).
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Figure 34: Pre/posffunctionalability, more paretic limpVR02
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Figure 35: Pre/posffunctional ability, more paretic lim/R05 and VR12
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Figure 36:
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Figure 37: Pre/postfunctional ability, more paretic lim@R09 and VR10
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7.4.8.1.2 Weekly progress, functional ability measures

Eight participants completed the weekly measurégraftional abilityduring

the intervention period, recorded with the ARAT scores (Appetéix).

Four reachedraMCID in an improvement in their scores (VR02, VRO4
Figure38 and VR06, VR10 Figure39). Three participants maintained this
change over two weeks (VR02, VR04, VR06), whereas VR10 is unknown as
data was not collected the following week. The number of weeks to reach the
MCID differed between two andght. Four did not reachnavCID during

the intervention period (VRO5, VR0O7, VR09, VR1Edure40 andFigure

41).
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Figure 38: Weekly progress functional ability, more paretic livlR02 and VR04
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Figure 39: Weekly progress functional ability, more paretic life®06 and VR10
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Figure 40: Weekly progress functional ability, more paretic lir#305 and VRO7
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Figure 41: Weekly progress functional ability, more paretic lifiR09 and VR12
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7.4.8.2 Motor impairment measures

The following section details the results from the motor impairment measures
carried out prepost (Grip strength) and within the weekly progress measures

during the intervention period (Motricity Index).

7.4.8.2.1.1Pre/postintervention period, motor impairment measures

Seven participants completed trg strength measureadtwo participants
reached a change of 5kg or greater in grip strength (VR06 and VR&Ee(

47 for participant scores). VR06 showed a 6.33kg increase between baseline
1 and 2 (the control period) in their more paretic arm, but no chartge at
outcome; they also showed a decrease oft@tgeen pre/poshtervention.

VRO07 showed a decrease of 6kg between the control period and an increase
of 11.67kg postntervention in their less paretic arm. No other participant

showed a&hange abovBkg in either their less paretic or more paretic.arm
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Table 47: Stroke participantgrip strengttscores

Participant Baseline one  Baseline two Outcome Changeover the Change pre/post
ID control period intervention
LP MP  LP MP LP MP LP MP LP MP

VRO02 m 17.70 0.01 17.67 0.00 20.00 0.01 -0.03 -0.01 2.33 0.01
sd 5.11 0.00 1.53 0.00 0.00 0.00

VRO05 m 20.00 150 22.07 2.17 21.67 0.42 2.07 0.67 -0.40 -1.75
sd 2.00 0.00 0.12 0.29 0.58 0.29

VRO06 m 29.00 25.00 33.00 31.33 27.00 26.67 4.00 6.33 -6.00 -4.67
sd 1.00 1.73 3.97 5.69 3.00 1.15

VRO7 m 25.67 2.67 19.67 3.00 31.33 5.00 -6.00 0.33 11.67 2.00
sd 321 1.15 2.08 1.73 1.53 3.61

VRO09 m 2533 050 22.00 1.00 21.00 2.00 -3.33 0.50 -1.00 1.00
sd 3.06 0.50 0.00 0.00 4.58 0.00

VR10 m 17.33 3.00 15.33 3.58 16.33 5.00 -2.00 0.58 1.00 1.42
sd 1.15 1.00 3.06 0.72 5.69 1.00

VR12 m 2333 3.00 2333 5.33 24.67 7.33 0.00 233 1.33 2.00
sd 1.53 1.00 1.15 0.58 5.51 1.15

NB. VRO1, VR03, VR04, VR08, VR11 withdrew before outcome measures were take
LP, less pareticMP, more pareticm, mean;sd, standard deviation
* A change of 5kg or greater was reached
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7.4.8.2.1.2Weekly progress, motor impairment measures

The Motricity Index scores were calculated for each arm, displayed for the

stroke participants more paretic armgigure42, Figure43 andFigure 44

(scores displayed in a table in Appen@D). All but one participant scored

the maximum (100) for their less paretic arm. The lowest VR06 scored on

their less paretic arm was 77, for five weeks (2, 6, 7, 11, 12), and reached 100

in three ofthe weeks (1, 4, 5Dne participant increased between levels in the

first week (VR04), showing movement against resistance in their more paretic

arm and this was maintained for the 12 weeks. Two participants decreased

levels: VRO2 (more paretic arm wenbi moving against resistance to

against gravity in the final week 12) and VR10 (started with their more paretic

arm moving against resistance, aside fror
gravityo; but the scores show&ed movement
onwards). Three participants showed various changes during the intervention

period. VRO5 decreased in week 2 to a palpable flicker and maintained this,

aside from in weekine where the more paretic arm moved but not against

gravity; this was not matained the following week. VR09, by contrast,

increased t@ movement against gravity in wedtkreeand maintained this

until week 8 when it dropped to movement only, with an overall decreasing

trend. While VRO7 showed an overall increasing trend, deapitrrease in

week 5, in weelseventhe more paretic arm went from movement to moving

against gravity. Two participants did not change between levels: VR06

mai ntained movement against resi stance f

more paretic arm did not chge above a palpable flicker.
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Figure 42: Weekly progressmotor impairment, more pareti¢R02, VR04 and VR05
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Figure 43: Weekly progress, motor impairment, more paratir06, VR0O7 and VR09
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Figure 44: Weekly progress, motor impairment, more paratiR,10 and VR12
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7.4.8.3 Neural measures (i.e. time to onset of muscéetivity)

The time to onset of muscle activity during the cup task for each stroke and
healthy participant and their overall group means can be found in Appendix
8D to 17D The stroke participants varied during the intervention period,
with increases andecreases in their time to onset for muscles in each weekly
measure, and in comparison, with the normative values collected. In regard
to the feasibility design of this study, the lack of validated MCID or prior
literature on this measure, the small numbe participants, missing data
(particularly pre/posintervention) meant further empirical investigation was
not possible. The stroke participants' time to onset data is visualised in Figures
42 to 49 to demonstrate the variation in muscle activity over tame in

comparisonyith the normative values.

1 NB. Participants VR01, VR03, VR08 and VR11 withdrew before intervention phase. No
data was collected for VR08 as they withdrew before the first data collection measures
(baseline 1). VR01, VR03 and VR11 had no valid trials.
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Figure 45: Time to onset of muscle activity during reach to cup, VR02
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Figure 46: Time to onset of muscle activity during reaching, VR04
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Figure 47: Time to onset of muscle activity during reaching, VR05
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Figure 48: Time to onset of muscle activity during reaching, VR06
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Figure 49: Time to onset of muscle activity during reaching, VRO7
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Figure 50: Time to onset of muscle activity during reaching, VR09
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Figure 51: Time to onset of muscle activity during reaching, VR10
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