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Abstract

Background

The underlying mechanism operating during tékeabilitation of walking after a stroke is not
fully understood. Treadmill training is a rehabilitation tool used to improve the walking capacity
of people affected by stroke with evidence of improvementneds and walking speed. These
changes are nphowever, translated to improved ability or participation in community walking
which is an important goal of rehabilitation. When combined with an immersive virtual reality
environment, selpaced treadmill ¢ which the belt speed automatically adapts tbe user 6
intended speed) training can be used to simulate an overground community walking experience
with the potential to train more complex walking skills such as speed adaptation, obstacle
avoidance andudl tasking which are essential componen®ictessful independent community
walking.

The electrical activity of muscles (electromyograms) can reveal the underlying motor control
strategy employed when walking in different contexts, for example ind@mommunity
walking. Mathematical tools sucks the variance ratio and the occurrence frequency provide a
means of quantifying this muscle activity including variability and phasic activity. These tools
may help to understand the potential of walking $atuus (sepacing treadmills synchronised

with virtual reality) as tools in the rehabilitation of community mobility following stroke.

Methods

Two studies were conducted; an initial study to explore the motor control and biomechanical
differences acrasoverground, standard (fixed pace) treadenildl selfpaced treadmill walking

in ablebodied adults and a second study further exploring these differences in a post stroke
population and including outdoor and gradient walking.

Data collection for bothtadies included EMG and kinematic data dutirgadmill (standard and
self-pacing), indoor and outdoor gait of varying speeds and gradients and required the
development of bespoke software and novel algorithms to identify the underlying differences in
mota control and muscle activity variability iragicular.

Results

Using the variance ratio, sgtbiced(SP) treadmill walking and overground outdoor walking
presented similar value during level walking for bdte ablebodied and strokearticipans.
Variance ratiovalues during selpaced treadmiilwalking ranged from0.36to 0.51, andfrom

0.38 to 0.77 duringutdoor walking A variance ratio value close to 1 represents low repeatability
of the muscle patterThe results suggest that SP treadmill wadk which allows natural speed
variability, is a closer analogue to outdoor walking, in terms of muscle activation consistency,
than fixed pace treadmill walkingor the abléodied participants, fixed pateadmillwalking

and indoompresentedimilarlow VR values (0.26 and 0.28spectively, which indicateda highly
repeatable (cycle to cycle) EMG patterns

Discussion



It was found that it is possible to use quantitative measures of EMG variability to characterise the
differences of muscle recruitmestrategies between different walkirgituations such as
treadmill walking at a fixed pace, treadmill walking in ggdfce and overground walking indoors
and outdoors. The segtfaced treadmill walking and overground outdoor situations presented the
most $milarities in muscle activity variahty. The number of participants, especially stroke
survivors (n=2) was limited and cannot be generalised. Nonetheless, the usepaicee!f
treadmills coupled with an immersive virtual environment and, targeting coityrwalking
training present a proniigy platform for gait adaptability training.

Conclusion

The use othe selfpaced treadmills within an immersive virtual environment, present similarities
to outdoor walking. Using these treadmills as a complemerghgpilitation tool, have potential

for the training gait adaptability for community walking after a stroke.
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Chapt er

1.l nt roducti on

1.1. Stroke: aworldwide problem

Stroke is the primary cause of adult disabiéitrossEurope[1] as well asn the United

Kingdom (UK)[2]. It isthe second main cause of tteworldwide[3], and the third cause of
deathin the UK][2]. Inthe UKalonethe cost of this illness represents about 5.5% of the

entire healthare budget, represémg approximaely £4 billion[2].

The European Register of Stroke Investigators (EH@Skported stroke incidence rates
(adjusted to the European population) of 141.3 per 100 000 (95% CI, 118.9 to 166.6) in men
and 94.6 per 100 000 (95% ClI, 76.5 to 115.7) in women. The survey was carried out
between 2004 and 2006 in six Europeanrtries: Fance; Italy; Lithuania; Poland; Spain

and the United Kingdonin Scotland the incidence is reported to be higher, according to
Scottish Stroke statistics (202D18)[5] the incidence of stroke was 177 per 100,0
Strokeincidence increases as people age and is higher in men than women. In Scotland, the
rate of incidence was 85 per 100,000 population stroke for the under 75 years old and 1,106
per 100,000 population of the over 75 years old in 2Z01B[5]. The number of hospital
discharges following a stroke were of 514 per 100,000 population for men and 408 per
100,000 population for women in 202D18[5].

The majority ofpeople surviving atrokeare lef with a motor impairment. According to Li

et al (2018)6] more than 80% of stroke survivors are affected by walking dysfunction and
Jonsdottir and Ferrarin (201[7)] reported that 65% of stroke survivors have weakness on

one side of their bodknown & hemiparesis (mild weakss) or henplegia(severe

weakness or total paralysi#) this thesisthe term hemiplegia, will be used.

The recovery of walkinfunctionis ranked in the top ten priorities for research by stake
holders in stroke rehabilitation (therapists, patientscamers) Plock et al. (2012]8] and

is consistently highly prioritised by therapistsd patiets [8]1[11].



1.2. Risk factorsand outcome

The occurrence risk of a stroke can be the result of genetic factors, heart and cardiovascular
disease as well ashistory of Transient Ischaemic Attack (TIA). &e risk factors are

intrinsic to each individual and not much can be done to prevent strtkese cases.

However, there are a much larger number of stroke risk factors that are modifiable, and

therefore, should be taken into consideration. These are presented in the fotlaliéagL.

Non modifiable Modifiable

Age High blood pressure

Sex Diabetes

Genetic factors Cigarette smoking

Previous TIA and Heartbondition Atrial fibrillation*

other Cardiovascular disease Other forms of heart disease

Dietary factors and obesity

Sedentary lifestyle

Hypercoagulates states

Sickle cell disease

Elevated cholesterol

Heavy alcohol use (for subarachnoid haemorrha
Drug abuse

Tablel.1: Modifiable and normodifiable facbrs of strokeadapted from Stroke by Jonathan a Edlow
(2008)[12]

*Atrial fibrillation is characterized by fast irregular heartbeat which, can lead to several
heartrelated complications as well as the creation of emvaaiich may result in atke.

This can bdreatedwith surgery, medication and electrical implafit2].

The outcomefrom stroke are aried. Each year over 13.7 million new strokes cases occur
globally[13]. Over 5.5 million people willlie from their stroke each yedr3], [14]. For

those that survive30% will be left with some degree of motnd sensory impairmefi1].
Poststroke impairments, much like the outcomes, also vary. Some impairments affect the
communication abities of the survivor (for example aphaaidysarthria)15], vision

(visual neglect]16], [17], reading (hemianopia), writinggraphia]18], deglutition
(dysphagia]19], [20], perception and emotions (depression, anx{@djand other such as
fatigue, cognition, memory lo$21], [22].

The most commdg reportedmpairments pdsstrokerelate to the motor system, in
paticular a loss of muscle strength amdtorcontrol. The following are commanotor

impairments



Paresis/plegiawhichis the loss of higher centre control of muscle activity. Paralysis usually
affects an entiredaly part or region, but it can also affecsingle muscle. Paralysis can also
affect the muscleestingtone, which is the level of resistance to movemtitin the

muscle[23].

Paresis following stroke can be distributedlifierent ways and it is an important icdtor
of thelocation the damaged area of the brain. The following terms describe common
distribution patterns.
I Quadriplegia is where all four limbs and the trunk are affed@g]i [27].
1 Paraplegiaaffects both legs and at least some of thaki{@4]i [26].
1 Hemiplegia (hemipaesis) is aype of paralysis that affects one side of the
body[24]i [27].
Diplegia affects both sides of the body, the same body rggi}i[26].
Monoplegia affects one limb only24]i [26].

Spasticity or High toneis manifested by an increased stiffness of the muscle. A spastic
muscle will present incesed resistece to passive stretch that is dependent to theitelo
and enhanced tonic stretch reflef28], [29]. Theses oebmes are t consequences of
changes i n t heeprpegtieskna i she \dsoorldstic properties of the
muscletendon unit, originating from impaired descending motor control pathl28y,s

[29].

Low tone also called ‘flaccidity' or 'hypotonia’ usually involves little resistance to passive
movement and reduced strength on the muscles. Flaccidity leads to love tonscbuts
different to low muscle streng{B0].

Overall muscle weakness is the most common outcfyora strokeaffecting 80946] with

and 65% experiencing weakness on one side of their body, hemiglegia



1.3. Factors influencing gat recoveryand suitability for
rehabilitation

The degree of rewery after a stroke has been noted to be influenced by the following
factors:
Prestrokelifestyle, healthgeneticq31].
Poststroke lifestyle, fithess, cardiovagar, muscular or respiratory
condition.[32]i [35].
Stroke type, location and severj82], [34], [36], [37]
Time elapsed between stroke occurrence and hospitdl32y¢38], [39].
The treatment administered ansl timing ofadministratio{32], [38], [40]i
[42].
1 The impairments and medical complicati@amsequenced the stroke
[32], [34], [37]
1 The rehabilitationraining administrated after the stroke and its 88§
[43]i [45].
The patientds access[32,@do6]ip8l.ci al suppor !
The patientds access to ag3)[48.i ve t ecl

The impact of these different points is presented in more details in theifadltableTable
1.2: Factors nfluencing stroke recovery training

)

Factor References Impact

Pre-stroke lifestyle, health,| [31] Genetic predispositions and

genetics unfavourable fiestyle increase the risk
of stroke incidenc31].

Poststroke lifestyle, [32]i[35] Poor functional conditioat hospital

fitness, cardiovascular, admission is linked to poor pestroke

muscular, or respiratory outcome[34]. Stroke jatients are often

condition unfit due to deconditioning and need

fitness training to improve their
cardiovascular health, to have enougl
strength and endurance to go back to

their everyday life setting and activitie

Stroke type, location, and | [32], [34], [36], | Higher death rate for haemorrhagic

severity [37] stroke in contrast to ischemic stroke




[34]. Severe strokes usually lead to

poorer rehabilitation outcome.

Time elapsed between [32], [38], [39] | Delay in stroke treatment can be fatal
stroke @currence and Time can be lost in transports and/or
hospitaladmission diagnosis (recognition of symptoms,

acess to imaging equipmenrig9].

The treatment administere| [32], [38], Thrombolysis treatment for ischemic
and its timing of [40]i [42] stroke is the most efttive if
administration administered earlgnd appropriately

[38], [42] (between 1.5 to 4.5h since
stroke onsef38]).

The impairments and [32], [34], [37] | Spatial neglect, d@sia, spasticity and
medical complication other complications are indicators of
consequences of the strok poor rehabilitation outcom@7].

The rehabilitation training | [32], [43]i [45] | Long treatment duration leadshetter
administered after stroke gait rehabilitation resultgl4].

and its dose Repetitive, taslt oriented and intensivg
training is recommenddd3], [45].
Patient 6s ac|[32],[46]i[48] | Solitude and low indeperdce at the

support and family early stage posdtospital results in poor
rehabilitation resultf48]. Unmarried
people benefit from getting more
rehabilitation than married people whc
tend to have more

[47].
Patient 6s ac|[32],[45] Access to asdive technology can have
technology and/or positive impact on stroke rehabilitatior
adaptation [45].

Tablel1.2: Factors nfluencing stroke recovery training

These factorbave beemsedto developpredictive modedto determine whether
rehabilitation training will be beneficial to the patients with strf#&. While the evidence
for lack of rehabilitation potential is ntdte same as having a lack of evidence for
rehabilitation potential, it is considered that the most severe cases of stroke, where both
physical impairment and codivie impairment are important, consist of cases where the

effects of rehabilitation traininig expected to be less important and slo\82f, [33].



Rehabilitation potential of severely disabled stroke patients is moaply related to

severity of the patientds | o shilityofthe damercamdp e nd e n
pati ent 28], [X]o[46h [d%A, [FD] Consequently, it is possible for stroke patent

with severe disability to beconiedependent and benefit from early stage rehabilitation

training, adapted to their situatiamd the use of strategies and devices for improving their

quality of life [32], [47], [51]. However, it is usually the survivorgho arealready able to

walk before community reinseoti that attain enough independence to be independent

walkers in challenging community environments such as a shopping mall or §5teet

The decision on whether stroke patients are to undergo rigduadnil training or not is

usually made by a multidisciplinary tedB82]. This decision is influenced by several factors

such as the resources available in the clinical setting, the availability of community support

and the availability of community rebiitation [32], [47]. A patient identified as likely to

benefit from rehabilitation will be recommended for appropriate training. The patients

identified with no rehaibitation potential might be left without access to any form of

rehabilitdgion training, which, if wrongly identified, will likely limit their ability to improve

[32]. Being able to make the appropriate decision regarding the poterglamentation of
rehabilitation training is crucial, not only
more costeffective longterm treatment plan. A correct assessnoétiie appropriateness of
rehabilitation training should allow lortgrm svings for the healthcare and social care

environments as well as for the individuals and their families; this is known as tailored
rehabilitation[32].

There ae existing factors that support the prediction of the outcome after a EBBR)kES5].

Kwok et al. (2012]54] conducted a retrospective analysis of 14437 stroke patients (mean

age 75.4 £ 12.1), 52.9% were female and 82% were admitted for a ischemic stroke. The

objective of this study was to assehe effect of the presence of disability before the
occurrence of thetsr ok e over the patientds mortality al
estimatednodified Rankin scorbeforestroke(pre-morbid modified Ranking scorgyere

collected prospaively to determine prstroke disabilitywas an indicator of risk of

mortality with a higher score associated with a greater risk of death evolving linearly (p <
0.001)[54]. They also found a relationship een age and the modified Rankin score scale

for which each point increaseas equal to five supplementary years old. Kwok et al. (2012)

[54] concluded that the presence of disability before a stroke and thk tdrigeir hospital

stay are predictors ywvf ithedepandemtlIdy ofi stkhe f
stroke type and severity. Wagle et al. (20/65] analysed the data of 163 stroke

rehabilitdion patients two to three weeks following their hospital admission aedaleated



them 13 months after. They found that a model combining age (p = 0.001), neurological
impairment(National Institute of Health Stroke Scapeg 0.001), posstroke cognive
function (Repeatable Battery of Neuropsychological Status; p = 0.001) astigke
activities of daily living (Barthel Indexy = 0.002) was good predictoof the longterm
poststroke functional outcomén average Barthel index score of H0® (range=1720)

led to no significant disability when an averd&pathel index score of 18t2.4 (range=18

20) led tosevere disability.Coupar et al. (20135b3] reviewed 58 studies in order to assess
which factors were the best indicators of good wip@p recovery after a stroke. They
found that the strongest predictors of upliab recovery were the inal measure of stroke
severity and related impairment (odds ratio: 14.84 with 95% confidence intervals (Cil): 9.08
24.25) as well as other neurophysiological results (odds ratio: 88685% CI: 8.40
177.53)) at the initial assessment post st{blég

Stinear (2010)56] identifies the use of magnetic resonance imaging (N8¥1), [58] and
Transcranial magnetic stimulation (TM[SP] as potential methods to predittoke

recovery outcome. However, more studies are needed to assesdidlindty, feasibility

and costeffectivenes$s6].

Currently, the models used to predict rehabilitation potential have not been properly and
fully tested.The isting modelsbased on clinical variablegere able to explain the r&an

for only 47% of the variance in pestroke recovery, 53% of th@arameters responsitfier

the outcome for stroke recovery remains unexplaj@2l [60]. In their paper, Bates et al.
(2013)[47] used a retrospective cohort analysisook at patient characteristics that would
lead to the administration of rehabilitation during the acute phase of stroke recovery. The
population analysed was cormgeal of 9681 American army veterans (mean age 68.7 years
old, 97.4% of men) discharged fnchospital following a stroke. The study outcome
evidenced those in receipt of inpatient rehabilitation training of any type compared to those
with no form of formal ehabilitation training47]. Bates et al. (2013%7] observed that
patiens already admittetb hospital for extended care (59.2%; p<0.0@Htients admitted

for subarachnoid haemorrhage (34.4%; p<0.001) and patients who were rfpr@i€1),

and therefore could receive help at homete less likely to receive rehabilitaticrining

than other patienthe observations of Bates et @013) show that not only the clinical
state of the participant but also the living circumstances are factors determining the

administration of rehabilitation trainir{g7].



There is evidence that the timing of rehabilitation after stroke, early when the patient is
medically stal# (after 24h posstroke), can lead to better stroke rehabilitation outci@2k
Enderby et al. (2011B2] proposed that the question of whether the patients have
rehabilitation potential shifts to: which rehabitita training would be the most effective for

any given patient, specifically when, at what amount and hynw32].

In their study, Franceschini et al. (2018%], showed that there are early predictors of
favourable outcome of postate stroke rehabilitation.

The study was a yedong multicentre project. In total, 310 patients (mege &5.0 years

old and age range 65.0 to 81.0 years old) who experienced a stroke for the first time were
analysed. The participants were assessee tiimes (beginning of the study, peatute

phase, and 6 months peastoke). They concluded that eoft-bed mobilisation within the 48
hours posstroke, absence of incontinence, absence of total anterior circulation infarct
(TACI) syndrome and youngegea, were the main four factors of influence to predict
recovery over 6 months pestroke.

A better undestanding of early motor control ability that is more accessible to clinicians
could help to determine the neawld potentiafor rehabilitation as il asinform its

intensity and content.

1.4. Stroke care phases

According to the literature, 80% of recayeccurs during the first three pestroke months

[32], [61]i [63]. However, the literature algeports that recovery continues over a longer

time period for many stroke survivdid2], [64]. Despite this continued potéaltfor

recovery, researchers tend to focus on the acute rehabilitation phase (first 3 months) where
recovey is considered to be more rapid due to the neuroplastic prf@ss

There are four phaséescribed in the literataf65] that follow the occurrence of a stroke,

1) the hyper acute phase, 2) the acute phase, 3) the subacute phase and 4) the community

reinsertion phase.

Hyper acute phase

Phase 1 is the lpgr acute phase corresponding to the first 24 hours following stroke. It is
during the hyper acute phase that the patient is taken into emergency care, diagnosed and

treatment considering the severity of the stroke is assessed and implej#@hted ], [65].



This primary assessment phase includes brain (computed tomp@&Iphor magnetic

resonance imaging (MRI)) and vascular imaging (computed tomography angiography (CTA)

or magnetic resonance angiography (MRA)). Liu et al. (2(41)reported the importance
of early thrombolysis administration (to dissolve the bloodialigchaemic presentations
as it diminishes stroke morbidity. It is
diagnosed in the 4.5 houi@lowing stroke onsg#0], [65] as it promotes early treatment

and allows an initial approximation of the speed and degree of redé%gry

Acute phase
Followingthe first 24 hours post stroke, the patient enters phase 2, the acute phase. The

acute phase lasts approximately one wpshkvided the individual becomes medically stable
[65]. It is during the acute phase that the patient is transferred to a stroke unit, where a
multidisciplinary team of healthcare professionals will confirm the stability of the patient
and decide on the implementation of early rdhaiion training for the patief65]. The
decision of the implementation of the early or later rehabilitation training is decided
according to the severity of the strokeedical stabilityand whether the patient is likely to
benefit from it[65]. The optimal timefoap at i ent 6 s mobi | i sati on
defined and requires further investigat[66], [67]. While there are some recommendations
for the implementation aehabilitation training as early as possif@é], it might rot be
beneficial in the case of strokdaulden et al. 200868], Sawabe et al. (2018P] and Chen
and Xiao (2019)70] all observed that starting the rehabilitation tiagnsooner after the
onset of stroke led to better functional outcome than delayed rehabilitation training.

Bernhardt et al. (2019%7] compared rehabilitation outcomes 3 months post stroke in 2104

stroke patients, comparingh o s e who wer e mobi lkdoscarkencear | y

with stroke patients following the usual mobilisation protocol (>24 after stroke occurrence).

They observed more favourable outcome for the participants who followed the usual
protocol[67]. Moreover, more deastoccurred in the early mobilisation group (&fignts

death), in comparison with the group provided with usual care (72 dead pd6&hts)

af t e

(O

detailed report of this multicentre international intervention is described by and Langhorne et

al. (2017)[71]. Interestingly, Chippala and Sharma (20[[&2)] in their study of 86 stke
patients (mean age: = 59.95+10.55 years old), feubdtantia{p=0.136 Barthel Index
improvement within the group of patients who underwent early mobilisation (median=35,
IQR=30-38.75) in comparison with the group of patients who underwent the cemeaal
(median=17.50, IQR=180). The early mobilisation group also exhibiséghificantly

(p<0.07) betterfollow up result after three months (three months follow up minus admission



score) (median=42.50, IQR=35) in comparison with the group of patiemiso underwent

the usual care (median=30, IQR=28). Chippala and Sharma (20182] was a single

centre study and had a much smaller sample of participants in comparison to Bernhardt et al.
(2015)[67] and Langhorne et al. (2017Y1].

Predicting a pat itationttldesefore, i elp guglethetintensityeadda b i | i
nature of rehabilitation. One of the methods
rehabilitation is the use of the functional independence measure (FIM) g&2Jtd34]. Its

shortened version, the AlphaFIM® instrumenti#dFIM), relies on six out of the eighteen

FIM tasks to deduce the functional status of the acute stroke ga@gntlore assessment

tools used for stroke care are presentednnex|.

Subacute phase
In the case of medically stable patients, the subacute phase (phase 3) starts about a week

after strokg65]. Thee is evidence in the literature that starting rehabilitatighiwihe first

two weeksofa strokehaap osi t i ve i mpact of48], [V6fi[@8].phet i ent & s
eligible patients are trained according to their level of impairment. The training is adapted to

their need and functional goals to achieve or facilitate through the coursealbilitation

exercise$22].

Community reinsertion

Following the subacute phase is the phase of community reinsertase(gh At this stage,

the patient returns home and continues the rehabilitatiomgsdbrough an outpatient

rehabilitation progranfor community rehabilitation teamglying on the help from stroke

support group, home care services and other commuppost systemf5]. The duration

of this phase depends on accesevaluatonssfthp por t ,
patientds situation, t hepat®tpmeaningful activitigglif or t he
[83] and the overall health of the pati¢®5]. Mayo et al., (2002)79] used telephone

questionnaires at a timieterval of six months, to follow up for over two years with a group

of conmmunity-based stroke survivors (434 participants , 68.4+12.5 years, average Barthel

Index score 90.6/100) and controls (486 participants, 61.7+12.4 years), they observed that
about half of the communitpased stroke participants expressed a lack of mdahing

activity, needed organised support from dinbelied caregiver and would benefftom

participation in a stroke support group. Rehabilitation should be designed to help the patient
achieve their goals and gain more independence in conjunction wittigaitn in their

targeted meaningful activities of choi&2]i [84].
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1.5. Gait after stroke

While the majority of stroke survivors have impaired walking abitityst people do recover
some walking function bthe time of hospitatlischarge After a week,about two third of the
patients recover mobility but are unable to walkhwiit supporf85]. The mean walking
speed of people with a chronic herdgiahas been reportdd be0.53 m/q9]. Walking
function clearly covers a wide range of abilities aaderalauthors havatempted to

provide categories of alking ability.

Perry et al. (199586] classified walkers into six categoriesing indoor walking speed as
cut-offs. These caggories werel) Physiological walke(0.1 m/s); 2) Limited household
walker (0.23 m/s); 3) Unlimited household walker (0.27 m/s); 4) Mosted community
walker (0.4 m/s); 5) Least limited community walker (0.58 rafg)6) Community walker
(0.8 m/s).

Li et al. (2018)6] similarly reported four categories of gait impaent. These were: 1) Fast
walker, able towalk at approximately#4% of normal walking speed, 2) Moderate walker
D21% of normal walking speed, 3) Sldaxtended walkeD11% of normal speed and
usually requiring a walkig aid, mainly due to weakened upteg muscles, and) Slow-
Flexed walkerwith even more weakened upgeg muscles and requires assistatoogalk

at around 10% of a normal walking speBidrmal speed is typicallyetween 1.1 and 1.3
m/s for ablebodied elderly individualg7]. Dickstein (2008]9] reported aspeed ofl1.34

m/s.

Fulk et al. (2017)87] classified ambulation after stroke into four categories of ability levels.
These levels were differentiated by the number of steps perfqreredy and the walking
speed. The four functional abiliti@gereas follows: 1) HouseholdAmbulators who perform
100 to 2499steps per day, at a speed of 0.4+0.3,12)Fhe Most Limited Community
Ambulatois who perform between 2500 and 4999 Steps per day at a speed of 0.7£B3 m/s
The Least Limited Community Ambulagrwhoperform 5000 to 749&eps per day, at a
speed of 0.8+0.2 m/and 4)The Unlimited Community Ambulaterwho performmore than

7500steps per days and walk at a speed of 0.9+0.2 m/s.

It is important to note that oststroke survivorslo not return to independecbmmunity
walking. Jonsdottir anéerrarin (2017]7] reported thatof the patients recovielg any
walking ability only 40% successfullyecovered speeds associated with independent

community walking (0.8 m/s). As can be been seen in the methods for clagsitking
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ability, a commonly usegredictor of community walking ability is indoor gait speed. When

it is greater than 0.8 m/s the person is generally expected to be able to move independently
outdoorg86], [88], this compares with average speed of 0.53 m/s at discl@rifeis

important to note that, a walking speed below 1.2 m/s remains below the required minimum
speed to safely walk safefgcross gpedestrian crossiisgn the UKaspresated byAsheret

al. (2012)[89], which limitsthe independence of the older Hghopulation in the context of
communityambulation physical activities and per extension other social interactions.

Apart from the loss of physical ability, one important obstacle to confident community
walking is the fear of falling90]i [92]. The expaence of multiple falls or even the
development of anxiety can lead to confinement in the house. This is importamntddua

direct consequences of a hodmmd life is the isolation experienced as well as the effects on
the mood leading in some casesl@pressive stat¢83]i [96]. Hong (2015)93] reported

that for stroke survivors engaging in daily commumslking the quality of life was better

than for those only walking 1 to 3 times per wdaksupport of this, Alzharani et §2012)

[94] reported that more physical activity was correlated with better mood in strokeossrvi

The recovery of walking function is therefore a desirable outcome of rehabilitation but
remains disappointing wittmostpatients fding to achieve the walking speeds needed for

community walking.

1.6. Stroke rehabilitation andrteadmills training

Dobkin(2016)[43]descr i bes t he ai ms twldssesphysicakamd r e habi |
cognitive impairments, increase functional independencesniase burden of care provided

by significant others, reintegrate the patient into the family and community, anderesstor

pat i en trélaed quality bftiféd

Another definition fromCanadian Best Practice Recommendations for Stroke[@&fe

Dawsonetal. (2013P8]def i nes r e habi hprdg@dsiveodgnamics godlo ! | ows
orientated process aimed at enablingerson vith impairment to reach their optimal
physical, cognitive, emotional, communicatiyv
In both definitions, stroke rehabilitation aims to lessen the effects of the impairment and to
reintegrate patients into commupiife. The process of rehabilitation usually starts during

the hospital stay once the individual has stabilised mediaatlgontinues when the patient

returns to the community.
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In Scotland theScottish Intercollegiate Guidelines Network (SIGN) 118vtes giidelines

for practice and recommendations for rehabilitation after s{@¥e[100]. SIGN 118

recommads early mobilisation after stroke (under 48 houftshedically possiblethe

patients are positiondd prevent pressure @irs[99], [100]. Training for Activities of Daily

Living (ADL) is provided by occupational therapists duringpatient rehabilitation program

and continues when in the commuri®@], [100]. Treadmill training is recommendes a

means to improve gait speémt patiens who are independent walkers at the start of the

rehabilitation training99], [100 The SI GN 118 doesndt recommend
routine exercis§99], [100]. To support gaiand balancegpetitive task trainingzunctional

Electrical Stimulation (FES), Ankioot Orthoses (AFO), fitess traning, muscle strength
training are recommende 99])aX0@ dhredveragg t o t he pa
recommendetherapy time is of 45 minutes of physiotheragyd 14 minutes of

occupational therapy per d§§9], [100]. However, this dose of treatment is not achitve

many[101], [102] Since evidence were found that 16 supplementary training hours led to
improved rehabilitation outcome, the SIGNBIrkcommend to safely increase the intensity

of training over timdor improved gai{99], [100]. The SIGN 118 recommends that a pre

discharge home visit is dofwy a healthcare professional, often an occupational thergpist,

identify wha the likely challenges would be for the patient and help them and the carers can
mitigate then{99], [100].

A reviewonthe efficacy of strokerehabilitation protocols (French et €2010))[103]
reported that lowelimb rehabilitation benefitfrom repetitive taskspecific training. Stroke
rehabilitation is complex and requirdne interventiorco-ordinatedof severalprofessiona
(physiotherapistsyccupational therapists, speech therapéttyaspart of a
multidisciplinary team. The af€ts of rehabilitation appear to be highly dependerthe
motivation of the patient arttieir family. Rehabilitation with high intensity training as a
mean for better outcomes is commonly accef@2{ Treadmill walking presents the
obvious advantage of enabling this intensive training for the lower Ija3i [106] and
has been successfully in several research trials (Globas et al. [POGR)Outermans et al.
(2010)[107])).
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1.7. The problem with treadmillriaining

Although a promising therapyretadmill training has, some drawback&esecan be
generally summed up in the differences vatterground walking and its simplification of
the natural walking pattemwbserved in everydayalking [108]. Notably, it differs with
generallyslowe self-selectedvalking speds and reduced rangejoint motion reported
[108]i [111]. There are also kinetic differences with smgltémt moments and powsr
reportedat the hip and knee jointhiring treadmill valking compared toverground
walking, even when speed has been standarfli€8d, [112] Observations oincreased
muscle activity during treadmill walking héed to ©nclusions of higheenergy
consumptiorcompared witfoverground walking111], [113].

Perhaps morgmportantly, forrecovery ofcommunity walkingability, traditional treadmills
are not adapted to everyday walking challenges sucle@sefint changes velocity and
dual tasking such asbstacle avoidancand visual perturbatiorj$14].

1.8. The importance olunderstanding the motor control pattern

The moments needed to create motion androl posture during gait are created by the
voluntary action of muscles, under control from the motor cortex andesnpptary areas

[115], [116] After a stroke, motor contrabn beémpaired[22]. The muscl eds acti
direct reflection of the motor contrstrategy used to perform the movemjdidi7]i [120]. As

the muscle activity pattern reflects the muscle control strategy, its observation could lead to a
better understanding of what malaseffective community walker within the stroke

survivor population. This understding could also inform the optimisation of gait

rehabilitation andin particular the use of treadmills.

The integration of camettaased motion capture technologies with force sensors, body worn
sensors (accelerometers, gyroscopes) and electromyodEdi@) can describ¢he

complexity of walking in fine detail so thttis understanding can be gaindétie

development of selpaced treadmil (ones capable of automatically adjusting belt speed
accordingtot h e u s e allowsnatrplgpeedsariationto be an implicit part othe

walking experienc§l21]. Combined with virtual reality environments and better analogy of
community waking can be simulateirtual reality provides the user with an interactive
experiencein an enriche@nvironmeninvolving visual, auditory and tactile feedbddR?2].

The use of virtual environments impacts the cortical reorganisation in patients with chronic

stroke[123], [124] It haspresentedjood evidence as a rehabilitation intervenfiti?b] as,
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to leading to more activity engagement of the patigi2§], [127]and shouldthereforepe

consideredr regards to community walking rehabilitation training

1.9. Research question and hypothesis

Primary esearch guestion

Does selfpaced treadmill walkingvithin a virtual environment produceraotor control
strategy that ia better analogue to everydayeogroundwalking thanfixed pacetreadmill
walking and would therefore be a better training modalityHferecovery of community
walking?

Hypothesis The use of a $kepaced treadmilinked with a virtual walking environment will
create a walking experience thpgitbduces a motor output (muscle activation pattern)ishat
more similar ta(statistically significantpverground walking than traditiontked pace

treadmill walking within a virtual environment

Objectives
Conduct areview of the literature

Design an observational study to compare the motor contnatiobrs
overgroundwvalking and treadmill walking using EMG data

1 Design an observational study to queme the motor control efidoors and
outdoorsovergroundwvalking and treadmill walking using EMG data

1 Compare thenuscle controhcrosdifferentwalking conditions using
parameters of uncomplicated interpretation.

1 Observe if the different walking coniihs impactdifferently the able
bodied participants comparedttee chronic stroke participants.
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Chapter 2

2.L1 t errad wir eew

This chapter is broken down intioreesections. The first section will presehe
rehabilitation process for recovering indagent walking ability following a stroke,
which is a priority forsurvivors As an antecedergome predicting factors of

recovery are outlined in the first section. In feeondsection the literature review

will explore the validity of treadmill trainig, its potential for extensive use in gait
rehabilitation and how it can impact the community walking setting.

Thethird andfinal section considers motor control to better urgtand the science
underpinning the use of treadmill training for recovergahmunity walking.
Staringwi t h an overview of Ni kol ajtheBer nstein
discussion will proceed tmore recentievelopmentsn motor control resear@dnd
theory and look specifically at the decomposition and interpretation of the
electromyograms produced by muscle synergies.

The review will conclude by presenting method analysingsurface EMGsignals

to better understand motor contrOine is the variace ratio, which has been
previously used to investigate the repeatabilitthefEMG pattern. The second is

the occurrence frequencyreviously used to investigate muscle contraction patterns

2.1. Stroke rehabilitation principles

2.1.1. Motor training after a stroke
In a paper, Krueger et al. (2012), reported the potential of optimakstesk in

Canada and how it would lead to substantial cost redudti@8$ One of the
parametersonsideed is the early homsupported discharge of the patidntthe

case of early homsupported discdrge posstroke, the patient leave the hospital
earlier so that part of the rehabilitation training that would usually be done in
hospital is carried on &fome supervised and administered by a team of healthcare
professional specialised in stroke rehitdlon [128], [129] The practice of edy
homedischarge is associated with a lower incidence of dependency and death
especially with patient with mild to moderate str¢k80], reduction of the duration

of hospital stay and reduction of the overall cost of stroke[&@83. Early home

discharge requires tlmrganisation of a team able to implement intensive
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rehabilitation traming at home and/on communitybased centre$o provide the

patients with the appropriate tookhis can preent challenges in contexts with less
infrastructures, such as rural areas where the distance to the facilities can affect the
administration othe treatmenftl31].

Thetwo following sections will present the main apprbas to motor training and

some of the tools necessary to achieve optimal rehabilitatiorspoke in the

community.

2.1.1.1. Approaches of motor training

Motor rehabilitation training is based on four approadd&s.

1) Repetitivetaskoriented training. This approachies on motor learning
principlesand focuses orepetitivepractice oimovementasks in order to
challenge the patient and help the patientea@hlimb movement consistent
with the task needing perform43], [103], [129] Task oriented training
fifocuses on practicing the specific movements that are impaired and that clients
want to impoved [132]. For example, taskriented gaitriaining will involve
over ground or treadmill walking and/or functional tasks related to walking such
as walking balance exercigds$2]. French et al. (201Q1L03] reviewed studies
involving 23 to 60 minutes of exercising, 3 to 5 times a wiaeksystematic
review andmetaanalysis The training programaere composed of whole
therapies, targeting different taqi83], [134] circuit training and/or mixed
tasks practic§l35]i [138] and single task training such as sit to stdra9],
trunk control[128], [129] Significant improvemenp<0.05 were observed in
walking sped (standardized mean difference (SMD) 0.29, 95% CI: 0.04, 0.53);
for walking distance (mean difference 54.6, 95%ficiemce interval (95% CI:

17.5, 91.7); sito-stand (standard effect estimate 0.35, 95%0QI3, 0.56), and
activities of daily living(SMD: 0.29, 95% CI: 0.07, 0.51

2) Sensory facilitationThis focuses on stimulating the sensory system and
mitigating muscle spasticity, to allomormalmovementin the context of
movement rehabilitation, transcutaneous electrical nerve stimulation (TENS) is
usedto reduce spasticitjl42]i [144]. Mahmood et al. (2019144] conducted a
systematic review and meganalysis of the effect of TENS ¢hemuscle
spasticity ofadults with a strokelhey found that compared to physical therapy
with placebo TENS, patients who underwent physiwatapies with TENS
presengdsignificant (p=0.0001) improvement of muscle spasticity (SMD =0.64;
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3)

4)

95% CI:-0.98 t0-0.3; P =17%) When ompared to physicaherapy alone,

TENS combined with physical therapy also presented signif{€ai.02)
improvement bmuscle spasticitySMD =0.83; 95% Cl:1.51 t0-0.15; P

=27%).

Compensabn. This allows the patient to adaptthe disability, even in case of
diminished sensorimotor contr@g3]. Compensation training consists of
teaching the patient to substitute a presly learned strategy to perform a given
task with a new strategy that will pethe patient perform the same tadking

this approach, new strategies are developed by person to overcome the
underlying impairmentdt can involve the use of the unaffectedb to carry

out a task or can look at adapting the use of the affectefdSpé-a example,
someone with hemiggiawill learn to dress singlaandedly{145]. Without
compensatory training compensatory strategies that are ineffective to achieve the
intended task can be developed by pasifi¥6]i [148]. This approach can rely

on the use of devés (e.g. use of assistive technolpgglking aids) and

methods that reduce spasticity and develop synergistic movements, which are
abnormal movement combinations on the afféside of the stroke survivor

(i.e.: movement of hand and shoulder when thenidéd movement is a forearm
movemenbnly) [43], [149]. The use of ankioot orthis provides support to
thepatemhs ankl e and foot for stability and
swing phase of gajiL32]. Ankle-foot orthosis improve balance and walking
immediately[150]. They improve gait speed and help their users to stand more
symmetrically[132], [150] Walk aids such as nas (single point or quad cane),
walker and rollators can be prescribed to patients who are suffering from
impaired balance and g4it32]. However, people who usually use these types
of walking aids generally walk slowarse more energy and have worse balance
than the peoplev h o 183, f161] Similarly to anklefoot orthoses,

functional electric stimulation improves the walking speed of people whose
stroke incident has produced an impaired walking[@aR&], [152]

Fitness and sength training. This approach uses exercises, fithess training and
strength training t o [4B]mpllonong @stroké, epo pat i en
85% of the patients are deconditioned due to the reducedyastiiiced by
hemiparesi$43], [153]1 [155]. Strength and fitness training aftesteoke is part

of both the early stage and later stage of stroke rehabilif@@)n[156] [158].

Fitness or cardiorespiratory training camsps of, for example, treadmill
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training[159], training in watef160]. For the patients with enough motor
contrd aerobic exercises on bicycles or treadmills is pos§iifi6], [161],

[162]. Strengthtraining can include the use of an exercise rima;weights

body weightor elastic resistance band$0]. While therds little evidence of

the benefits of strength training ofly63], fitness training imolving treadmill
walking led to improved walking speed (mean difference = 6.71 nyares
minute, 95% Confidence interval (Cl) 2.73 to 10.69), improvatkiwg capacity
(mean difference = 30.29 metiiessix minutes, 95% CI 16.19 to 44.39) and
preferred valking speed (mean difference = 4.28 metres per minute, 95% CI
1.71 to 6.84) at the eraf the training prograr{iLl56], [160] Mixed training,
which involved both fithess walking and strength training, also presented
improved increased walking capacity (mean difference = 41.60 sn@tresix
minutes, 95% CI 25.25 to 57.95) anefarred walking speed (mean difference
= 4.54 metres¢r minute, 95% CI 0.95 to 8.1)56], [160]

In order to improve fitnessnobility and to reduce the risk of recurring stroke,
the patient will be encouraged to keep walking daily and progressively increase
distarce and duration of their walk43]. In their review paper, French et al.
(2010)[103] observed that the use of repetitive taskning led to a small to
moderate statistically siditant improvements of walking speed (n=263:
standardized mean difference 0.29; 95%ficiemce interval (Cl): (0.04, 0.53)),
walking distance (n= 130; wglited mean difference: 54.59, 95% CI: (17.50,
91.68)) and sito-stand motions (n= 346; standardizéiget: 0.35, 95% CI:
(0.13, 0.56)). The ten trials relating to gait and balance rediéwthis paper
consisted of 4 [1@] Roar out df tb teptaals teérdtedd at a
participants within theiffst three months postroke. Apart from two, the #is
included less than 20h of practice tifd@3]. The differences in practice time
may haveanfluence on the results as one might expect more opportunities for
repetition in the case of longer practice tirdewever, the results of this review
did not provide onclusive evidence on whether a higher dose of practice leads
to improved patient outeoes. This review also does not consider the-kengn
effect that taining in this way has on these patients.

In the UK, stroke rehabilitation training based on tagécific exercise has not

been thenost commonly usefl 03]. Insteada 5" approachthe Bobalh methal,

also called the neurodevelopmental treatnigéd] which aims at restoring
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normal movement under tlgelidance othe therapist and minimises movement
repetition has been favoured by UK therapigt83]. In their paper, French et al.
(2010)[103] did a systematic review and metaalysis to comparthe impact of
repetitive task training to usual care or attentiontie®. Theyfound statistically
significant(p=0.04 overalkffec) improvements iower limb outcome

measures. Thealking speed (standardized mean difference= 0.29, 95% CI
0.04, 0.53), walking distece (mean difference= 54.6, 95% confidence interval
(95% CI): 17.5,91.7), sit to stand (standard effect estimdie35, 95% CI: 0.13,
0.56), and in activities of daily living (standardized mean difference= 0.29, 95%
Cl: 0.07, 0.51)mproved significantlylmprovements were also observed in
global motor functin (standarded mean difference= 0.32, 95%i@.01, 0.66)
and walking abilities (standardized mean difference= 0.25, 95% CI 0.00, 0.51).
No significant improvement$=0.31) were observed for thepper limb[103].

Bhalerao et al. (2011)165] compared the outcome of patients who underwent
either the Bobath methods traini(rg= 8, 6 malesage=53.67+8.46time post
stroke=5+2.3week9 or taskspecific movement trainingh=10, 8 malesage=
52.27+8.06time poststroke=4+1.5week3 over a period of six week3hey

found a greatémprovement iroutcome for the people who undemrg¢ask
specific trainingMotor Relearning Progranas significanimprovement was
reported by thé&unctional indpendence measure (52 versus 34.25, p= 0.004),
Functional ambulation category (4.6 versus 3.5, p= 0.008#pr Assessment
Scale (24.8 versuks.8 points, p= 0.0001), Barthel index (69.5 versus 47.5, p=
0.004), and Dynamic gait index (9.6 versus 1, p=0@)0lt appears that the
Bobathapproachpresentsnferior results to the over movement trainiiask
specific) Bhalerao et al. (2011165] propose that thereason fobetter

outcome of the taskspecific trainingcompared t@Bobathwas that it involves
training n different environments (on level surface, on an uneven surféte, w
some coghnitive activity), whieasBobath foeissedmore on postural control and
the correct execution of the movemehother possible reason for better
outcome of tasispecific trainiig is the active learning process that is necessary
to regain mobilly as the therapist gives more feedback onthé p ent 6 s
performance and encourages them to figure out how to correct their movement
by themselves. Also, Bhalerao et al. (20[1B5] pointed at theecessity of

taskspecific training to encourage cortical reorganisafidre participants in
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Bhalerao et al. (2011)165] were all at an early stage pettoke (from 2 weeks
poststroke still in the acute phakdt is possible that similarbservations
woul dndt be avail abl eartedflatebriifgwas ehabi | it

continued on a longeetm (beyond 3 months postroke)

Bhalerao et al. (2013166] compared the outconmn stroke participantsf
Bobath(n= 15) versis Taskspecific trainingin=17) on the Activites of Daily
Living and walking abilities over a six weeknlg training programin total 32
patients took part (19 males, age= 54.0+10.% fimststroke= 2 weeks)hey
observed that Tasgpecific trainingded to significantlygreater improvements of
the Activities of daily living over six weeks of trainirig comparison with the
Bobath(Functional Independence Measure 118+9.32 versus 741561
p<0.05; Barthel Index score=90.21+10.02 versus 58.2+1, px@®0D5
participants of the taskpecific trainirg group reached independent walkamga
flat surfaceg(Fundional Ambulation Category grades.87+0.5) when 50% of
the participantsvho followed the Bobath traininachieved independent walking
(Functional Anbulation Category grade3.7+0.62) (p<0.0084Here again, the
Bobath method presents inferior outcomenttize taskspeciic training at an
early-stagepoststroke (two weeks).

Thefindings fromthese last papemint at better outcome results in wali

rehabilitationwithin the time frame of two eeks to three months.

2.1.1.2. Motor training and biomechanical support

Taskoriented notor trainingcan benitiated assoon as the patient is medlily

stable[43]. Thereis evidence that very early mobilisation after ke (within the

first 24hrs)is detrimental ta¢ h e p aehabiiatidn@13, [167]. Rethnam et al

(2020)[167], observed that usual care mobilisation (median time-gtrske= 23h)

led to better outcome @dified Rankin Scalescoréd®, p = 0. 005) t han
mobilisation (median time postroke= ®h). Rethnam et al (202(0)67] therefore

recommend rehabilitatiocshould commenceo earlier than 24poststroke.

At the beginning of the rehabilitation interventionh e af f eangeofi | i mb o s

motion is maintained by means of limb positioning, the use of splints, slow rotation

movemats and stretching repeated for all joints several times a day and
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complemented with added weight as soon as pog4d®]eThese types of exases

are useful to mvent an excess of hypertonicity in the muspi&s.

When the patient can stand independently, they teaihtgaining standing in parallel
bars and practice gaittrainimgi t h t he hel p of the therapi ¢
involve enouraging the rectifiation of deviatios from a normal gait observed
during the patient &s inwavkéncourdgimgnsoee wi | |, f c
weightbearing exercises on the hemiptelgig, promdng longer step lengthsith
greaterdeeper hip extensis[43]. Patients who lack ctrol over their ankle or knee
flexion can benefit from the use of anitot orthosis (AFOs)168]i [171] Tyson

and Kent (2013)[150] reported improed mobilityfrom the use of AFOs post

stroke using the Functional bulation Categgr(n=65; standardised mean
difference: 1.34, 95% CI: (0.95,1.72) ; p<0.001), improved walking spe&bQn=
mean difference: 0.06 m/s, 95% CI: (0.03, 0.08) ; p<0.000d jraproved balance,
using the Berg Balance Scale (n=122; mean difieze48.90+4.8 usingn AFO vs
46.2+5.5 ; p=0.001). The participants in the study were mostly people with chronic
strokewho had completed their initial rehabilitatioRatients within tb subacute or
acute stages may not see the same results as the fitimestrength of the

participants might be affest by the closeness to the stroke occurremtech could
meansubstatial physical deconditioninfll72]. All these studies compared thseu

of AFO against no use of AFO and it should be noted that nathemwflooled at

the longterm effects of AFOs for these patients. All participants reded€O
treatment and the studies were randomised crossovers in structure. Different AFO
designs wer@ised within the different studies. It is not possible to detastthe

varying designs impact the patiefii$0]. Thelongterm effect of wearing AFOs

lacks evidencg150].

Bethoux et al. (2019)173] compared the lonterm effects of the use of functional
electrical simulation againthe use of &AOs over one yeaA group of 384 stroke
pati ents (-Sr6ke)gomel thesstugy aitht204 using AFOs. There was a
significant improvement in gait speed 12 months after the initiation of the use of
AFO (mean difference= 0.172 m/s, p<0.0(I}3]. Theabsence of other hg-term
analysis of the impact using &F5 can have renders it difficult to project their long
term benefit in the context of a Ifeng impairment. Using a ye#ong assessment

as an indicator for lonterm usage peents a good initigpool of data but longer

term studies might reveal morecath body adaptation to AFOs and letegm
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rehabilitation process of the impaired gsaybe longeitermed observation going

beyond a year (e.g. 3 to 5 years) might be worthnestigation.

Theassessment of walking adaptability and gait variabilila®e supported using
instrumented treadmill§ he following sectiopresent@n overview of some of the
current use of treadmills in gait rehabilitation training and possieways of

utilizing this device.

2.1.2. Gait rehabilitation
Three monthsftera stoke, aound80% of patientstill experience walking

impairmentg174]. A study reporte that out of 800 subjects, 50% were able to walk
independentlywith or without walking aidafter rehabilitation training. 11% were
able to walk with assistive devices and 18% were unable toavalk[174], [175]

Gait rehaMitation increassgradually bytherapiss as part of a treatment plan,
according to the severity of the strakedpatienttolerarce from the early stage
postst roke (patinert®@sn o 2Stdkéntsmatrireist or pvers t
within the first 21 hours posstroke[66], [67]) when the patient is transfed from

the emergency unit to the stroke UBIT] (see sectiod.4). The healthcare team will
set spedic recovery goals, increase incrementally the appropttietapy and

deliver the different elements of rehabilitation tragiincluding repetition of

specific functional taskgp2]. In the last decade, the ability to diagnose and treat
patierts, such as early thrombolysis administration after an haemorrhagic $teske,
had positive impact on the severity of str¢k@6]. The early care, the transfer of the
patient intomulti-disciplinarystroke unit and the early mobilisation and
rehabilitation training all contribute to improved rehabilitatieicomes and early
supported discharge which result in cemtings and cost effectiveness of the health
and social care cost stroke[176].

Current gait training protocols put @mphasis on steppimgpetition stepping
symmetry[177]i [181] and balanc§l77], [180], [182] [186]. In their paper,
Balasubraranan et al. (2014)187] presented a neural control model for walking
that is composed of three interconnected components: stepping, equilibrium and

adaptability (se&igure2.1). A combnation of these theecomponents isonsidered
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to beneeded to achievadependent safealking.

Stepping
(basic rhythmic

Equilibrium
reciprocal (posture and equilibrium

limb movements) control during walking)

Adaptability

(adaptation to behavioral
task goals and
environmental demands)

Figure 2.1: Neural control model of functional walkingxtracted from Balasubraamian et al. (2014)187]

Two out of the three components (stepping and equilibrium) are commonly
consideredn current walk rehabilitation trainingrotocol[185], [188], [189]
howevermore attention needs to be turned towards adaptability as it is also a
component of functional walking requiring trainiriche ability to adapt gait is a key
component ofafe independent communityalking, which is one of the desired
goals of gait rehabilitation after a strdi&i [11].

Balasubraranan et al. (2014)187] reviewed the different means of aséegs

walking adaptabilityThey described walking adaptability@sT he abi | ity
walking © meet behavioural task goals and demands of the envirodjh®TiL

They proposed nine dimensions of walking adaptability to environmeenahnds
applicable to every ambulatory situation. Seven of thostceable by stars next to
theirtitles inTable2.1, were adapted from the work of Patla and Shum®@agk
(1999)[190] who produced a conceptual framework defining dimensions of mobility
for community walking. These nine environmental domains are list€dble2.1.
According to tle environment of walk, these domains are required at different level

of intensity.
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Domain

Definition

Obstacle negotiatidn

Negotiating obstacles in the environment to prevent a collision
between the lower limb and tlebstacle, sutas stepping over dn
obstacleavoidance

Temporat

Time constraints imposed on walking, such as needing to wadk f
to cross a street or slow in a crowded mall

Cognitive dual tasking

Walking while attending to cognitive task, such asagngg in
conwersation while walkig

Terrain demands

Walking on compliant or uneven surfaces that are not flat and fir
such as stairs, ramps, grass, and so forth

Ambient demands

Factors such as level of lighting, temperature, weatheditions,
noise levels, anthmiliarity with surioundings

Postural transitiorfs

Varying posture during walking, such as turning, bending down
pick an object while walking, and so forth

Motor dualtasking

Walking while attending to additional mot@sks, such as holding
glassof water while walkig, picking up an object from the floor,
and so forth

Physical Load

Carrying or interacting with a weighted object while walking, suc
as carrying a loaded backpack, walking to open a heavy door, a
forth

Manoeuvring in
traffic*

Avoiding collision wth static and dynamic objects by manoeuvrir]
the entire body, such as walking around other people, pets, veh
and so forth

Table2.1: The nine domains of walking adaptability as preed by Balasubramiam et al.
(2014)[187]. *: the domainsadapted from the work of Patla and Shumy@ook (1999)190].

These domains have differategree ofnfluenceaccording to the settin@his can

be observe practically, in two contrasting environmentas follows Walking in a

familiar indoorsenvironment requires lesmpredictablebstaclenegotiation,

temporal demand, cognitive ddalsking, physical load and manoeuvring of traffic

thanpostural transitin demandsAlso, the need tanove fromsitting to stanihg and

move to grab and displace household objaety be highewhen walking in a

familiar indoorsenvironment,in comparison to walking on a busy street. In a busy

street, domias such as obstachegotiation, temporal demand, the manoeuvring of

traffic will be in higher demand than physical load and the motortds&lng

domainsasthe environment ikess predictable

Testingwalking adaptability187], [191]is described irdifferentways in he

literature, for exampleobstacle crossin 92], obstacle negotiatiofi.85], obstacle
clearancg193], gait or walk adaptabilitj174], [185]or walk variability[187].
Walking impairments following a stroke make ritd walking adaptation tasks
such as turnin@l94], [195]and obstacle negotiation diffic|t86], [193], [196],
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[197] and will require the development of compensatory strategies to achieve the
tasksafely and independent$93].

Burke et al. (2008)198] observed the recovery of walking dirticipants who had a
stroke (n=13; 6 malesage=56 *+ 135 years old from 3 t024 weekgoststroke

The walking ability was quantified by measuring the-paléed comfortable walking
speed and using the Functional Ambulation Categories, Rivermead Mobility Index,
Motricity Index, Barthel Index, Trunk Control TeSurface EMG was alsrecorde

on eight muscles on both legd.the time of the first measurements, most of the
participants were unable to walkpart from the Trunk Control Te¢p valueranged
from 0.135 to 0.194)all thefunctional ability measuramproved over time

(walking speed (P < 0.003); Rivermead Mobility Index (P < 0.000); Motricity Index
(P < 0.000); Functional Ambulation Categories (P < 0.0B2jthel Index (P <

0.001). When observed over time, no significant changes were observed on the
mu s c | -efbastuatmtimings.Both the affected and the naffected leg

presented abnormal muscle recruitment and did not improve over time. The author
propose that the abnormal muscle patterns act to compensate the loss of stability of
the patierdg with stroke.

Hashguchi etal. (2016)[199] recordedsurface EMG datfrom 8 lowerlimb
muscles from th@emiplegicleg of patientsfoll owing a stoke (n=13; 10 males
age=58.8 + 13.2time post stroke: 66.8 + 24.2 days) order to compute their
number ofmuscle synergiegnuscle synergiewill be discussedn section2.3.2.4),
andtheir structure using a nonnegative matrix atzation (NNMF)method.The
EMG datawerecollected twicewith a month intervalT he pati ent 6s abi | i
measured by recording their walking speed, balance (Timed Up atesGdUG)
and the ShorfForm Berg Balance Scale (SFBBS)), and the functionecome of
ther activities of daiy living (Barthel index (Bl)) Between the two data collection
sessios, eight patients presentadherging of their muscle synergjaghich was
associatedavith achange in the ranga thejoint angleand change of mate
strength[199]. Ten participants presented fractionat{saparationrito smaller
synergiespf the muscle synergies, whiglas associatedith animprovemenin
activities of daily iving (BI) [199]. The participar#d aitgspeedhlsoincreasedr{ <
0.01), as well as their muscle strengih(0.05). Thepaper did not inform orhe

exact values of posttudy gait speed and muscle strength.
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Thefindings from boththesepapers[198§], [199], point © improvements in
functional ablities of the stroke patientshich aeindependent of muscle

recruitment strategies amtianges to thmuscle synergiesmployed

Everydaywalking requires a combination of thediéferent domais with different
degrees of importanc&he following setions will present methods of measment

of walking adaptabilityincluding balance and obstacle crossing

2.2.2.1. Walking adaptability, balance and obstacle crossing

Park and Kim (2016)186] observed the changes in balangsirfg theBergBalance
Scalg BBS), walking speed (1@meter walking testand functional mobility (Timed
Up ard Go TestTUG) of 6 adults with stroke who underwent 12x 30 minute
obstacle course training sessions over the course of three Wheksbstacle
avoidance training inaded straight walking, slalom, up and down stéimbing

and box passindn a contrd group $x stroke participats, acting asontrols,

receiveda program osimple, obstacle freéat overgroundgait training At the end

of the program, the group wh@inedwith the obstacle course experience
significant(p<0.05 improvementsn gait eed (10meterwalking test pre: 22.7 +
7.7s, 16meter walking test post: 18.2 + 6.5s), balance (BBS score pre: 43.7 + 6.0,
BBS post: 45.2 + 5.3) and functional mobil{fflUG timing pre: 20.3 £ 7.7, TUG
timing post 18.6: 5.2). The outcome of this prelinary study poits at the benefit

of integrating obstacle avoidance training in order to improve gait speed, balance
and functional mobilityf186]. This study wasonducted witta small number of
participants who weralready capable of independent walking and olst@ossing
and therefore needs fueitresearch ta@onfirm results with the wider stroke
community Also, there was ndetail provided otthe age of the participants.
Younger stroke patientwe likely tobe fitter than older adults with stroke, which
would naturally impact their walking aggability. Thequestion of whether obstaele
crossingraining isbeneficial for the training of patients with more severe gait

impairments still needsirther research
Training walking adaptability for stroke surviv®is challenging not only because of

the physical impairment resulting from the stroke but also because of the demand in

attention required tensure balance, prevent falling or stumbling and to complete
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tasks such awalking while negotiating obstacl§s92]. Smulder et al. (2012)192]
asked their stroke participants (n=8; age 57 yddis old;5 males, >6 months pest
stroke) andige matched healthgontrols (n=8; agé4 + 15 years old; 5 males) to
walk on a treadmill at a constant speed. On the treadmill, a wooden obstacle was
released in front of the affected leg (left leg of tbatmls) andhe participants had

to step ovetheobstacle. The obstaet@ossing taskvas combined with a second
cognitive taskaudio stroop}hat required the participants to articulate at what pitch
(l'ow or high) the wor ds. The combiationafrthdsefi Hi g h 0
two taskgesultal in adecrease in performance of the cadigmitask, in favour of the
obstaclecrossing task. The participants walked at a set speed vghich

comparable with redife walking. Also, the imposed walking sgemight have

forced the participants to focus drettask that might prevent them franpping

and risk falling to the detriment of the cognitive task; in a-liéabbstacle
avoidancesetting,they might have negotiated the obstacle slower anddtiies®d

the cognitivetask.Stroke patients withriited attentional reserves may leadht
strategythatsafeguards thevalk, to preventtrip or fall. Conducting lhe walkng
taskon a treadmill limits the diversity @he training It should be also natlethat the
obstacle was placed to in front of thifected leg only, which limits thebgtacle
avoidance strategy that the participant could develop. This could be improved by

placing the obstaclendomlyat di f ferent pl aces along t hi

2.2.22. Walking adaptability and dual tasking

Walking is of course affected by the rbto carry out additional (dual) tasks37],

[194], [200]} [204] whichis commorduring of community walkingseeTable2.1).

When walking is challenged with an aiddnal cognitive tasksuch as recalling a

shopping list)thisi d utasli ngod negati vely impacts the
stroke surwors, i.e. byslowing down to makevalking saferwhile answemg the

cognitive tas187], [202] [204].

Bowen et al. (2001[200] observed the dual tasking performance of 11 stroke
participants (& men, age 7219 years old, 12048 days strstke). They reported a
mean speed decrease supesiot m/min which corresporsito 0.07 m/¢p=0.017%
during the dual task executioHollands et al. (2014)194] observed the dual

tasking peformance of 17 strokparticipants (three women, age 64+10 years old,
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59+113 months posdtroke) and 15 ablbodied adults (six Bn, age 72+9). They
reported a decrease close to 0.1 m/s in theladdéd control group (p<0.001), the
str oke p aalking speegpdaanetséta snvaller amount (under 0.05 m/s)
when walking straightoncluding there was no significant differemeavalking

speed for the stroke participants when perforndingl tasksn comparison to when
performing single task. There wae statistical diffeence(p>0.05 between the
ablebodied and stroke participants in number of correct answers to the cognitive
task (stroke: means (SD)= 0.63 (0.30) correct responses per secosdmhdibte
means (SD)= 0.76 (0.23) correct responses@eond). This indicat that the
participants had to slow down their walk
demand

Bowen & al. (2001)[200] reported an average of 10% increase (p=0.018ide
duration(indicating aslower gait) Hollands et al. (2014194] reported a significant
(p<0.001)increase (about 0.20 m/s) in the abtadied group in comparison with the
group of stroke participants 0.1 m/s).

When it comes to stride length, Hollands e{2014)[194] reportedower values

for bothanable-bodied group lad a stroke grouprespectively60.26+12.63m

during dual task and 614+12.03m). There vereno significant difference between
the single and dual task condition (p>0.0G1LHollands et al. (2014)194], but there
wasa significant increase of double support timpertentage dime inwhich both
feet are on the floor)l8.9%6 to 20.9%, (p=0.010) ina study byBowen et al. (2001)
[200]. In the case of Bowen et al. (200[R00], the cognitive activity consisted of
respoye@isdmgoMm Anod to regular (every 3 sec

Ar edidb lored t hat were spoken in a random o

In Holland et al. (2014])194] participants had to walk while simuftaously
subtracting 3 from a random number addW0and verbalisingtte answerThe
differencein nature of the exerciséanswer to a verbal cue or mental calculus)
probablycreates differentlevels ofdifficulty to the participants

Due to the fact that Bowen et al. (200290] only observed stroke participants, the
effects ofdual tasking cannot be directly linked to the effects of stroke&adking
adaptability.

Holland et al. (2014)194] included participants who hadstroke and abkeodied

participants thus comparng the two populations. The cognitive taskverbal
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subtractions or even a regular answer to a questiozaaes of dual tasking that are
unlikely to occur in everydalife; cognitive activities are generally induced by
conversationsvhich are more complérteractions.

Bowen et al. (2001200] instructedtheir participantso walk along an instrumead
walkway without instructions of changes of direction. It is therefore assumed that all
participant peiormed straight walks. Holland et al. (201494] proposed a walking
protocol involving a 90° turn which might Imeore representative of relifie

community walking such agreet navigation. Both protocols could benefit from the
addition d diverse walk exerciseincluding turns, obstacle avoidance and other real

life-mimicking walk situations.

2.2.23. Walking adaptability and the influence of the terrain

When walking, individuals have to adapt to the terrain. Walking speids

naturaly changeo tackle cambersand gradierg[205], [206] Peopldivi ng witha
stroketypically walk at slower speadPhan et al. (2013p07] reportedd.77 +
0.36rm/s for the level walking an@.70+0.32 m/s downhill, p<0.001) and reduced
step length (Phan et al. (2043P7] reported0.53+ 0.14m for the level walking and
0.47 £0.13 m downhill, p<0.001 orht affected side and respectivllg0 £0.14 m
and0.46 +0.12 m on the unaffected side, p<0.001) while walking dowijh8I7],
[207]. Phan et al. (2013207] propose that the reduced speed and step length is a
strategy to compensaher the lossof muscle strength andotorcontrol. However,

no measure of muscular activity wasented. Monitoring muschctivity would

give more ifiormation about the muscle recruitment strategy utilised by people with

stroke when negotiating slopes.

The abilityto walk up and down a flight of stairs is also affected after a stroke

[207]i [210]. Novak and Brouwer (AB) [209] reportedow cadere during stair

walking (up and down) for stroke participants (10 participants, 7 males, age: 60.1 +

10.3 years old?28.1 £+ 16.3 months pastroke), in comparisoto their sex and age

matched contis (mean age: 59.4 + 8.7 years old). When walking ugstiagr stroke
groupbs cadence was of 71.11 N 10.30 sterg
steps/min (handraiompared to theontrols(94.72 = 10.32 steps/min (no handrail)

and 95.48 + 10.84 stefmin (handrail). When walking downstairs the stroke

goupds cadence was of 75.56 N 13.43 steps.

30



steps/min (handraiompared to the comts (106.82 + 16.98 steps/min (no

handrail) and 102.77 + 21.35 steps/min (hamgrdi is interestingo note her¢hat

a higher cadends observed whegoing downstairs

This studyoutlines the differences gpeed adaptaticsirategies used by tistroke
groupin comparison to their controls. Monitoring and recording muscle gctivi
would add to the understanding of the underlying motor control strategies between

the upstairs and downstairs walks, both with and without the use of a handrail.

2.2.24. Walking adaptability and the influence of the surrounding
environment

Balasubraranan et al. (2014)187] also pointedutthe impact oflte ambient
environment on walkingp2], [187]. It appears that stroke survivors walk faster
when they are outdoors compared to when they walk ind2bt$. These
observations were done on people with chronic stroke with a mild sethexi
allowed community walkingrior to the participation to the stu@@arvalho et al.
(2010)[211] and Donovan et al. (2008)12]). Somepossible factors for this
difference of speedapart from physical fitgss and functional mobility levedrethe
motivations and confidence take on the challenge of community walking post
formal rehabilitation training212].

Carvalho et al. (201QR11] measurd the walking speed of stroke survivors (n=36;
25 mal es; O-tdkennthre¢ detingsa dirschl settingincluding
clinical surrounding with over patients and healthcare professionals movement)
basement(empty corridoindoors)and outloors(calm neighbourhood gardefhe
walking speeds were measured using the tiirgger walk tests (30 mWT) and the
six-minute walk test (6MWT,)to measure long and short distance performance
When walking a long distanéadoors(178 + 64 m to 471 + 8th) participantsvith
recordedvalkingspeedO 0. 8 m/ s (nN=26; 18 mal es; age:
stroke) walked faster in the outdoors set{isgif-selected speed outdoors=
1.31+0.22m/s; selfselected speed basement settib@06:0.23 m/s; selfselected
speed clinical setting*.26+0.21 m/s). The participants with a walking spe<0.8
m/s (n=10; 6 males; age: 60+3; 69+43 months-ptiske) presented similar speeds
in all settingqself-selected speed outdoors= 0.51+0.20; s##-selected speed
basement setting= 0.52+0.19 m/s; sdfectedspeed clinical setting= 0.51 £0.18
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m/s)[211]. It is therefore possible that the surrounding environment will affect the
walking speed of people with leseveranobility restrictonspostst r ok e ( speed
0.8 m/s) People with lower walkingbility (speed <0.8 m/s) will keep the same

speed in all circumstancescause they lack tmaotor capaity to adapt

Donovan et al. (200§212] conducted a study involving participants with stroke
(n=30; 21 males; age: 61.3 +1146.5 +32.9 months pastroke) They observed

that when walking in a shopping mall thespeed was lowd39.3 + 11.2 m/shhan
during an outdoor walk on a str€dfL.4+ 12.9 m/s)212]. T h e p awalkingci pant
speed was measured using theridltre timed walk (LOMTW) anthe six-minute

walk test (6MWT)both measured on the context of a cligistreetand amall.
Donovan et al. (200§212] observed statistically significant slower walk in the
context of a mall{0.04 m/s, p<0.01). For th participants thawvere fastemwalkers

(@0.8 m/s), the environment of the walkingtight haveinfluence on the
predictedwalking speed in the communif§6], [92], [213] [215].

In the context of outdoor walking, especially in a mall setting, the surrounding

p e d e s &ativityacandos be predicted and regulated. It is therefore possible that
inter-individual differences were present due to a difference of cogritisdlenge

In both Carvalho et al. (201(811] and Donovan et al. (2008)12], the participants
had chronic strokeith experience of walking in the community setting. Similar
trials performed by posicute patients who are just completing their course of
standard rehabilitation and/bave nohad yet the opportunity to walk

independently in various community setting may provide further evidence on their
ability to adapt to challenging environmeri@®novan et al. (200§212] pointed at

the factthatthe presence of a physiotherapist during the study might have been
increasinghe p ar t senske gtanfidentesandafety, hencdeadingto better

performance.

The measure of gait speed using tests such as thmetdd walk test and the six

minute walk test (also used for walking distance measurement) have proven to be
usefuto ol t o measure stroke survivords speed
ambulation abilities. Other outcome measurements should be taken in consideration

such as the settimagf the testwhen considering the characterisation of community

ambulationas it nvolves changing environment, which may include changes of
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walking surfaces and different ambience (noises, reading of traffic signs and lights

etc).

2.2.25. Measurement of walking adaptability

Bijleveld-Uitman et al. (2013]92] compared walking speethddistance as a
predictor of community ambulation abjlitThey foundwvalking speed and walking
distancebothhad the same predictive validity for a return to communaiking in
participantsine monthafterstrokewho weredmildlydto dnoderatelpaffected in
their walking abilities. They stated that gait speed an eféctivemeasurement tool
for mild to malerate stroke survivors who can walk independently overet@rs
[92]. An et al. (2015)215] also compared walking speed to walking distance as a
predictor of community ambulation after stroke. They fourad ghcutoff value of
0.87 m/s and 318 metebsthpredictel of community walking level. They also
mentioned that when one threshuales attained but not the otherwas still

possible to attain community walking through the use of walking aids or
compesatory gait pattern (e.g. excessive hip flexi@1ib].

't is important to acknowledge that c¢commtu
singlemeasure of velocityradistanceas it encompasses various skiltsrered in the
phrase walking adaptability covering skilsch asaccommodating umpdictable
environmens, modifying gaitto adapt tgperturbationsas well as adapting to
cognitive tasks requiring attention (i.eanversabn, readingpassingnformaiton,
navigating urban streets ${¢90], [216]

While there is no unique clinical assessnthat measurewalking adaptability,
Balasubraranan et al. (2014)187] reviewedsomerelatel methods. Some afhich
have been used withstroke population(seeTable2.2). The various methods
collectively encompass the followirtgndomains of walking ability parameters
identified by Means and colleaggj217]: multiple task test (MTT), obstacle
negotiation (ON), temporal demands (TM), cognitikattasking (CT), terrain
demands (TR), ambient demands (AM), postural transitions demands (PT), motor
duattasking (MT), physical load (PL), meaauvring in taffic (TF), as presented in
Table2.2.
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Test name Purpose Targeted Composition Scoring
population system
Dynamic Gait | Assessment | Community | 8 walking tasks | (0-4)
Index (DGI) | of the ability | dwelling Adaptability point/item,
[218] to change gai| older adults,| paraneters: ON, | High score:
according to | stroke ™M, TR, PT, TF | better
task demands performance,
Max scoe:
24
Functional Assessment | Persons 10 walking tasks| (0-4)
Gait of the ability | with Adaptability point/item,
Assessment | to change gai| vestibular | parameters: ON,| High score:
(FGA)[219] | according to | disorders, | TM, TR, PT better
task demads | stroke performance,
based on the Max score:
DGl 30
Modified Timed Individuals | 5 items Time x
Emory measure of | with stroke | Adaptability it emds
Functional walking over parameters: ON,| (based on us¢
Ambulation a TR, PT, TF and type of
Profile standardized assistive
(mEFAP) set of device)
[220] terrains, Total scoe:
derived from sum of each
the functional it emos
ambulation
profile
Community, | Assessment | High 13 items (0-5) scale
Balance and | of gait, functioning | Adaptability except one
mobility Scale| balanceand | young and | parameters: PT, | item (0-6),
(CB&M) mobility middle-aged | MT, TR Max score:
[221] ambulatory 96
adults with
traumatic
brain injury,
community
dwelling
older adults,
stroke
High-Level Assessment | Traumatic | 13 items (0-4)
Mobility of high-level | brain injury | Adaptability standardised
Assessment | mobility parameters: ON,| scoring,
Test (Hk abilities ™, TR, PT. Total score:
MAT) [222], Most it g sumofeach
[223] performance it emds
time and Maximum
distance are score: 54

recorded at the
fastest safe speeg
and then
converted for

scoring
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Sensory Assessment 10 items (0-3)
Oriented of how i ma n e uv g scoref/item,
Mobility sensory input each is higher score:
Assessment | are used in performed twice | greater
Instrument mobility (once with impairment,
(SOMAI) performance normal vision, Max score:
[224] once with googlel 30
eliminating
peripheral
vision)
Adaptability
parametersPT,
ON, TR
Walking Assessment | Older adults| 14 walking tests
INCHIANTI of risk factors Adaptability
toolkit (WIT) | for mobility parameters: ON,
[225] disability in ™, CT, AM,
the elderly PT, MT,PL
Standardized | Assessment | Community | 6 tasks
Walking of ability to dwelling Adaptability
Obstacle complete older adults | parameters: ON,
Course reatlife TR, PT, MT
(SWOC) functional
[226] mobility
situatiors
Multiple Task | Assessment | Pa r k i n| 8tasks Task scored
Test (MTT) of different disease Adaptability gualitatively
[227] components | patients parametersON, | and
of postural CT, TR, AM, quantitatively
control PT, MT, TF

Table2.2: Walking ability test and the parameters they as9d3gS.: multiple task testON: obstacle negtiation,
TM: temporal demang] CT: cognitive dualtasking TR:terrain demandsAM: ambientdemandsPT: postural
transitionsdemandsMT: motor duaitasking PL: physicalload, TF: manoeuvringn traffic.

The testpresented iffable2.2 all assess individual components of walking adaptability but
do notcover allten walking ability parameters proposed by Means and colle§zliéls

Ideally, a complete evaluation of walking adaptability ability should assess the ten
parameters.

Nonethelessall these testgresent aneans to assess the variability of walking and provide a
quantification of the capacity to ambulate ie tommunity

A common method of delivering taspecific training is treadmill walkinfp], [44], [228]i
[230]. However, Dobkin and Dundan (2012B0] argued that at home or community
training, by involving the surrounding props of the patient mayigeolbetter media for task

specific trainng than treadmill training providing the patient with stepping repetition only.
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The use of treadmill training and legitimacyto support community walking are will be

discussed hereafter.

2.2. Treadmill training

Treadmill training is used to tebilitatewalking as a tastoriented activity a it

facilitates intensivetep repetition at different treadmill spe4i3]. It not only enables

the repetition of many gait cycles, but it is also used for its muscle strengthening and
cardiovascular fitness improvement prdas{9]. Treadmill valking is a means to

practice walking in a restricted space while performing an extended number of steps in
the same direction. Since it is used in the context of gait rehabilitation, this section will
first presentits similarity to over ground walking iarder to provide support vis a vis its
suitability to be used in the context of gait rehabilitation that is aimed at community
reintegration. This section will then look at treadmill training for gait rehabilitatiter

a stroke and present some of tigavly developing technologies within the field of

treadmill training.

2.2.1. Fixed pace teadmill walking compared to overground walking

In their paper, Lee and Hidler (20(8)L1] stressed the iportance of comparing
treadmill walking ad overground (OG) walking, highlighting the importancéhef
similarity in the strategy of motor control that a patient usesegdmillwalking
compared with OG walkingestablishingltis similarity in the stratgy of motor
control is pivotalo justifying treadmillwalking asan effective way to improve OG
walking capability. In their protocol,ee and Hidler sehe speed of the treadmill
was set to the average walking speed measured during OG walking thaémmill
walking was compared to OG walkingp significant statistical differenc§s>0.05
were found in the temporal gait events except for stance(tim@.021)and swing
time (p= 0.0017hat appeared to come sooner in the caseatimillwalking.
Significant differencegp=0.0037), howevemwere found in the sagittal plane
kinematic datdort he kneebs range of moudadmitn ( OG:
65.6 + 3.3 degrees). Lee and Hidler (20[4)1] also found that, with the exception

of peak ankle plantar flexighmower limb joint moments were significantly different
(p<0.05) between OG arickadmillwalking, with differencesanging from 0.05 to

0.24 Nm/kg. They found larger knee moments (Max Extension early stance=0.63 +
0.27 Nm/kgtreadmill 0.39 + 0.25 OG, p=0005; Max extension late stance=0.34 +
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0.16 Nm/kgtreadmill, 0.22 + 0.18 Nm/kg, OG, p=0.0010), and smaller hiprmesibn
during OG walking (Max Extension early stance =0.40 + 0.15 Nmitking
treadmill Max extension late stance =0.57 = 0.23 Nm/kg O®,@300; 0.21 + 0.10
Nm/kg, 0.31 £ 0.11 Nm/kg, p=0.0013). While looking at the EMG, a generally
higher level of mude activity was foundaluring the swing phase &G walking.
Tibialis anterior, adductor longus, vastus medialis and hamsalhgsesented

lower activity levelsduring the stance phasétreadmill walking compared to OG
(p<0.05). While accepting thes#fdrences the overationcluson from the authors

of similarity led them to considéreadmillas avalid tool for gait training.

The autlors of this papesuggesthat theobservedlifferences observed
betweertreadmillwalking and OG walking coulstemfrom thelack of opticalflow
during treadmill walkingn comparison with OG111]. Theadditionof an immersd
virtual reality, with a visual context matching the real walking experieocceld
help mitigate the effect of the visual flow differences.

The measuremendf muscle activityduring thisstudywas averaged and
then divided into the different stages of thalk cycle giving a quantification of a
musclés contribution at different stagefthe walk. Thee was no measure of
walking variability appliedon the kinematics or muscle activitiatabetween
treadmilland OG walking in the stugwe, therefore do rot getanyindicaion of
the effect otreadmillwalking on natural gaivariability. Furthermorethe studywas
carried out withablebodied adults, the results can therefooebe applied to

populations with impaired gait.

Riley et al. (2007)109] found that, while the kinematics showed litllesolute
differene between threadmilland OG walking situation (maximudifferenceof
2.28°), there was still a significant statistical difference (p<ORBy et al.(2007)
also found théhreedimensionaground reaction force to be significantly greater
OG compard totreadmillwalking (p<0.05), the mean difference ranging frén
%BW (Anterior Posterior GRF min to 5.53 %BW (Vertical GRF m&te
difference between the two conditions weresaading to Riley et al. (2007) within a
similar rangg109]. They, like Lee and Hidlef111], considered treadmill walking to
be a good model to study OG walking. In the Riley et al. (2007) study, the

treadmilb s s p alsodset W ¢the average walking speed measured during OG
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walking and theparticipants were all ableodied adults, whicprovides reference
data to comparpeople that have an impaired daitt the results are not directly
applicableThere was no visual siplay mentioned in the methods that would provide
a visual flow as expéenced duringdG walking and no measure of the variability

of the GRF data between the two walking environisiesais completediVe,
consequently, do not get tcompare th variabilityof treadmill walking to OG

walking.

Wearing et al. (2013)110] compared the use of instrumented OG ways to the

use ofatreadmillfor gaitanalysis The participants walked at the same speed on

each device, taking the instrumented wal k
thattreadmillwalking was significantly dferent (p<0.001)as the gait cyclesasted

for alonger time (walkway: 1.04 + 0.06 seadmilt 1.2 + 0.05 s) and the cadence

was faster (walkway: 115.6 * 6.4 steps/nieadmilt 118.2 + 5.9 steps/min,

p<0.01). While there was a high correlat{tnrom r=0.79 to r=0.9%between the two

types of walking, thdimit of agreementor the spatial datagreed ta5 cm and the

temporal datéo £2% gait cycle. They concluded that the literature presenting

temporospatial gait parameters data from OG wallemgpt comparable tthe

temporospatial da fromtreadmillwalking [110].

In this papetherewasno mention bvisual environment displaynatchingthe OG
walking experience in the description of theadmillwalking-related methodand

no measure of the variability of the parameters observed was quantified.

Regarding eneggconsumption, ihas beembserved thareadmillwalking requires

more energy than OG walking. Martin and Li (20117)3] measured the metabolic

cost between the two walking scenarios and measured 2.56 + 0.33 J/kgm for the OG
walk and 3.39 + 0.31 J/kgm for threadmillwalk. Lowerlimb musclesalso

presented greater values of peak activity as well asReattSquare (RMS)

activity in the treadmill The nmedial gastrocnemius presentagignificant increase

in RMS (p=0.005) and peak adtiv (p=0.048) While mtendinosus praentedan
increase in RMS (p = 0.04P)13] only. These observations are consistent with the
hypothesis that the muscle activity will change to adapt to a given kinematic pattern
[111]. In this case the changes in muscle activity carsbecatedvith the need to

adapt to thenorerestrictive walking situation thateadmillwalking represents. The
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increased metabolic cost is attributed to the adaptation done by the muscle to
maintain the kinetic pattern specifictteadmillwalk at a fked speedi113].

The paticipants werel5 young adult ableodied males. The young men self
reported healthy lifestyles, which might not reflect the reality of people with

impaired walking abilities, such as stroke survivors.

Kuys et al (2008)231], Nagano et al (2011232], Riley et al (2007)109] observed
that on both young adts and older adultseff-selected gait speed diminishes while
walking on arreadmillcompared to when walking O®@ccording to the
observations of Nagano et al., (201232], the foot clearance is significantly
smaller(around 0.2 to 0.6 cm minimum foot clearance differepse(.006)for

older individuals during treadmill walking Nagancakt (2011)232]. Nagano et

al., (2011) focused on foot clearance because insufficientkemtance has been
idertified as a reason fdrip falls in older adult§114], [231] In their paper Nagano
et al., (2011]232] found that walking on &readmillsignificantly increases
minimum foot clearance inolderandyoeny ad ul t s thispeGd@nc@Wa®d 6) b u't
not presenbn the nordominant side of the older participants. Therefore, it is
suggested that young adults and older adults don't have the SqmesaD
treadmillwalking; older adults potentially make an imtienal effort to secwar their
nondominant side by use of a high minimum foot clearance in the case of a
challenging walking situatior]232]. It is possible that a similar foot clearance
technique will be observed in people with gait restrictions caused by stituke.
study relied on a small participant sample (n=22 with 11 young adults), it i

therefore possible #tthe results are subject to statistical error.
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2.2.2. Fixed pace compared to Selpacedtreadmill walking

As presented before, there are differences betweenfixee treadmill walking and
overground walking. Camain drawback of fixé-pace treadmills is that they
impose a given speed to the user who is constrained to keep up with it. The
developmenbf selfpacedSP)treadmillsallows usersto overcome this
constraining situation by controlling the lislspeedo that they match theser's
actions and therefore lead to a gait pattern thatggablycloser to natural

overground walking233].

The principle of selpaced treadmill

During selfpaced treadmill walking he belt speed is controlll
position (and walking speed) on ttieadmillbelt as a feedback informatiom the

control unit[233], [234] Onetreadmillcontrol strategy relies on measuring the

us er 0 s (fgr exanmple usmgimotion capture technologg)the belt andims

to keep them at the central area of tteadmill (area in green ifigure2.2). If the

patient remains within a specified central zone on the treadmill, the control system
considers that the user is at a desirable position. In case of changes af pibstio
treadmillspeed is adapted in order to keep the user within the designated aszdr

of thetreadmill[234], [235]
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Normal correcton Fastcorrecton

Figure 2.2: The selpacing control of the algorithm act to keep the user in the centrabfattee treadmill (in
green) by wvarying the treadmill déds belt speMottk accordin
Medical BV(2014)[236]

Theselfpacingrequlation algorithm

Several SRreadmillmodes are designed usingDRcontrolles [233], [237], [238]
PID stands for ProportionéihtegralDerivative.It acts between th@&struction
applied to thesystem and its output responeecommandseeFigure2.3).

Xe(t) @ e(t) = Xe(t)- Xm(t)
Speed - Error
Instruction

u(t) .
Command

—— - - - -
S

PID Controller

L Xm(t)
Measured Speed sensor

speed

Figure 2.3: The PID controller acts on the system when it is placed between the instruction of the system to affect
the command response value
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The general PID equation is expressed as foiltogguation(2.1):
(0.7
Qo

60 0Ybo O YwoQo O
2.1)

with u(t): the commandvhich is the controller outpué(t):the error, which ishe
difference between thastructon (value to reach) andh¢ measuré&he output value

that is effectively reachéd

The proportiona(P) gainis used to adj the error coming from the difference

between theommand valuand the output responf39]. Its role is to improve the
systend s r e s p, that & o reach tmeetarget respondth minimal delay by
correcting the erroe(t), usingamultiplication factor The integrall) c o mponent 6 s
roleis to cancel the error by summation of the difference between the command and
the resiis over gperiod of time dtTheaim is tohavezerodifference between the
command and the output valliehe derivativgD) response depends on ttage of

change oflte errorlt is used to reduce the oscillations of the syq239)].

Sloot et al(2014)[233], compared three different sgihicingalgaithms based on
the a PD controller (PID without integral component) withtigadmillwalking.
The speedf thetreadmillwas regulatedy using theaccelerationdin equation
(2.2)) of thetreadmillaccordng to thedifference in positioetweenthetreadmill
user and the middle of the belt and the speed ofge Whe first algorithm is
expressedh equation(2.2) as follows:

w 0Yo Yo'@

(2.2

wis the acceleration, P the proportional gain is dependent of the difference of
positionYoand serveto reach the command value (the biggest the distainee
greater the acceleration). Thscillations of the system aregulated by the derivate
resporse D which is dependent of the spesahd the difference of positidfof
the userlt is subtractedo theproportional gain parameter aotmuch aceleration

will destabilisghe user.

The second algorithiwas a variation of the previous orieonly differs by a
multiplication factor of twdsee equatiofR.3)).
®w ¢O0Yo Yo®
(2.3)
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The thirdalgorithmis similar to(2.2). It adds a speegklated multiplication factor
(see equatiofR.4)).

» ®iYo Yo®

(2.9

The acceleratiobis dependent mthe speedvand the difference of position of the
userYothat are multiplied to the proportional gainTe oscillation of the system
is regulated by thderivate response that is dependent of the diffay@f position
Yoand thesquared speeib (energy).Because of inertia, each body tends to
conserve itspeed and, consequently,éisergy.Therefore a sudden break will lead
the body to keemoving forward at the same speed while the entire sylsémm
stopped.

Souman et al. (201]240] added a feedforward term to thalgorithm The

feedforward ternrused washees i mat i on of t h 8Ptreagmilkr 6s spee
[241]. When the user is in the central area of the treadmill, it is pedsibl

differentiate between a sledown to bring he walk to a stop or a continuation of

the walk[241], therefore allowingamoresmooth adjushentoft he treadmi | | &8s

speed.

The outcome of the kinematic, spatiotemporal and kinetic gait anbhlysis
Sloot et al. (20144R33] was that although significaf<0.05) therewere only
smalldifferencesfoundbetween the gait patterns fouddring Fixed-pace and Self
paced treadmill walking. In terms ofrlématics, the range of motion was lesser
during selfpaced walking (difference of hip abduction RMS: 0.13°, p<0.05; hip
flexion: 0.7°, p<0.01; knee flexion: 1°, p<0.01). The spatiotemporal aralysi
outcome was that the step widticreaseddifference: 001 m, p<0.05) and stance
lengthdecreaseifference: 0.36 % of gait cycle, p<0.01) were diminished during
selfpaced. Regarding kinetics, seficed treadmill walking displayed less power
with reduced hip power4.2% gain, p = 0.02) and ankle flexioavger (rootmean
square (RMS) value=6.6%, p = 0.03; gain =.7%, p = 0.04across théower limb
joints. The participants walked witha 180° virtual environment display working in
synchronisaon with thetreadmill (speedand inclination) The participnts were all

young (29.2 + 5.0&ars old and healthy adultsee of any mobility impairment
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Kim et al. (2017)242] investigated dynamic stability when comparing fixgate to
selfpace treadmill walking. Their aim was to study chaajéalance during gait
leading to falls and thygrevent tie occurrence of falls durirtgeadmillwalking.

The dynamic stability was measured using the margin of stability as presented by
Hof et al. (2005]243]. The margin of stability is the difference between the centre
of mass (its position along the x axis;of in Figure2.4) and the base of support
(i.e. theposition of the foot contact along the x axis, Base of support (BOS) in
Figure2.4) [242]. When thewalk was slow, the margin of stability was significantly
greaer during seHpaced walking than during fixgaace walking gelf-pace: F =
276.22, p < 0.001; feepace: F = 262.06, p < 0.00The opposite happened when
the walking speed was faster, thergia of stability was then significantly smaller

(p < 0.05) for seHpaced walking242].

(A) (B)

MOS,,.
—>*

I Floating MOSgP

Figure 2.4: Measure of the margin of stability (MOS), (A) MOStloa sagittal plane, (B) MOS on the frontal
plane extractedromKim et al.(2017)[242]

Kim et al. (2017)242] useda normotorised curved treadmill (seeFigure2.4) to
collect thesedata Compared to motorisgdeadmills, hormotorised curved
treadmills have been demonstrated to be a better liken€s3 tanning becausée

runner can accelerate and decelerate freely, using techniques similar to OG running,

as reported by Edwards et al. (20[1244], the curve of the treadmill intrinsically
providessome degree of SFhe use of nomotorised curved T®does leasito
highe cardiac efforts than OG and motorigesadmillwalking [244]. Moreover, in

their study Kim et al[244] found that lightweight runners had to exert more effort

44



than the heavier runners in curvegladmillusage. While monitoring the effect on

the quadiceps and hamstring muscles in comparison between the motorised and
nonmotorised treadmill, it was found that norotorised treadmill training

generates more involvement of the quadriceps than the motorised treadmill

explaining the higher effarTheseesults should beegarard tentatively compared

with flat motorised treadmil.|l experi ment
influence on the outcome of the walk. This study was conducted on young healthy

male only with a normal average BMI4 kg/m2) The influence of BMI could bie-

tested by including participants with varying BMI scores in the study.

2.2.3. The effects offixed pacetreadmill training on poststroke

recovery

Treadmill training can be initiated within the first three morfdte andsub-acute
phaseYollowing a stroke[229] and may be implemented alater time during the
chronic phas§L06], [245] In a review paper, Dickstein (20089] noted that patients
who underwent treadmill training with or without bedyight support were able to
achieve a speed gain of 0.12 to 0.3 m/©G walking spee@hen they started at low
speedg(ranging between 0.2 and 0.4 /Bhesencreasedpeeds were statistically
significant(p value was nateported but the functional walking levedf the patients did
not improve[9]. The functional walking levels were measured using the Functional
Ambulation Categorief®], [246]. The Functional Ambulation Cagoriesis an
assessment toolith six categories ofvalking ability from 0: norfunctional ambulation,
where the subject cannot walk independeatig requireassistance, to 5: Independent
ambulator, where the subject can walk up and down slopes arsdastawdias on
levelled floor independentlyhe toolis administered byhe observation o subjecd s
performance. The Functional Ambulation Categoriesblegs reported as a reliable tool
with good responsiveness with peoftiat havepoststroke hemipresiq247].

Treadmilltrainingis taskoriented it aimsto recovemwalking capacitythrough repetitie
practice[9], [104], [19]. Treadmill training is a form of exercise therdpy, as it is a
form of physical exercise thatovides improved fitness and endurance to theasser
well as improvedvalking skill [248]. In body-weightsupported treadmill training
(BWSTT), therapistxangradually adjust the weight supptotadjust the load on the
legs and use different treadmill speeds to practice stepfiegtherapist willverbally
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feedbacko the patiehabout theiistep pattern performance amsephysical cues in

ordertooptni se t he pati ent 6wmematia ltekporalyandikieetic n t er m:
parameter§43]. Unloading the body helps the individGakocus on the gait pattern

without being challenged by postural con{eB]. Gait practice normalljas time

constraintdecause of the need for assistance and sugpony the exerciséA

treadmillthat isfurther equipped with a safety harness antdfmty weight (BW)support

can helpovercone these constrainienabling higher intensities of stepping practice

[247]. Duncan et al. (2011179] comparedBWSTT to a homeexercise program

focusing on balance and strengthenifigey found no significant differen¢p=0.07) of

outcomein thewalking ability of the participants when comparing the two programs

[179]. In another papeDobkin and Duncan (2012230] argue that BWSTT failed to

provide clinically significantmprovementsn walking capacityin terms of walking

speed, walking distance, strength, physical functidmiglgted quality of life, and

dependence on assistive a@a80]. Theystudy concluded th&WSTT shouldonly be

used as aesearchool andinstead patientsshould be encouragéd do community

walking and homebased physical therapy prograf#80]. Many studies using BWSTT

dondét report i nf or mededbackoneerformmae@3olimthe f eedb a
context of OG gait training the therapist can apply a certain amount of force on the

pati ent 6 s glide mevement.g. assisknee extensianThis is not

necessarilyeplicated duringreadmilltraining[230]. Thelevelo f a pati ent &8s me
engagemerduring movement learning is not assessed when performing BWSTT. It is

possible that the ongoing mement of theéreadmillleads the patient to disengage in the

learning process and that OG training might be a better sett#tgdgpatient focus

[230].

Dobkin and Duncan (2012230] argue thatstudies presentinipe positive and

statistically significant improvemein functiona ambulationobserved following

BWSTT did not provide information abotiteimprovement of walking distance in
everydayactivities. They point at a common tendenoymostlyreportdatathat portrays

statistical significancevhich could benterpreted as source of biag230]. Dobkin and

Duncan (2012)230]alsostr ess t hat training from home an
neighbourhood providamore taskspecificity, as the therapist can use what is available

i n t he hgnedanvirenmeén® ssich as chairs and home stéhs.lack of lifelike

taskspecificity is an issue théteadmilltraining has in common with BWSTT is
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possible hat the inclusion of immersed virtual environment can provide this task specific

context.

In their systematiaeview, Mehrholz et al. (20} [229] observed that wh or without
the use obody-weigh-support BWS) treadmill trainingdid not make a difference to the
long-term improementsof walking abiliiesfor paticipants with stroke impairmenis
comparisorwith traditionalphysical therajes, thatfocusseson endurance and strength.
Treadmilltraining for rehabilitation led to significant increasawalking endurance
(p=0.01) and speed (p<0.000hpweverMehrholz et al. (20171229] reported a lack of
datashowinghow the daily livingactivitiesand thequality oflife of the participants was
affected.Thes findings of Mehrholz etla(2017)[229] reinforcesthe conclusiorof
Dobkin and Duncan (2012230]. Mehrholz et al. (202) [229] alsoobserved that people
able to walkindependentlafter their stroke (i.emild to moderate stkes)aremore
likely to benefit fromtreadmilltrainingrather tharpeoplemore severely affected
In their review papetAbbasian and Rastegar (2018%] consideredvhethereither
intensity or duration of treadmill training delivered the bedttgaining outcome. They
divided thetypes of trainingprotocolsinto four categories.
{ Category (1protocols delivering ow i nt e n sandloyw volu®® . 6 m/ s)
( dur at imoutes)dr&iring.
1 Category ) protocols delivering ow i nt e n s antdhjghvolin®e. 6 m/ s)
(duration >500 minutes) training.
1 Category ) protocols deliverindnigh intensity (>0.6 m/sAndlow volume
(duration O500 minutes) training.
1 Category 4) protocols deliverindhigh intensity (>0.6 m/sandhigh volume
(duration >500 minutes) training.
To compare these strategies, Abbasian and Rastegar (28]83sessed the standard
mean differencef the result§rom studiesusinga 95% confidence intervalhe
heterogeneity betweanultiple studies was measures usirgguared (12) statistic. Low
heterogeneity raedbetween 25% and 50%, moderheterogeneityvith 12 ranged
between 50% and 75%, and high heteroger@ity 7 5 #ile a nwderatenter-study
heterogeneityvas evidentvithin the groups (around 74%), the protocols presenting the
best motor function recovery results wereategory (2)Low-i nt ensi ty ( O0. 6
high-duration (volume >500 minuteshining, this produedthe highest standard mean
difference 0.75m/swith a95% confidence interval@l): 0.640.85,this improvement
wassignificantly different from the other three categor{ps0.000) [44].
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2.2.4. Virtual Reality treadmill training

In their review paper, Takeuchand Izumi (2013)45] pointed at the use of multi
sensory feedback to help the motor learning prodeappears that positive feedback
cn influence a patientédés performance duri n¢
Dobkin et al. (2010)249] found that informing the patients about how fasirth® m
walk was completedaily resulted in avalking speedncrease of 36% dhe poin of
hospital discharge (from.45 to 0.91 m/s). Their study design was a shidjleded,
multicentre trial vinere the participants1€179) were randomized in either a training
involving feedback about their sedélected walking speed (hnumber of particisaB88,
age 62.9 £ 12.6 year$dp 27.3 + 78 days postroke) or withouainyreinforcement
(number of participants: 91, age 65.1 + 11.9 years old, 30.2 + 53.5 daystrpke)
after the daily training249].

Amongst the methods presented, the use of Virtual Real¥rtual Envirorment(VE)
has potential tenhancetreadmill training[250] through visualinclusion of an optical
flow), auditory and tactile feedba¢k22]. There is evidere that the use of &/
contributes to the cortical reorganisatiarpatients with chronic strod 23], [124]
Immersive \E caneitherinvolve the use of ¥ gogglesor headsetthatallow the user to
experiene an entire environmerih isolation from the reatlife surrounding or a large
screen display allowing a large scale visual of a vituahey. The use of \E headsets
can be a source of eye fatigue and visually induced motion sid@idgs[254].
Sharples et al. (2008255] reported significant (p< 0.0Increase of nausdemean
difference=19.58) disorientatiorfmean difference=29.38nd locomotofmean
difference=15.16%cores using the Simulator Sickness Questionnaire ($@Qyving
the exposurto a heaegmounted \E displayexperiencePostexposurgo a concave
screen display, only the disorientation score increased significantly (p<0.05, mean
difference=9.65)The pre vs post exposure between the meahtedset and the
concave screen displaygsettied significant difference (t = 3.166; df = 3043® <
0.005), as well as the disorientation score difference pre vs post exposure (t = 2.098; df =
34; p = 0.043)Non-immersive \E relieson the use of a screens or disptagunted on
top of asurfaceand mayinclude othedevices such as joysticks ohet interface
deviced45]. The use of ¥ can be parof a tak-specific,intense andrepetitive type of

training, which makes it relevant bealthcarepplicatons such as stroke rehabilitation
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training. VE makestraining through gamingpossible[256], [257] VE is also draining
media that gives training pport, delivers feedback on achievements and can be set at
different difficulty levels[45], [258], [259] It is also possible tdeliverVE technology

as a homdased form of trainingn their review, Laver et al. (2017)25] reported that
the use of & did not lead to significant improvemeintbalance and gait speed
Parameters such as quality of life, cognitive functio participation restrictiomre

sddom reportedhowever, asignificantimprovemenistandardised mean difference
(SMD) 0.25, 95% CI @6 to 0.43, 10 studies, 466 participarsihe quality of daily

living was observeth participantsThe authors concluded thaEWised in the context

of stroke rehabilitation may be beneficial if comdxiwith conventional therags[125].
Ooijen et al. (2016]188] designed a parallgroup randomised controlledat that
compared the effesbf usual therapy, conventional treadmill aadhptake treadmill
training in reducing fear of falling and improving the walkiabilities of older adust

Both programgelied on FP treadmilivalking at a comfortable pacéhe primary

outcome measusavere walking ability andvalking adaptabilityWalking ability was
assessed using several teBerformance Oriented Mobility Asssment, Elderly

Mobility Scale, Tmed UpandGo test, Functional Ambulation Category, 10 m Walking
Test and Nottingham Extended Activities of Daily LiviMyalking adaptability was
assessedsing twol0O-meterwalking tests (one with obstaclandone wih cognitive

task). The secondary momes were the fear of falling, fall occurrence and general
healh [188]. Adaptabilitytreadmilltraining conssted of walking on areadmillwhile
performingexercisea i med at gui di ng hghaegetsispaxceddé s st eps
irregularly and regularly188]. The group oblder adultgn=70)were 83.3+6.7 years old
andrecovering from a falinjury thathadled toa hip fracture All participants were at a
chronicrecovery stag&herethey could bear weight on the affected, liegs noted that

at least si weeks passed since their hospital admis&ortheir fall. The characteristic

and baseline valudmtween the three group of participantsual therapy, conventional
treadmill adaptabilitytreadmil) were analysed using a emay analysis of variance
(ANOVA). The effect of the interventian the group were analysed using an analysis of
covariance (NCOVA). The study results presented significant improvements (p<0.032)
in walking abilities(speed independencend variability)and reduedfear offalling,
measured byhe Falls Efficacy Scale International (FBSver time for the three tyge

of interventions:usual therapy, conventional treadmill and adaptateedmilltraining).
The measures of walking ability measured general walking alfHitpcional

Ambulation Category, 10 m Walk Test) and walking adaptabilitpnéd UpandGo
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test, Elderly Mbility Scale, performaneeriented mobility scalel0 m Walk Test with
cognitive task, 10 m Walk Test with obstaglesdapive treadmilltraining diplayed
significant improvement (p=0.046), on the dtedk effect of walking speed in
comparison to themo other interventionsisual therapyand conventional treadmill
training Thepaper @ not present a population recovering fromstiake but the ag of
the participants and thefear of falling are characteristics that apply to a stroke
population.Gait impairment following a hip fracturdhoweverjs not comparabldo that

found withpoststroke gait impairment

The adaptdle treadmilltraining provies amean®rt he par ti ci pant 0s
steppingduring awalk. Sucha protocolhas potenal for useby stroke patients with
impaired gai@iming to recover the more complex task of independent walking in the
community This studydid notinclude an immersive ¥ butdid useavisual display
showing stepping targets ¢imetreadmillbelt. Thiscomponenmightleadthe user to
look down most of the time while walking, which might not be a good representation of
everyday life walkingThis protocoladdsto thetreadmill properties of fitness and
stepping repetitiomas wellast r ai ni n g walkwarialpilitytleadngtd rédsiced
fear of fallingand helpingeveryday life walkingeel safer for the patienConventional
treadmilltraining displagd significant improvemertf functional ambulatiorategory
(the minimum category score recruitedswavel 2: ambulatds dependenbn physical
assistance, see more abfurictional ambulation categories in sect@.3andAnnex
B) during the training tira (p=0.0@ at first assessment, p=0.039 at the second
assessment), in comparison to the two other interventions (usual therapy and adaptative
treadmilltraining). k is important to note that the authors mentioned that the number of
participants they haaf this xperiment was not enough poovide statistical poweof
the effectthatthe interventiorhas Nonethelesgreadmilltraining isregarded aa
suitable mdium to training gait adaptabiligs it is safe, feasible and shows some
evidence of efficacyehabiitation among strokempairedsurvivors[188], [191], [197].

So far, treadmill walking within a VE has preseniigité significant improvement in
gait abilitiespoststroke[125]. It has, nonetheless, presented a meafectiitate
cortical reorganisation pastroke[123], [124] improve quality of daily living anthias
potential for integration tout hospital, at home gait traigifl25].

Investigating the impact of treadmill training associated with VE-pweke may
need to rely on other parameters than the ptsly reported balance and gaiesp
[125].
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2.2.5. Training gait variability with treadmills

In addition tobeing a tastspecific type of trainingtreadmill trainingcan also b used as
a contextspecific training medium whicbould support individuals ichievng ther
goalsof recoverthemore complex walking sklrequired duringcommunity
ambulation191].

In their paper, Timmermans et al. (2018)1] proposedan experimental protocol to
compare the outcome of &G training program (FALLS prograif260]) with aFP
treadmilltraining program Both type ofexercise cotexts, OG and treadmill exercises,
can provide a variety of practice, tasks, and movements scenhabsould contribute
to the effectiveness of the trainifZg], [177], [191], [261], [262] The OG training
introdu@d several challenges of community walking includibgtacle avoidance tasks.
Thetreadmillprogram involved the use of aMdill (Motek, Amsterdam/Culemborg, the
Netherlandsjreadmill The C-Mill usesan irstrumentedreadmillthatdisplayng visual
cues on théreadmild belt[191]. It is used as #orm of taskspecificpracticefor

walking adaptabilityf191]. The imags displayed on th&readmillare usedo represent
obstaclego beavoidedor providestepping targetdJpon completiontte primary
outcome measure of this experiment will beghar t i ci pant ¢191l.wal ki ng s
proof-of-concept was published by Timmermans et al. (2(2&3] in order to assess the
C-Mill training program The study was conductedth 64 participants 24 healthy
adults(age: 29.14 £11.6%eight: 1.76 £0.08, weight: 71.55 £9)242 ablebodied older
adults(age: 70.25 £5.23eight:1.76+0.08, weight: 84.83 +£126), 28 adults with gait
and/or balance impairmesage: 69.96 +11.4(height: 1.71 +0.08, weight6783

+11.48. The objective was tassess the feasibility, tlaeceptabilityand the clinical
potential ofC-Mill treadmilltraining. The data wreevaluded over 10 sessions of
training sessiongover5 weeksyand analysed using ANOVAs (repeatpgasure
ANOVAs for the intrasubject analysigr nonparametri€riedman ANOVAs followed
by pairedsamplesT-tests or using Wilcoxon sigdeank tests)The feasiblity was
evaluatedoy looking atthe progresf participants The difficulty of the exercises was
automatically increased every odd or even session, according to the precedent
performance of the patier. significant increase of the belt speed overgéssions was
observed (F= 21.35; P& 0 Pz 0.5Q)with sigrificant differences between all odd
training sessions and the successive even segtion®.08; P <0.05; r > 0.41). The

l evel of difficulty i ncr &a=s36e5l Ps00¢)Thef i cant |
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acceptabilityof the study was evaluate usi ng t he pafheici pant s
participants reported mild discomfaltie to muscle soreness, shortness of breath or
fatigueduring(once: n = 2; frequently: n = 8nd afteonce: n =22; frequently: n = 6)

the training sssions They also reporttimprovement of walking speed (n = 14), fitness
(n = 19), walking safety (n = 17), confidence during indoor walking, outdoor on smooth
surface, on irregular surface and/or in crowded envirotsn@ = 20)The participants
alsoreported the interventionsbeing usefriendly, motivating, fun, challenging and
recommenedblefor their peers. The clinical potential of this intervention derermined
using the datéhetreadmillbelt speed, the IMeter walk test, theifed Up & Go tst
andShort Physical Performance Battery (SPPB) sadrieh all improved over time (all
Fissszs7s> 5. 2 2 ; 2>M0.19).Significhnt positraining improvement was observed
(@l T2vs T14,>2.26; P <0.05; r>0.43; and all T3 vs 74% 2.22; P < 0.05; r > 0.43)

as wasretentionof these improvementster 6 weeks (all T3 vs T2:t< 1.40; P> 0.18; r

< 0.29).To our knowledgehere isno published data on a larger scale stofdyait

impaired patients within a clinical environmehatrelieson GMill treadmilltraining.

C-Mill treadmilltrainingnonetheless presents promising results fur&uresearchnd
application for gait adaptability and variability training pesbke

2.3. Motor control
Motor controlis fundamental tdhe organisatiomnd control of the muscles responsible for

movement and postuf264]. After astroke,motorcontrolcan be impairednd needto

recover hrough restitution of the original networks or development of new networks through
neuroplastic changés order to recover functiofi83], [265] A betterunderstandingf the
underlying mechanism of motor control is iarfant tocomprehendhow the central arvous

systemcanrelearnspecificmovementsuch asalking [116], [266]

2.3.1. Motor control theory: B e r nfsst exgenm@rds and legacy
Studying the motor systeoan help develop amderstanding of how movement is

organised antow the process of rehabilitation works in case of neuromuscular
impairment asesented in conditions lik&roke[264]. Importantly, by improving this
understandinghe effectiveness of physical @ilitationcanbe improved.

Motor controlwasddined by Latash (2017p67] asthe scientific field devogd to the
exploration of the laws defining how the nervous systgeractswith its environment
andvariousbody partsin order to produce purposeful, coordinated movem@6iE).

The motorcortex and associated areas in the h@ntrol the activation afkeldal
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musclesThemotor systemwhich includegshemotor cortext h e  bsupplémeritasy
controlareasneuralpathwayqcentral and peripheralinuscles, afferent sensprs
afferent pathwayghe cerebellum, ascending sensory pathwaydsensory cortex
controls posturathangesand thus, the mgsloskeletal aspects of expression and
behaviouf264. One of the Afatherso of the
the Russian scientist Nikolai Bernstein. His work pavedaefor theexploration of
human biomechanics and theuralcontrol of movement. His researsfotivaed
interestfrom specialists looking at different problems related to movement such as

neurologists, physiologists prosthetiatedeven music pedagags [268].

23.1.1. Ber nst eierpersnendgsar | y

study

Inthisset i o n, Ni kol ai Bernsteinds early

understanding of the neuromotor contad it is known today will be presel.

Ber nst ei n 6drcakda) way thevstudy bf manual labtasis.
During this work, Bernstein pdsd that the movements reflediprocesses
happening inside the brai269]. Bemsteinanalysedhese processesom
studying electroencephalograpki€EG) datg where he electrical activity of the
brainrepresergthe output from the motor corteba particular,Bernstein
observed th&EEGamplitude and hownovementselatal to a state of rest or
activity of the brin [270]. He deduced that themeust bean underlying
mechanism dégned to prepare and adjust movement control of inteydeal
activities such as walking and runnify0]. In 1926, Bernsteibegan dcusing
onstudying human locomotion. While human gait seemed to fistagight a

highly automated and stable movement, after his preliminary studies, Bernstein
concludedhat the locomotor process wiasteadfia living morphological object

of inexhausble complexitp . Anot her i mportant take
locomotion was that movement should be described as a group of structures that

are then differentiated into details rather than as a chain of simple mechanisms

wor

on

[268]. Bernsteinds model of human movement

complex neural networls opposed ta chain of cellswhich was the accepted
understanding of human movement at the {iB&®]. Bernstein investigated the
movements of athletes and labour workarerder to uderstand which

underlying methods were necessary to perform efficient movements and reduce
redundancy271].
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2.3.1.2. Motor redundancy

In the context of motorcontrdBer nst ei nds peadundancy pl e of
refers to the fact that one given task can be achieved successfullynasigg
different soluions for examplen the case of an arm movement in which a
finger extendghrough space teacha specific pointThough this seems a
simple movement, the mechanical system is compostu aghoulder joint
which possesses three rotatiotise elbow joih hasonerotation the wrist two
rotationsand there is a shared rotation between the elbow and theimvrist,
addtion there arerotations from the finger joints. If you ignore the finger joints
as well as the scapula, you have in totatsiesn of seven degrees of freeddm.
given point in spacenly requireghree coordinate® be locateghoweverthe
joint configurationleadirg the finger to a specific point in space is equivalent to
solving a system of three equations witven unknows therefore leading to
an infinite number of solutior272].

To reduce the motaedundancyequates to redimy the number of solutions
capable ohchiewng themovementarget. h the cas of the movement
compldion, redution inthe number of strategies used to achieve the movement
[272]. It might be expected that repetitive human movement besanore
consistent (less variable) over time, as the individual becomes more skilled.
WhatBernsteinobservedhoweverwasthat during the acquisition of motor
skills, the variability of the displacements during the movement did not
diminish. Which meanthat, even in the case of a known movement that one is
accustomed to perform, the variabilagrosgepetitions of the giem movement
performancesloes not alteiCounterintuitively, it appears thad high level of
reproducibilityin a movement does netjuate to a low level of variability in an
action. To achieve a high level of repeatability on a highly skilled automated
movement it is important teetainhigh variability in this movemerib cope with
unexpected external forcagerfeiing with the intended actiorj268]. Bernstein
propogdthatthe presence ofigh variabilityin automated movemesiteflected
the searclior and selection of the optimal motor control strategy, resuiltitige
execution of a stable movement even within a changeable envirorieent.
theoried that, even when a very small evalters the environment, the
execution of a specific movement generates a lot of reorganisation in the entire

movement control.
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2.3.1.3. Phases omotor learning

The learningdf movement is divided io three stages, the first staigehe

novice stage, during which the degrees of freedomealgcedandthe person

appears stifexecutinghe movement. The second stage, the advanced stage,

whenthe degrees of freedom are increhseh e per sonébdés movement :
fluid, and the executimis more efficient. The third staggethe expert stagehis

is when the person useserydegres of freedom in order tautomatically

performatask with fluidity [273]. Bernstein alssuggestd that someepetitive

skillssuch as swimming or bicycle riding, are acquired bydderjumpin
competencandthenremain for life.Even after a long time without usingeth

s ki |l | s, automati@of theotaslaas be quickly restord@74].

A repetitive movement is automated wheddts notrequire attentiomluring its
execution. Arepetitive automated movemastassociatewith ahigher level of
controlin the brainwhichis stored in the long term memdg/71]. A repetitive
movement that is not automated requagention it is though through and is
associatedvith a low level ofbraincontrol. The automation of moweent is,
therefore, the reorganisation of central motor control in order to elieniha
redundancyn the neural processes contributing to the creation of the motion
[268].

In1962Bernstei st at ed t h a tprogrdmean gctios wsith despdcti t y t o
to a certain goabnly based on an image or a model of a situation to which this

action must lead and with respect to which the action is undedRea].

Recent research relying on the use ofgmation to generate or retrain

movement confirmed this statem§R76]. A number of studies have

investigated the activity dhe primary motor cortex (M1) arichagining an

action, brain imaging Munzert et al. (20Q2Y 7] reported studies published

between 1995 and 2008.

Thisvisionwas innovative since movemenntil this point was explaied as

the theory of reflexet.g. Sherrington78. Accor di ng to Sherrin
theory,smooth transitions between coordinatedvemensequences are the

result of a combination of reflexé&seping the body stable ihe presence of

external disturbanceagsultingin smooth movement executi¢2i78], [279]
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2.3.1.4. Motor equivalence

The analysis of natural phenomenon often requires the design of a simplified
model. To study the patterns of motor behaviour, the rexjaivalence problem
was raised by Bernstein in 198%68]. The motorequivalence problem points at
the fact that different muscle activation strategies can lead to the same
movementLimbs have several joistvhich result ifmultiple degrees of
freedomthat farexcee the minimum required of sifacilitating morement
capable ofeacling any point in spacellhe motorequivalence problem is
complicated by the number of potentialiscle activatios thatcause these joint
rotations In fact, the number of muscles actimyg a joint goes beyond the
number of musclesatessary to perform the joint rotation. Consequently, there
aremanydifferent muscle activation strategigsat can producthe same joint
torque. Exploring the motegquivalence problerfurther, the redundamumber

of degrees of freedom that are foundeach musclf280] is a challengas it is
equivalent to solving a problem with more unkneygum of the number of
degrees of freedonthanthe number of equations to be solved (thaets of
equations in a three dimensa@icontext) The muscles are composed of a group
of motor unitswith different sizes and properti€Bhe firing of each motor unit

is unigue and specific t@action requiredbut comes from a consistent input
[280].

The model of muscle synergy is based on the printigle to exeate a
movement, the nervous system will recruit neural modilesks of motor
units)which co-ordinate the synchronisexdtivity of a groupof muscles so that
they actas a singléunctionalunit [281]. The musa@ synergiesan be
considered aslementary building blocksf movement generatioVhen these
building blocks areombinedn activation, theyproduce various movements
[282], [283] The activation of the muscle synergies is predetermined by the
neurone$284].
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2.3.1.5. Abnormal muscle synergies in hmiplegic stroke

As mentionedn section2.3.1.1 muscle synergies are gragf muscles
coactivatingogetheras a unitvhen performing a movement. This model
simgifiesthe study of motor controlWhen the control system is damaged, like
it is after a stroke, abnormal synergies earerge

Three hypotheses have been presemtg@rding the causd abnormal muscle
synergies in people with a stroj@68], [281], [283], [285]

Hypothesisl: abnormal flexor synergies in hertegic stroke are mediated via

the primitive flexion-withdrawal of reflex response

This hypothesifiasso farnotbeensupported byexperimental research. Rymer
et al. (1998]286] observed the spatial patterns of musclactivation and

timing relations on thenimpaired side of the elbow tife hemigegic

participans andthe nondisabled contrgarticipans. They compared the EMG
patternof the response to generated flexiwithdrawal and the voluntary
flexion-withdrawal movement. To generate the flexigithdrawal responses a
stimulus was administered using ring electrodes on the palmar surface of the
fingers[286]. The response to the stimulas displayed by the occurrence of a
flexion torque with an actuation of the flexor muscles of the elbow and shoulder.
The outcome of this experiment showed that the patternssubstantially
different between the induced movement and the voluntary movement. This
means that thewere notcontrolledby the same motoneuronal routes. It was
deduced from these experiments thatds not possible to mimic the abnormal
synergy observeih hemigegic stroke by generating flexiewithdrawal
responsef268].

Hypothesi2: abnormal synergies arise because of anatomical constraints

inherent in descending brain stem pathways
This hypothesiss basedn the idea that, following a brain injury such as a

stroke, the abnormal movemsand/or postwes are a result ain enforced use

of a simpler spinal pathwdf268]. To assess this hypothesis, studies have
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observed the muscle activation pattern while a startling noise is generated. The
idea was that the startle reflex would reflect the distribution pattern from the
spine to the brain and beyo[#B7]. Studies ompatients withP a r k i diseasa& 6 s
and stroke showed that tieewere no significant differens@ the reaction time
caused by the startling sountherefore rendering this hypothesisorrect

[288], [289]Moreover, despite the involuntamatureof the movement it can

still be as fasas trat of a physically unimpaired pers¢289].

Hypothesis3: Abnormal synergiedevelopfrom cortical reorganisation

To testthis hypothesis iivas necessary to usenctionalmagnetic resonance
imaging to observe where the brain activation ogduring theexecution of a
movemen{268]. The use of functional magtieresonance imaging revealed

the process of cerebral reorganisation. The reorganisation of the brain post
stroke was oleyved[265], [290] The observations showed that after stroke, the
neural activity increases and these changes, occurringgdbe first weeks
following the strokehave significant correlation witlireaer recovery of
movement during this time perio@hereorganisation of the brain is a
phenomenon that is dependentthe lengttof timetaken to learn a movement
[265].

Abnormal synergies are manifestedainormal postures during voluntary
movement$268]. Over the last decademoreresearch on themuscle synergy
pattern pststrokehasbeenconductedsuch a<lark et al.(2010)[285], Neckel

et al (2006)291], and revigved by Casadio et al. (201281]. These studies
presenteadtases of synergies merging and/or reduction of muscle sysémngie
comparisontoablbe odi ed i ndi v,wbichadn éxplairsthener gi e s

resulting abnormal postures.
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2.3.1.6. Movement control and anatomicalproperties

The muscles are, from an engineeringngdtmint, not ideal actuators. There is no
direct correlation between the force exerted by the muscle and its neural
activation[268]. In fact,amu s ¢ | e ouputis also dependennats recent
contraction history, itgelocity, and its length§292]. Muscle consists of
contractile and nowontractile elements (Hills mobef muscle)[293], [294]
However,it is the contractile componethat generates tension when activated
by a motor unit action potentialvhich consists othe two interacting proteins
calledactin andmyosin. The nofrcontractile componertompriseof

connective tissuehat areparallel and in series with the contractile compdsien
linking the muscle fibret the bones, callethetendons. The tendon &
passi ve st viscelastcmprepeibshare repdrciissions on motor
control as the length of the tendon is dependent on the force applid@@8j it
[295].

Bernsteinsuggestd that the movements of the body segments influeack
othervia the joint reaction forcg296]. Consequentlygachmuscle will have an
effectbeyondthe joint that itdirectly moves. One example of thian be
observeduringcycling. During cycling the extension of the krthging the
downward strokés partly achieved through the actuation of the hamstrings
which normally acts aa knee flexomuscle group268]. This outlines one of
the inherent issues of motor contdhen adapting the muscle actuation to
perform the task required of one joint, other disturbance will arise atjothts
[268], [295]

Thelower limb can beonsiderec&nensemble of connected segments
connected one to the other aadgle to movavith relative in&épendence
Examples of this can be found in agrsemble composed tbfe trunk, pelvis,
thigh, shank and foot of an individuathey allrepresent @ openchainduring
the swing phase (seeFigure2.5). The movemat occurring in this kinetic chain
is the resulbf the contribution of thdifferentarticulatiors thatlead toan
intended movement. Naito et al (201297], by studying the kinetics dbotball
kicking (seeFigure2.5) observed that themomentoft he ki cki ng kneeos
extension was the main contributé8(%) of t he movement 6s e X
followed by thetrunk rotatio® s m o(56.8%){297]. An alteration tcone of

thesecomponentsvould impact the kinetics of the otheegments of thkinetc.

59



distal point
of trunk

proximal point
of trunk

right knee

left ankle

Z =y
X A/(t)\\
Y 3
force plate
R p

Figure 2.5: Kinematic chain example in the football kick situation. Kimematicchain is composed of trunk,
thighs, shanksand feet.drris the ground reaction force (source: Naito et al (20[®7])

2.3.2. What is new in the motor control of gaif

2.3.2.1. Understanding of the role of the motor cortex

In recent studie298]i [301] the role of the motor cortex in the execution of
movements has been investigated in more détaihe primary motor cortex
(M1) neuronggeneratedlotor Unit Activation PotentialfMUAP). A MUAP
can beconsideedasa vector directe toward the neurdn preferred direction
with the vectotength matchng the mean level of discharg®m the neurons
during amovemen{298]. The neural activity of M1 presexd correlation
between the movements direction, distance, s[#38]. Figure 2.6 presents the
outcome ofanoutward (B) and inward (A) spiralling finger pattern execution.
There is a noticeable correspondence betweembmento-moment activity
of the M1 neural ppulation(the instantaneous vectorskifjure 2.6 represent
the velocity of displacement of the fingamnd the spatial kinematics thfe

tracing motions of the handthe neuronal activity is representedsectors
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which correspondn directiont o t he newur on 6.9nFigure2b,er r ed
the increasingemicircularvector pattern observed in D matches the inereds

diameter of the outward spiralling pattern B.

Finger trajectories Instantaneous vectors Neural trajectories
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Figure2.6: A, B represent the mean spatial path of the finger repeated trials of an {#yar
outward(B) spiral tracing task. C, D are the vectepreserdtion of the temporal sequence of
instantaneouselocity of displacement of the finger (Mov) and of the net directional population
signal in M1 (Pop) at equally spacsidorttime intervals along the path of inward and outward

spiral tracing movements, rexgiively. E, F are the neural trajectories dgiimward and outward

spiral tracing movements, reconstructed by joining the instantaneous population vectors C, D tip to
tail. Extracted from Kalaske et al. (2002988].

Whilst neural activityin generareflects theesultingkinematics, thexactrole
of M1 as amotorcontroller remains unclear. The investigatioto the role of
M1 in muscle control is challengirgecause it would require kniedge as to
which neuron directs whigbart of the spinal inteneuronal circuit t@ctuatehe
desiredmuscles [298]. There is no diredink from the neurons in the motor
cortexto the musclesnsteadthereareconnecting neuranlocatedn the
anterior horn of thepinal cordthis conned to theefferent fibres of the
peripheral motoefferent

Some stuits havedound that the activity of M1 correlatéo the activity of
muscle synergiesnearing that the activity o M1 neurondoesnotinfluencea
single muscldut rathera synergyof muscleq115], [298] Muscle synergies are
formed by musclebuilding a functionalrelationship withone anotheto

acheve amovement There are studies that showbdtM1 activationdisplayed
signals from the neuronsdicatingits implication inthe control of muscle
activity [298]i [301]. Kalaska (2009)298] observe that the activity of the M1
neurons related to muscle activity and movement dme¢as previously

presented)Townsend et al2006)[299] found a linear relationship betweerth
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activity of M1 and the muscle activity of mapge monkeys during a hand
gripping exercise. Santucet al. (2005]300] were able toract kinematic
parameters of the arm reachimgvements of monkeys from their M1 activity.
Morrow and Miller (2003[301] were able to predict the muscle activity of

monkeys from the M1 signal they recorded.

Motor control has beethoughtto be a entityin which the nervous system
overseeshe control of body movementssimilarly to how a computer program
might controlthe movements of a robf#98], [302] Thework of Beer (2009)

[303] points to a model where motor performameeergegrom the

collaboration between biomechanics and the neural activity. To make another
analogy with robotics, rather than representing motor control using ar @gen
systemin whichthe nervous systeis the input and limb displacemeid the

output, a closedbop systenis more effectivewhere the input nervous

command also receives feedback from theeffectorduringthe intended
movement. Beer (2009303] used an evolutionary algorithm to characterise the
biomechanical and neal constraints of a simple walking mod&he

evolutionary algorithms are used to analyse the Hrathy-environment

interactions. The wallkg model used in &ir paper was a singliegged walk

with a simplified gaitcycled i vi ded i n twg phasaeandbdileg
d o w,rand the movement wasntolled by 3 to Sneurors. From this

simplified walk mode[303], millions ofneuralpattern generatofsetworks

were realisedexplorationof the optimal motor pattern lestb the conclusion

that the optimal motor pattern is degenerate. This means that the optimal motor
patern is not one trajectory but, an infinitesemble of trajectorie$303].

Conclusively, thee findingssupportBerrs t ei né6s observations
Since the motor cortefMl) is not a direct representation of the movement,

EMG (measuring the electrical activity of muscles peripheralbgld be used to
gain abetter understandingf motor control.
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2.3.2.2. Understanding muscleactivity

According to Latasy et al. (201{804], the study of motor control is the
investigdion of how the central nervous sgst contribugs to the realisatioof
coordinated and voluntary movements in relativity to the rest of the entire body
and its environment. Motor control research aims to provide a recognised
clearly defined descriptioof the variables involved in the péiglogical
processes generating these movements. EMG signals reflect the neuromotor
control of a muscl¢304].

Understanding thMUAP sgnals thaemerge fromM1 and ultimatelyprovided

to the muscle is possible by interpreting the EMG signal and how it is organised.
A movement such as wallig requires theo-ordinatedactivation ofmultiple

muscle grops[305]. To understand how the central nervous system (CNS)
coordinaesthis activity, it is necessary to record the activityttod muscles
whencontributing to a given movement. The aohbf the joints involved in the
exection ofamovement is dependemnt the net torqugenerated byhe

different musclegrougs, creaing joint movemenwhilst simultaneously
stabilisingadjacenbody segmats Analysis of the muscle activity is usually

done byresolving theEMG signakinto anenvelope An EMG envelopés a
graphrepresentinghe bounddeswithin which theEMG signal is contained

[306]. This envelope is usually designedring postprocessing where the signal

is rectfied so that it does not produce a zero aversg#iltered and
smootheffilteredto remove noisg305]. The EMG signal can then be
deconstuctedand mapped onto thghase and analysedithin the
biomechanicatontext From theresultingactivity pattern of the different

muscles, it is then possible to identify elementary building blocks called muscle

synergieqas introduced i2.3.1.)).

Musde synergiesnight bea reflexion of the underlying characteristics of the

musculoskeletadystem or the underlying motproperties
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2.3.2.3. Interpreting the neural strategy from surfaceEMG
signals

Several métods have beetteveloged to extraolae the mota recruitment
strategies from the muscle activity s& provided bysurface EMJ283], [284],
[307].

Synchronous muscle synerger® useas a framewds for dimensionality
reductionin muscle coordiation.When a task is performed, the motor control
system work with the many degees of freedomavailable through the different
joints and muscle connectigrio achieve the movemetr@roupng the different
muscles into coordinated entities siifipk the system by reducing the degrees
of freedomalsoachievwng dimensionality reduatin. Muscle synergies are the
foundationof a variety ofcomplextasks requiringthe coordinationof several
musclessuch as hman arm movemesf308]. Section2.3.2.4focuses on lower
limb synerges, this section preseritge techniqueased taneasure and

understananuscle synergies.

Ajiboye and Weir (2009)284] looked at whether a sef muscle synergies

could be used to anticipate EMG adij in untrained static hand postur@se
subjectds forear m an decondadwiletheyy scl e acti v
performed33 American Sign Languag@SL) alphabet signsA set of synergies

were exracted froml1training postures and used to anticipsiee EMG pattern

of the posturesemaining to 8ll be performed (the method relied on the use of
non-negative matrix factorisationverall, the record of 11 postures led to the
identificationof8 y ner gi es. 90% of the 33 ASL sic
sucessfully predicted (including tridb-trial variations). Theexpected

synergies werdifferentiatednto two categoriessubjectspecific or general

population synergies. The subjegtecific synagies were usually dominated by

a single musclerhe genergpopulation synergiesere driven by a group of
coactivatingmusclesTo make this observation, indwelling EMG electrodes

were attached to 11 muscles grotimtcommand hand movemen84]. From

thell muscl edbs EMG data col | estnaed , ei ght
The muscle synergies estimated from the EMG pattern collected were compared

to predictions of the EMG pattern. The outcomé¢hef study was that the EMG

data observed for the differemand postures matched the synergies extracted.
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The outcome ofhis study showed #isynergies are synchronous structures,
making theman identifiablegroupof muscles working together to produce a
movemen{309], [310] and a good estimate of muscle activity patterns. The
results also confirmed that the musslynergie modelis arobust predictor of
EMG activityin specific hand gesturg®84]. This observation has potential
applications for EMG technologies such as functional electrical stimulation
systans andorostheticg284]. This paper stands out as an investigatiecause
it uses muscle synergies to predict muscle activity rather than that to describe
muscle activityThis study was performed @nsmall mmber of adult
participants (seven) with no knovwneuromuscular disorders, all rigiend
dominant and young (means age 29.1 £+ 11.0 yearsvaith) no fluency in ASL.
They all used their right hand (dominant hand to perform the tasks). It is
possible thatan individual who igluent in ASL will displaydifferent muscle
associationsAlso, as aging alters muscle proper{@tl]i [313] and actuation
[314], data for an oldesdult group might result to different synerglaesing
observed

The observation of muscle synergies can be used as a means to evaluate the level
of impairment of a patient with a stroke, as observed byi@het al. (2012)

[283]. In this paper, the muscle activation pattern of both sides of tippbr
muscles ofheparticipantdn=31)was assesseth the case of the mildly
impaired participant§FugkMeyer gores > 30the muscle synergies of the side
affected by the stroke and the contralateral side presastatdlar number of
synergieq7). In the case of the severely impaired gr@epg-Meyer motor
function scores <=3Qhere was a contrast between #éffect arm and the nen
affected armThe synergies observetdowed less resemblance and the number
of synergies extracted from the two arm musulas differentfour synergies
from the affected arm against six on the Jadiected side. The smallaumber

of synergies found on the affected side appeared tabsed byhe merging of
several synergies. This observation is compatible withepertedtendency of
muscles to ca@ontract after a stro@85], [291] A significant correlation was
found between the syr@rmerging and the severity of the impairment (the
threeway ANOVA analysis results gavel 0 ., p<Q.01)[283]. When the
impairment is severe, it is mocemnonto find synergies representing a

merging of several synergiest onlyin theaffectedside but alsq interestingly,
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in theunaffectedside The authors proposed thatgatients withmild and
moderate stroke, the abnormal motor behaviour observeddsd®y an
inability of the motor control system to correctly actusitegle dstinctsynepgies
since the muscle pattern were differbot thesynergies on both sides were
similar [283].

Barroso et al. (20171B07] explored the feasibility of combining usual
biomechanial assessment ta{camera systems and force plat@sil muscle
synergies analysis methods in order to asapsashological wallsuch aghe

walk of a patient witthemidegic stroke.They argud that while biomechanat
analysis providetheinformation related to the kinematics (joint angles),
kinetics (ground reaction forces) and spatiotempergl. tride length and
duration) characteristics of the paretic limb, the addition of muscle synergies
data would provide information on the neural control of the impaired limb. Both

biomechanial and neural control data are important in order to model

rehabilitation traininghatcanbé ai | or ed t o #&ndeapagigti ent 6s

[307].
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2.3.2.4. The muscle synergies of lowelimb muscles

The control of human walking is a complex system to analyse. The legs are

composed of more musclés20 excluding intrinsic foot muscletf)an the

amount ofbasicdegrees of freedomecessary for itmechanical description (the

basic biomechanical model counts seven degrees of fre@d&if). The role of

one muscle is not lirddto the actuation of a unique joint but can be useful for

seveal lower limb motiong316]. A number ofmodellingstudies agree on a
description ®human locomotor strategy using a simple fimascle groups
model[316]i[319]. These muscle groups are
in fact coeactivatingmuscleg319]. Neptune et al2009)[319] presentedhe
modules a# thefollowing table(Table2.3: Five Muscle Module model
description adapted from McGowan et al. (20/B1)6], Table2.3).

Muscle group involved Occurrence and Main
Function
Module 1 VAS (vastus intermedius, vastus laterali§ Early stance: body support
and vastus medialis), RF (rectus femoris
GMAX (gluteus maximus, adductor
magnus)GMED (anterior and posterior
regions of the gluteus medius)
Module 2 SOL (soleus, tibialis posterior), GAS Late stance: body support
(medial gastrocnemius) and propulsion
Module 3 TA (tibialis anterior), RF (rectufemoris) | Early and late swing: leg
deceleration,
Swing: power for the trunk
Module 4 HAM (medial hamstrings, biceps femorig Late swingleg deceleration
long head)
Early stance: energy for leg
propulsion
Module 5 IL (illiacus, psoas) Swing: leg forward
acceleration

Table2.3: Five Muscle Module model description adapted from McGowan et al. (2010)

[316]

The musculoskeletal model derived from this muscle synergy group is

illustratedby Figure2.7. The patterns of these muscle synergies are
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presented ifrigure2.8. The distribution of the activity of these modules is
represented ifigure2.9.

Figure2.7: Leg muscle model taken from McGowanal. (2010]316]
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Figure2.8: Muscle synergies module patterns, extracted from Neptune et al. (3009 xll data normalised to
peak simulation excitation maignde.

According toTable2.3, module2 of the lower limb muscle synergies is composed of VAS

and GMED muscles. It is therefore without surprise thaSthe andGAS muscles are

actuated simultaneously, principally during flist half of the gait cycle as represented in

thefirst row of graphs ofigure2.8. Similarly, the actuation pattern of the VAS and GMED,

both mart of the module 1 of lower limb muscle synergies display synchrontehpaas

preseted in the second row of graphsfe§ure2.8. TA and RF (graphs on théaind 4"

row of the right column oFigure2.8) are part of module 3 and are bottiee at the
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beginning of the gait cycléhen present two spikes of activity on after the first half of the

gait cycle and the second at its very end.

The contribution of the different ndales during the walk cycles is illustratedrigure2.9.

At early stance, the energy contribution of module 1 and 2 decreases when all the other
increases, equating to an overall energy decrease when the foot is stepping on the ground.
During earlyswing, all modules except moduthree present an increase of energy, which

eguate to overall increased energy while the foot is lifted off the ground.
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The motor control patterior walking is not complete at birth, but its basic

components arpresent in the form of vo patterned models presented in

the left column ofigure 2.10 (Neonate) The EMG attern appearsor

each muscle recorded, like a sine wave with a valley followed by a peak.
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Later in life when the child is a toddlarmore coplexpattern model
emergesThe EMG pattern is less smooth, with sharper pé&ses second
column of Figure 2.10, toddler$ and isincrementallyimproved up to
adulthood to create aturemovemen{318] (seeFigure 2.10). Cheron et al.
2006[320], demonstrated that using EMG and an optical tracking system, it
was possible to replicate the main parameters of human gait on adults and
toddlers using a method called Dynamic Recurrent Neural Network
(DRNN). They proposed &t the human learning technique for walking
follows the theory of neuronal group selectiblieuronal group selection
implies that the primary movement will be initiated by some group of
neuronghat havea general purpose but no dét@connecting If the

resulting movement is successfully achieved a natural selection of the neural
group will follow by synaptic reinforcementValking is achieved and
perfected through repetition from the toddler stage to adulthood. The
following figure (Figure 2.10) presents the changes of EMG prdile a

human walk according to aght the adult stage, the tibialis anterior (TA)

will present a clear peak at the beginning of stanceeesthe neonate TA
signalpresents little charggof amplitude over the gait cydlEigure 2.10).

Neonates Toddlers Preschoolers Adults
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Figure2.10: Ensemble averaged EMG profiles during gait cycle (for as sample of 39 neonates, 10 toddlers, 10
prestoolers, and 10 adults). The black traces are the profile reconstructed as weighted sum of the pattern
extracted from the ensembles and the shaded aredlse experimental daS: erector spinae, GM: gluteus
maximus, TFL: énsor fascia latagAdd: alductor longus HS: hamstrings VM: vastus medialis, VL: vastus
lateralis, RF: rectus femori, M@astrocnemius medialitG: gastrocnemius laterali$ol: soleus, TA: ibialis

anterior(Extracted from lvanenko el al (2016305]).
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The investigation of the motor control strategies followingearological
lesion is important since it can highlight the control straseigped during
the rehabitation phaseDue to theedundancy of the muscles, thare
manyneuromotor strategiess/ailable tahe nervous system to compensate
for the impaired neuromuscular routgeally, acloser pattern to the original
would optimise the energy cost as it webinvolve the same synergids.
would then provide a movement performance thaisisally similar to the
original and would not be source of lotegm asymmetry in the muscles,
which are sources of pain and deformifi@al]. Also,the use of the same
synergy would b amanifestatiorof theavailability of movement control
adaptability. However, in the case of a damaged motor control system, the
number of synergies nae reduced and, thus, lead to a reduction of

variability in motor control and, consequently, moveimen

Clark et al (2010)285] reported that able bodied participants mostly
required four modules to be able to walk at a-selécted speed (37.5%
needing three, 55%eeding four and 5% needing fivEpststroke

participans (time since stroke =57.8+64.8 months), beer,required less
modules on the paretic leg (45% needing two and 36% needing three
modules)285]. In the case of thearticipants with théowest number of
modulesthe pattern was simple, with a clear actuation and rest sequencing
and no cecontraction occurred b&ten the two modulefaretic legghat
relied on three or four moduldsad more complegontrol pattern and
included cecontractions. The motor contradmplexity of the modules
reflected the locomotor performance of the individual in speed modulation
between selbelected (p=0.0002kast walking speed (p=0.0008), step
length asymmetry (p=0.02ndpropulsive asymmetry (p=0.04). A simpler
module patterms believel toleadto more limitationan walking
performancesA simpler module patterintrinsically reduces th@umberof
alternativedor different muscle recruitment strategibence reducing the
variability of walking

Clark et al. (2010)285] suggests thavhen moduk organisation and the
qualitative amount of muscle actuation is the same betweethathied ad

poststroke participant, the main difference lies in degree to whiclthe
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2.3.2.5.

module actuation is independintontrolled by the nervous systeirhis
impairment of the independent control of the modules after a stroke affects
the complexity of the motor output to the extent that it constrains the motor
output and the resulting biomechanics of the movef2&%]. Clark et al.
(2010)[285] stated that the more complex theomotoroutput is, the better
the walking performances are for people with a striMare skilled walking
performancearereflected in anormalcommunity walkingor peoplewith

gait restriction from stroke

Gizzi et al (2011) observed the muscle activity df-aaute stroke

participants (less than 20 weeks after stroke occurrence) and compared it to
ten ablebodied control$322] to find outif the motor modulesf the stroke
participantsvould compare tohie healthy controls. They found that four
modules were needed displaythe motor control pattern of gait in both
healthy and acutstroke participantghis matches the previously presented
study[285]. The timing of musclactuatiorfor the subacute stroke
participants matched the muscle actuation timings of the-bbtbed
participants. This was expectedthecontrolgrouporiginating from the

CNS. However, it was not possible to obtain an accurate muscle activation
patern for the sukacute participant group whilusing the same motor

module as the contro]822].

EMG decomposition

Thereis alikely correspondencéetween the motor unit action potentials
(MUAPs) and the motor neuron dischaajeservedn the muscle fibres

[323] The cumulative discharge of the motor neurons that innettvate
muscle is called the muséles n e u [323]. The decompmosition of the
EMG signalcan be separadinto individual motor unit (MU) contributions.
To record MU dischargesdwelling EMG electrodes are the equipment of
choiceasthey candirectly sensehe muscldibres[323]. This procedure is
however jnvasive and requissstrict care, even if it is accepted in the
context of clinical pradtes.It is na clinically appropriate to usthis
proceduren certainsituatons such as the observation on children, athletes

ergonomicsandeven some aspects of neurorehabilitatiorobserve the
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motor units properties in morphologies and functiams @heir adjustment to

the contexts of exeras fatigue, paimr over conditiong323].

To overcome thigracticallimitation, the use of surface EMG electrade
allows indirectrecordingof the MU discharges. The surfagMG electrode
sensathe electricahctivity of the group of neighbouring muscle fibthat

are active during the contractiontbe underlyingargeted muscle. The

single fibre action potential (SFAP) is the electrical activity of a single fibre
that ispropagated from the neuromusculargtion andspreads oubwards

the tendons. The further the distance to the tendon is, the more the SFAP
signal is attenuated. One MUA®nNsistf several SFAPs (sddgure

2.11).
\]\-r MUAP
electrode 1 e electrode 2w

SFAP, /& 72—/ SFAP,

- \\\ /// +
SFAP, —/“—w e —/"— SFAP.
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Figure2.11: Representation of the MU fibres belonging to the same motor unit with their corresponding SFAPs,
detected by two different sade electrodes, adding up to form a MUAP (extracted from Hoketter (2016)
[323])

To decompose surface EMG sigsiaito the type of decomposition an
indwelling EMG electrodenight provide a template matching approacén
beused[323]. This processs composed of three stages: 1) the EMG signal
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is segmented into distinguishable waveforms, 2) the MUAP templates are
identified, and 3) the identified MUARseidentified and matched to the
appropriateEMG waveforms (clusteringlJsing this methd, it is possible

to investigate the MU synchronization, the cortimascularcoupling,and

the neural driveFFigure2.12 andFigure2.13 representhedifferent steps of

surface EMG decomposition using the template matching approach.
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Figure2.12: Decomposition of the surface EMG by the templastaming approach in a synthetic EMG channel.
A population ¢ 388 active MU igepresenteth the left panel through simulated30% maximum voluntary
contractonThegey traces i n the rightrepsesedtedinghe Eftsidbd ey thidiA P s
theblack areas circlgcand peeled off from theriginal EMG signal. The bottom traces in the right panels
representhe residual after subtraction thieten MUAP trains(grey signals on the right sidpm the original

EMG signal (source Holobar et al (201823]).
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Figure2.13: Sufface EMG of tibialis anterior musci 70% MVCduring ar isometric contractionf 15 seconds

(in blue

ontheuppergrapp)nd t he sum of MUAP tr ai msdanthepperi yed

graph).Here only one out of the 90 (10 rows x9 columns) acquired EMG chanrmlssentedThe lower graph
displays the discharge patterns ofMBs from surface EMGepresenteéh the upper graph. The vertical bars
representhe MU discharges at a givarstant intime (source Holobar et al (201f323]).

EMG signaldecomposition i& mean®f noninvasive study of motor

from

control strategies. Through EMG signal decomposition it is possible to learn

about the characteristics of the MUs such as their recruitments and de
recruitment, discharge rate, individual conductiefogity and MU
discharge rate (coidient of variability for MU interdischarge interval).

For example, its possible to showowintensive exercise of the muscle has

aneffect on the electrophysiological and the motor control of the motor
units of biceporachii[324]. In thisstudy, it was faind that two hours post
exercise, the mean conduction velocity of the muate decreasedand

the motor unit discharge rate increased in the case of contraction levels of

50% and 75% of the maximum voluntary contrati

EMG decomposition is a pronmig tool, likely to advance understanding of
motor control however itaccuracy is stillebated and the subject of
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investigatiors [323], [325]i [329]. Consequentlyfor now, the results from

EMG decompositions si mulngempretons canbdt |
experimental condition823]. When this limitation of surface EMG

decomposition can be mitiggad by thesimultaneous recording with

indwelling EMG, it takes away the inherent advantages of the usmof n

invasive surface EM@23]. Moreover, while several methods of EMG

decomposition exist, there is no standardised method available to our
knowledg€g[323].

EMG decomposition has found to be of use in strekearchin a

preliminary reportdatedf 2011, two stroke partici |
isometric contraction were recorded and decomp[22]. The comparison

of the paretiside with the contralateral side showed tbatthe paretic side

the mean motor unit firing rate was reddand the range of force

recruitment of the affected side was lesser than the contralaterf33ije
These two phenomena weresasiatedwith theincapacityof the muscle to
actuate the muscle on the paretic side, leading to atypical EMG amplitudes.
While observing the activiy of t hree chronic stroke
abduction, elbow flexion and finger flexioi®31] compared their
decomposition to controlén thestroke group, the firing rate observed on

the paretic side were significantly lower than on the controls. Also, the
modulation of the firing rate was impaired i@ muscles belonging to the
paretic sidg¢331]. In this case the analysis wpserformedn the muscles
independently and not between thg881]. This means that the analysis of a
movement including sevarl mu s c¢ | aaddesealiagchbw tloen relate

to one another was not presented. As complex movements involve the
actuation of several musclégving a methodllowing the analysis of
simultaneousnuscle and observe the coherence of their activatiderpad
desirableMoreover,Miller et al. (2A.4) [331] and Suresh et al. (201[330]
werestudiesperformed on a small sample of participants (3 stroke, 5 control
[331] and 2 strok¢330]), asthese weraised as a preliminary stu31] or
observational studj830]. In both studés,the decrease of firing rate appear

to be characteristic to the paretic mug@l@0], [331] This was also stated in
another study on the observation of the behavid the MU firing after a
stroke[332].
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The EMG signal is investigated tmderstand the underlying control of
movement during different types of exercise and in individuals of different
ages and heath conditigriscluding strokeEMG decomposition presena
means to learn more about the properties of theakidUhow they adapo
different situations. The observation of this variability @& thuscle

recruitment on people who had a stroke during and after rehabilitation would
be valuable information abobibw the body adagpto everyday walking
challenges from the early stages of rehabilitation until the community

reinsertion.

2.3.3. Investigatingmovementvariability
The previouslymentionedstudieson EMG decompositiowere mostlyconducted

using constrainethovemend (e.g.: limb tightly strappedvhile performing voluntary
muscle contraction at varying force ley@B0]). An interesting spect of human
movement howeverjs itsnatural variabity even in the case of the repetition of a
given task(seesection2.3.1.1on redundanc): During everyday alking for

example each step will diffein the angles of thpints, overall posture, foot
positioning and muscle activif$33], [334] It is, thereforenecessaryo have a
deeper look at the effect of muscle activity during a natural movemenig
abseweof constraints n speedsurface etcwhich are often part of movement
studie$ andsee how the motor contredries. It is particularly interesting to be able
to characterise a situation mbrmal walkingmovemensuch as indoors walking in a
familiar environment suchsa domestic housholdor outdoors in a community

setting.

While the study of the motor unit propertipovidesin depth understanding of the
underlying behaviour of the muscle fibresrface EMQGorovides the mearts
inform thevariability of themotor controlsystemusinganalytical toolsmethods

such as the variancatio and occurrence frequency
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2.3.3.1. Variance ratio

The variance rati¢VR) is a method used to compare the envelop of the surface
EMG and give a quantification of the changes of pattern over consecutive muscle
actuation during repetitive movemanyicles. This measure has been found to be
useful for both measuring the variabiljtyesented between data collection sessions
and within muscle activityepetitiong335]i [338].
It reveakdthe variabilitythat isnaturally present in the EMG sign@his parameter
is presented in more details in sectibh.20f this thesis
It was first presented biylershler and Milner (1978335]. They used the VR as a
measure of the repeatabilibyer a given number obbtstepspf lower-limb the
EMG signal who were rectified and averagads].
The mathematic formula of the variance ratio is the follov@ggation(2.1):

B B ® &OdQ p

W'Y n L —
B B ®w wdoQ p

(2.5)

In this formula Xij is the value of the jth EMG envelope element at tinigis the
mean of the average EMG envelope sigénlijs the average of the EMG envelope
values over j cycles at time i, k is the number of points in a cgoten is the
number of cytes

Hwang et al(2003)[336] used the VR tobserve the effect of the use of handrail
during tredmill walking for ople with posstroke hemiparesi®=6, age range:
22-28 years oljl Their results were compared with afbledied participats (n=14

age range: 467 years old, time since stroke: 3 months to 1)yd&e VR was
collected over consecutive steps while shedy participants walked on a treadmill at
a selfselected speed. They found lower VR value for hésip participants whn
walking on a treadmill, using handrail than while walking overgrdatioicthe

tibialis anterior’VR= 0.3509+0.140 overground aimiR=0.1959+0.045 on the
treadmill with handrailsp=0.028for tibialis anteriorof the affected sideOn the
ablebodied participant, treadmill walking with a handrail led to smaller VR values
(better EMG pattern consistenayhile walkingon the treadmilusing the handralil
thanwithout (for the tibialis anterigron the nordominant sideVR= 0.4169+0100

on treadmill without using the handrail, VR=0.1919+0.046 when using the
treadmi |l Ipd&0088andr ai | ;
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Granata et a(2005)[337] used the VR to ad®ve within-session and between
sessiorEMG enveloperariability between childrefin=11, 6.5+2.3 years ojchind

adults participantén=10). They found highe¥R values (more variability) in

childrenin the case ofvithin-sessiorin comparison to adults.

Richards et al(2014)[338] used the VR to compare the EMG variability of

normally developing childre=13, 10.6 £ 1.§ears oldwith children with

cerebral palsyn=18, 10.8 + 2.5 years old}hildren with cerebral palsy presented
significantly higher VR values (p<0.08)r thetibialis anterior and medial
gastrocnemius muscles in comparison to their typically developing controls. The
children with cerebral palsy also presented lower VR than their controls in the
medial hamstrings. The authors posited that this increassiatfion in the muscles
responsible for the ankle movement might make the VR a useful tool for the clinical
assessment of the muscle activity.

This thesis worlintends therefore, to make use of this parameter in consideration of
its potential for clintal asessment of the musaetivity andhelp characterise the
motor control strategy.

2.3.3.2. Occurrence frequency

In a couple of papers, Di Nardo et al (2015 and 2017), looked at the surface EMG
signal analysingthe activatiorpattern and timingf the muscle while preforming
therepetitive activityof walking [339], [340] Theresultingactivation modality
corresponddto the number of times the muscle is active during one gait cycle.
The parametedescriled in these gpes is called the occurrence frequency. It is the
frequencyof musclefiring, quantified by the number of strides in which the muscle
of interest is used in this given activation modalitiie activation modality
corresponds to the number of contractiohserved within a gait cycld-or the
activation modal ity fquationsaslobow megeationr e nce f
(2.6):
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(2.6)

The use of occurrence frequencyeasommendeth the case of the analysis of a
large number of steps (a hundred of strides ané)®40]. In the 2015paperof Di

Nardo et al.the occurrence frequency was calculdtecth the gastrocnemius
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lateralis offour young healthy addtand two children walking freely. The mean
number of steps collect was of 2827 strides. The activation modalitiéhe

number of contractions observed per gait cyaleske of one, two or three
contractions per cycde The intefindividual analysis preented no significant
differences in the onsefffset times and the duration wfuscleactivity of the

muscle of the different modalities. However, the most used muscle modality pattern
appeared to be very variable betnéndividuals. With 16% to 74% ihé¢ case of
the oneactivation modality, from 20% to 45% in the twativation modality and
from 3% to 35% in the case of thraetivation modality. Taking into account these
resultswhich emable hedetecion of differences in muscle recruitment across
corsecutive gait cycleghe occurrence frequency is expected ta bgefultool in

the field of research and clinical studies for physiological and pathological
conditions[340].

The following studyby Di Nardo et al(2017) was performed on 40 healthy able
bodied participants, comprising 20 adults (10 males) and 20 children (A&gm
[339]. The EMG electrodes were attached to the gastrocnemius lateralis, the tibialis
anterior, the rectus femoris and the bicigmoris. Theparticipants walked
barefooted back and forth on a straight 10 m long track. The mean numb&tesf st
collecedwas of 365+134 strides. This time, there were five activation modalities
observed for each muscle. Overall,rthevere three tygs ofactivation: one
activation, tweactivation,and threeactivation seeFigure 2.14for an illustration.
OnFigure 2.14, a representation of the three modalittas be seen fdahe
gastrocnemius latdia of oneadultparticipant. Theadultfemale group presented
significanty higher occurrence frequency for the thesgivation modality
(p=0.0076) and a significantly lower occurrence frequency foraatigation

modality (p=0.0019), in comparison withhe male group. When compared to the
adult group, the children group presshar significantly higher occurrence
frequency in the case of thraetivation modality (p=0.0123). Here again, there was
no correlation between the occurrence frequency and th@ &i¥uation timing nor
with the duration of actuation of the musf389]. This means that the occurrence
frequency is a measure oktimuscle signal variability that could be used to
differentiate ageelatedand genderelated characteristiad the EMG pattern,
independently of the timeelated information.

Since theoccurrence frequency method consists of basic calculation and is

independent of other major tinmelated parameters such as the duration of a
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contraction. Occurrence frequency promises potential in the analysis of both the
healthy and the disabled neuromuscular system and can be used to characterise
motor control strategs by developing a greater understanding of changes to the

neuromuscular syam in patients with neurological conditions.
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Figure2.14: Raw EMG signal of the gastrocnemius lateralis for on participantglorie walking trial,
presenting one activation (GL1), two activations (Ga2Y three activations (GL3) (extracted fr@n
Nardo et al. (2017]839])

It is interesting to note that, when it is expectéthe gastrochemius to be active

during stance phase orj341], [342](see Figure 2.15), the observatioof the raw
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contraction signalst®ws that the occurrence of contractions of the gastrocnemius is
alsopossibleduring the swing phase, in the casetheftwo and threactuations

modalities as visible in the two lower graphs Figure 2.14.
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A deeper understanding of the inherent variability of the muscular syseid
improvethe understanding of the mechanism used by the neuromuscular 8ystem
fine-tune the biomechanical outcomes of walkamgl therefagimprove

rehabilitation interventiong339].

2.4. Summary

In summarythefirst sectionof this review of the literaturpresentecspects bmobility
training, focusing on gait rehabilitation trainingvhile current walking rehabilitation
training methods intentionally train balance and stepping, gait adaptability/variability
seldom trained and measured.

Several means to practice and m@@ gait adaptabilitgxist and were used to measure
walking adaptability for people who had a strok#ost of these methods quaidi gait
adaptabilityby the success rate at performamecific tasksuch aobstacle coursbased

tests, duatasking tets.

The use of treadmills as a valid meahenhaning gait trainingthrough practice intensity
was presented in the following secti®2 Overgroundraining has proven efficacior
improving walking adaptabilitythe viahlity of using treadmills in various modalities in
stroke rehabilitation waisivestigatedn section2.2 Treadmill training is a valid means to
mimic overground walking and thus provides a means to walking while remainingsndoo
The inclusion of immersed virtual realities to provageical flow, perturbationsand sel
pacing to simulate a more normal walkiexperience have the potential to improve the
training of gait adaptability and help patients recover community andoulegipacity

Thethird section presented the theory oftarocontrol and new developments in the
understanding of motor control. The relationship between surface EMG data and motor
controlsuggested the need fits usein investigaing motor control stategy during

rehabilitation exercise performance. The usa simple parameter such as the occurrence
frequencyhas potential to provide a quantitative measure of the motor control variability and
fill the knowledge gap on the characteristics of walkihglide-bodied people and people

with stroke.

It appearsrom the literature that treadmill training offers a way forward to create the

intensity of rehabilitation the guidelimecommendsind that the inclusion of immersed
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virtual realties and selpachng function may overcome the predictable nature of tramwitio
treadmill that, while improving general fithess, do not enable taegeisition of complex
variablewalking skills suitable for community walking.

However, before these new technologies ajubtified as a training modality the motor
control shouldbe compared with overground walking using some of the new analytical tools
for interpreting EMG signals, iparticular variaility which, as Bernstein stated asritical,

inherent characterigtiof normal repetitive movement

The aim of this thesiis to monitor the lowetimb muscle activity of adult&blebodied and
who had a stroke) while walking on a treadmill (on fixed pace anghaeH) and overground
(indoors and outdoors) to analytbeir variability, using the variance ratio and the

occurrance frequency.

The objective is to compare s@lhice treadmill walking to community walking and thus
observe whether thauscle activitypehaviour which reflects the underlying motor control,
is similar between thdifferentwalking situationsand thus determine which treadmill
walking mode provides the closest experience to community walking

The hypothesis ithat he use of a selbaced treadmillinked with a virtual walking
environment willcreate a walking experiendaat produces a motor output (muscle
activation patternin healthy controls and stroke survivansitis more similar to

(statistically significantpverground walking than traditionfiked pacereadmill walking.
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Chapter 3

3.Description ofhwEl ectromyogr ap

This chapter willdefinethe key principles of electromyograpliyghlighting the issues

relating to data collection processes, signal processing and interpretation. This description is
to provide the background for the apach undertaken to measuratiges of motor control.
Particular attention will be given to signal interpretation, highlighting those areas which
continueto bedebated

3.1. Musclesphysiology and structure

3.1.1. Skeletal muscle anatomy
The skeletal muscles areraposed of a group of muscle fibres attached together by a

connective tissue called perimysium which forms muscles fascicles. The muscle fibres can
then be subdivided into groups of myofibrils which are themselves composed of an

aggregation ofhe elementarmuscle unit, thearcomereswvhich areattachedn series

3.1.1.1. Sarcomere

The sarcomere is composed of a superimposition of protein filaments of myosin,
a filament charged with negative charges and actin, a thinner type of filamen
with two negative chargesircling around one anoth841], [343]. Because,

both the nyosin and actin filament are negatively charged, at the rested state
they oppose one another and lay next to one another. Once a contgaction
stimulated the motor neuron releases an electric charge that leads to the release
of calcium ions through theascomere transversally, through transverse tubules
[343]. Because the calcium ions are positively charged, they attract the actin
filaments. Because of the positive charge present on the actmytsin is then
attracted to the actin. The filamermpull together towards the centre of the

sarcomere, causing the sarcomere to sh@semigure3.1).
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Figure 3.1: Interaction of actin and myosin filament during the contraction and relaxation of a muscle sarcomere

The myosin filaments have their tails attached to the thick filament inside the
sarcomere. The myosin heads contains an ATPase, whiclemnzame that
catalyses the chemical reaction of adenosine triphosphate (ATP) and allows the
conversion of the energy of adenosine triphosphate (ATP) into mechanical
energy[344]. The mechanical energy in store is reléagsken themyosin head
attaches to th€a++activated actirfibres. The crossbridge, which is the

attached heagbulls the actin filaments in, creating an overlap of myosin and
actin filament and shortens the muscle fif344]. This longitudinal sliding

motion takes about 0.6prafter what the crosslgrie 6 s s tieveglandit i s r e |
detaches to get +attached at another biding sjg4].

The muscle fibres are distributed under 3 main categories based on their ability
to contract quickly and their sensitivity to fatigiad 3].

Fasttwitch, fatigue resistant muscles are classified as Type I. Their appearance
is pale.
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Fasttwitch fatigable muscles are classified as Type Il. They need less than 35 m
to contract or complete polarization and deparisation cycle. They can tigh

more than 25 times in a second and can operate at a frequency comprised
between 30 and 50 Hz. Their appearance is whitish.

Slowtwitch muscles need more than 35 ms to polarise and depolarise.drhey ¢
twitch less than 25ries in a second at a frequency of around 10 and 20 Hz.

Their appearance is reddish.

3.1.1.2. Motor units

A motor unit (MU) is composed of a group of muscle fitagdthe motor
neuron thaexcites them, and the motor nerve cell foundha spinal cord
connected tohis muscle grougseeFigure3.2). To create movement, it is
necessary to recruit severaldd or to increase the firing fgeency of the MU in
order to observe more than a simple muscle twWidh)].

Neurons

- Motor unit 1
- Motor unit 2
- Motor unit 3

Motor Nerve
Muscle fibres

Figure 3.2: Motoru n i modeb
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3.1.1.3. Tendon

The tendons provide the musEattachment to the bortbeyare mainly
composed ofype lcollagenwith some elastin and have viscoelastic properties
[341].

. Muscle belly

-

e = ol )

~~._ Tendons __—/

Figure 3.3: Quadriceps muscle composed of mufiblee and tendons at its extren@s. Adaptedfrom Mokaya et
al. (2013)345]
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3.1.1.4. Functional potential of a muscle

The morphology of the muscle and its structure has repercassiaiie amount

of force it can produce. The functional potential of the muscle deperttie on

muscl ebds si ze. TdedaionprhayRCSA),Imeaslred a | Cross
perpendicularly to the musclesd fibres
capability ofthe muscld341] (seeFigure3.4). When maximal contraction

occurs, it reflects the muscle fibrescetan to this stimulation, thus the PCSA

di splays the musclebébs maxi mal force pot

Figure 3.4: Muscle's physiological CrosSection Are (PCSA) extracted from Ohta et al (20346]

The muscle fibreds |l ength fixes the max
muscle. The longea muscle, the more sarcomeres it contains. If there are more
sarcomeres, they doné6t neeeabsatyeclogdgyhor t en
and therefore less force is lost in the ac{i4il]. One of the shortest leg

muscl ebds fi br es (seeFgurd3db)uatated atthe hadkef s ol eus
the lower leg between the ankle and the shank, withgiHearound 20mm.
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Figure 3.5: Soleus muscle EMG placementgoge cross) according the SENIAM metffi@4¥]

The muscle fibres of the sartori(seeFigure 3.6), located at the front of the
upper leg attached between the proximal knee joint and the anterior superior

iliac spine, with a length of around 455mwhich makes it the longest leg
muscle[341].
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Psoas minor |

lliacus
Anterior superior
iliac spine
Gluteus medius
Tensor fasciae
latae

— lliopsoas

Psoas major

Pectineus

Adductor longus

Adductor magnus
Gracilis

lliotibial tract—\ Sartorius

Rectus femoris

Vastus lateralis Vastus medialis

Figure36: Sartorius muscle |l ocation extedtancf3d&d from Mosbhb

The longer the muscle fibre the faster the joint moverj3ti].
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3.1.1.5. Muscle contraction modes

The word Acontractiono originally means
[349]. Contractions canebdivided in three different categories or mofBzkl].

Isometric contraction is a contraction that occurs without any limb motion and

zero catraction velocity. In this case, the tension and the energy are fluctuating.

The muscle can therefore generate force, butthe muscle trgth s n 6t c hange
no movement is involvede@. when pushingonmreo bj ect t hat canb6t |
[350].

A concentric contraction occurs when a movement is initiated. The muscle force

is greater than the resistance to motion. Durmg)tlype ofcontractionthetwo

ends ofthe muscles pull towards one another, leading to joint movement.

Eccentrc contraction occurs when the resistance is gresaethe force exerted

by the muscle, at a consequence the muscles ends move away éramotmer,

it lengthenswhile tension is developed within the mug@g0].

3.1.1.6. Motor neurons

The actuation of the musclensadepossible with the nervous systewith the
exception of reflexelated actuations (e.g. tap on patellar tendon resulting in
knee extension and quadriceps contracti®f})]. The motor neurons are

locatedin theanterior horn of thepinal cord or part of the brain stes

illustrated inFigure 3.7. They reeivedescendingnputsfrom the brain through

the corticospinal tractdach motor neuron possesses néibres called axons.

The axons spread out of the spinal cord to reach the muscle fibres to which the
motor neuron transmits the action potertd&2]. A group of motor neurons
participating to the actuation of one muscle are called a motor nucleus. The
motor nucleus is gathered [gitudinally on consecutive segments of the spinal

cord.
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Motor neurons
Right  Left

Spinal
cord

Muscle fibers

Figure3.7: A population of motounits (motor unit pool), located in the spinal cord controls the muscle force.
Each motor unit innervates anumbéromu sreke (mbhbscl e uni t)[352Modi yed fron

The motor neuron has branches with synaptic contacts able to receive and transmit electrical

currents and thefere generate action potentigB52].
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3.2. Electromyography

3.2.1.1. The origin of muscle activation and its transmission

To initiate amusclecontragion, the brain must first generate @stion potential

Thisis a change in the electrical potentaddich is transmitted along the

corticatspinal tracts to the anterior horn of the spinal cord where it synapses

with motor neuros. (seeFigure 3.7). Eventually, it takearound250ms[353],

[354]t o reach the place werdeewineérrov ea nadnd smucs

the neuromuscular junctiqseeFigure3.8).

— Motor neuron

- ~
-
= R

Figure 3.8: The difference of electrical poteatfrom the motor neuron to the neuromuscular junctiértracted
from Boncompagni (2012355]

At this point, a neurotransmitter calladetylcholinds released to journey

across thgunctionand activatevith receptors attached to the membrandef t
muscle fibre. Consequently, the membrane depolarizes, feetransverse

tubular systm transmits the action potential across the muscle fibre. As the
action potential spreads, a signal spread to the release of calcium, necessary to
create the differgce of potential necessary to the muscle contractedar(to
Sarcomersection3.1.1.9.
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3.2.1.2. EMG instrumentation

Since surface EMG electrode will bsed in this thesis, the instrumdida
relating to surface EMG will be succinctly introduced here.

Due to the small amplitude of the electrical signal generated by the muscle (in
the order of the microvolt (uY)to obtainrecordable signal it is necesgato

have an instrumentation tharcamplify this signal. Such a small signalemh
amplifiedis likely tobe polluted by other electromagnetic signals belonging to
the testing environmeiats well as the body (e.g. EEG and EC@Jerred as
noise[343]. To reduce the impact of this noise the surface EMG electrode is
composed of a differential amplifier. The role of the differential amplifier is to
amply the difference between the two input siga&iss terminals and cancel
any volege that is common to the two input signals, called coramaoae
signal[356] (seeFigure 3.9).

Figure3.9: Simplified representation of the surface EMG data collection instrumentatiblue the EMG
electrodein red the muscle.

The first obstacle to the unaltered transmission of the raw muscle signal is the
body tissues present between the electrodes and the muscle motor units. The
electrodes are applied on the skin, from which tleeprd the electrical signal

from the motor units. The motor units that are the closest to the electrodes are
the greater contributotso t he col |l ected signal . The ¢
motor units varies from one person to another due to the peeséfat and

body tissues which absorb part of the signal. It is therefore expected to observe
higher amplitude of EMG signal on a panswith lower body fat in comparison
with a person with a thicker under skin fat laj@#t3].

The skin is also a barrier to the transmission of the EMG signal. Its state,
namely, its moisture, theresence of dead skins or of oily layer, results in a
change of resistance to the transfer of the electrical currdlet] @apedance. It

is therefore recommended practice to ensure that the skin impedance is as low as
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possiblel343]. To achieve low impedance, the skin is prepared, usually using

abrasive paper arfdllowed by a cleaning with alcohol pads. In some sasty

a vigorous rubbing with alcohol wipes is md@d3], [357]

The surfaceamplifier used on the surface EMG electrodes tend to be sensitive to
impedance imbalance. Impedance imbalance can adeem one of the

electrode is in contact with a hairy patch of skin while the other in on-dréair

areaor, ifoneofthe electrodel o es no't share good cont act
[343]. To avad this type of errors, it is recommended to ensure that the area

intended for EMG data collection is hairless and that the electavddgmly

attached to the skin of the person.

EMG electrodes are composed of a comisdeanaterial usually silver, golor in

some cases nickel or even mix for example silver chloride (A828)]. To

improve the conduction and in case the EMG electrode is placed on a sensitive

skin area, it is possible to use etedis coated with hydrogel. Since the

property of this hydrogel matches the s
to use with naisk of damaging the skin.

To improve the EMG data collection outcome, the location of the electrode has

to beappropride, di st ant from the tendonds bone
oriented parallel to the muscle fibres directinithout overlapping withthe

location of another muscle. There are precise directive for surface EMG

electrode placements and procedure desiggate Surface Electromyography

for the Nonlnvasive Assessment of Muscles (SENIANA7].
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3.2.1.3. EMG Signal processing

EMG signal processing is netandardied and subjedb multiple variations in

the literature according to the authors choice and the information they want to
extract An example of common EMG data processing sst@ding from the

raw EMG signabre pesented ifrigure3.10and commenteth Table3.1 non
exhaustively Some data processing protocols wik useall of these steps,
accordng to the need of the researcle.(no normalisation of EMG in casf a
study looking at EMG signal amplituder, no smoothing needéal the case of

spectral analysis of the sighal

Raw EMG
1. Normalised "M —ﬂ“’“
EMG L )
/ 2. Filtering W ~———i—
Interchangeable order
3. Rectification M ﬂ'H d -
4. Smoothing | i _ﬂyl

5. Envelope j\n‘l iy r’lL

extraction

Figure 3.10: Example of EMG data processing flow.aetied from Altimari et al. (2014858]
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Steps Methods
1. Normalized EMG Normalisation to the Maximal
amplitude of the signgB59], [360]
peak(peak dynamic method) the
mean(mean dynamic methoay
EMG signal[358], [361) [363]
during the movementhe peak
dynamic ad mean dynamic
normalisation methods have showr
to be better at reducingter-
individual variations[363], [364].

2. Filtering Low pass filtering (i.e. Butterworth
filter with given cut off frequency
6Hz [350], 5Hz[365]), Band pass
filtre (5Hz to 500HZ4366], 20Hz to
500Hz[367], [368)

3. Rectification Half wave ¢ejectall negative values
or full wave (all negative Jaes
turned positive) rectification

4. Smoothing Smoothing by filtering (i.e.
Butterworth[359], Kalman filter
[369], ¢é)

5. Envelope extraction Hilbert transform369], Mean

square Errof370], Waveform[371],
RMS[372]i [375]
Table3.1: Diverse methosl of data processing

3.2.1.4. Timing muscle activation

The contraction timing or duratiaorrespondto the time partitioned by the

onset of the muscle activity and its cessation. This information can be deduced
from the raw EMG through visual observation or through computerized analysis
[341] using threshold detection algorithms

Several thresholdetectionmethods existMost methodsdepend on the use of a
reference value, such as a maximum contraction or a baseline restiramdtate

use this reference value to determine on and off times with statistical techniques.

One of the rostreferred tds the double threshold meth{&76]i [380]. The first

step of this method is to measure the mean and the standard deviation of the
EMG s i g n a lnéissamplitudeeomingifrem the rested musclerom

this, the first threshold criterion is extracted. The EMG amplitude must be above

either 95%, 99% of theoofidence interval or even greater if the baseline level
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of activity is important. Some paggecommend two or three standard
deviations above the mean baseline noise
1000 ms
—

5SD Let

| |
' | ! l , | |

Ext. Oblique

S———

4
Baseline noise

Figure 3.11: Repeated contractions tife Left Exernal Oblique. The horizontal lines represent thst&ndard
deviatiors (SD) (orange) and 5SD (green) thresholds from the mean baseline noise of muscle activity. Adapted
from Allison (2003]381]

With these methods, the muscle is considered contracted if the amplitude of the
EMG signal goes beyond a specific threshold which can be 3 stiasheldatiors
[381]i [383] or 2 standard deviatiofi884] from the mean baseline noise
amplitude or a percentage of the maximum value of the §i§83]. It can also
go beyond 3 standard deviations as presentg@b8], [381] who used 4 and 5
standard deviation thresholds tddlison (200) [381] looked for the optimal
threshold value to detect the contraction of trunk musclesanhoften
subjected to EC@nducednoise.Morey-Klasping et al. (2004859] compared
different EMG onset methods the filtered EMG ofower limb musclesA
higher threshold value Ida to less false EMG onset detection however it
induces a time delay in the detection of the muscle contradiay. cocluded
that the measure of onset adowas not sufficient to describe EMG on859].

In some cases double threshold method is used, takirig account not only

the amplitude of the signal but also how long it is above its amplitude threshold
[343], [376], [386] Fram this method two type of errors can emerge. Type |
correspondto the detection of the muscle contraction before it occurs. Type Il
corresponds to the detection of the muscle contraafien it occurs. The

second threshold is used to correct the Tygredr effect.

The second threshotiteriais that the EMG signal that goes above the first
threshold value should also stay above it for a critical time pegod (tis

critical timeperiod can vary between 10 and 50ms, according to the EMG

s i g n aselidesactivity level387]. Other more complex methods exist relying
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for example on fuzzgntropy[388], wavelet transfornid380] or other adaptative
algorithms[367], [389]

The magnitud of the muscle EMG signalislated to théocation of the
electroak according to the motor units (MU) of the muscle as well as the strength

of the muscle actiof841].

3.2.1.5. The interpretation of the EMG signal

The area under the EMG linear envelope is obtHay integrathg the area

under the curvgd87], [390]. The measure of the area under the EMG envelope
is consideed to be a measure of muscle activity or the energy of the muscle
signal during a given time peri¢887]. The area has been used to measure the
muscle energy in sevénaaperqd337], [343], [391] The integration under the
EMG curve is the also referred as IEM&&eFigure3.12).

ik W Bl RectifiedEma

pN J\'*\___ﬁ", ™ Linear envelop

o M M W integrated EMG

Figure 3.12 Repesentation of integrated EM( orange circle)as the integration of the linear envelope of the
rectified EMG signal. Adapted from Clarys et &010)[392]

The slope of the linear envelope of the EMG signal is used to quahéhges
in neuromotor control when the main characteristics of the muscle remain the

same through the experimdB87]. To measure the slope, the onset of the EMG
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sigral is first selected and then a short integration interval is seleetg80ms)

so that a line is fitted to the enveld387].
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Figure 3.13: Slopes on EMG envelope signiktracted fromKutilek et al.(2012)[393]

Kutilek et al. (2012]393] used the slope of the rectified EMG enveltpe

determine the velocity of the joint rotationafobotic armThe steeper the

slope, the higher the muscle contraction raf898]. The magnitude of the

sl ope i s an i ndidgctomandangularfvelotith & rofatimi nt 6 s

[393].

EMG amplitude is used as éndirectmeasure of the force produced during the
movement. The EMG amplitude dependent othemo t or u n i, dizé s
and firing ratg365] therefore lhe higher the amplitude the higher the foiidee
amplitude of the signal will be dependent of EMG placement which implies
that quality of the signal i's dieipendent
can have repercussion in the case of stutbagprising multiple participants of

different gender and body types making the electrode pladen@e or less

numbe

challenging according to the investigators experi¢86B]. Also, in the case of
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multiple sesion recording, it might be subject to ing&ssion error aswtould

require precise and consistent electrode placef865t.

The EMG envelop is thinearrepresentation of the EMG amplitude variation.
It provides a representation of tbieanges of amplitude the signal. The EMG
amplitude being dependent of timascle motor unit firing rate, size and roen,
the EMG envelogan be used in the context of the investigation of the motor
control strategy or the muscle neuromotor corf86#]. In their paper, Bojanic

et al. (2011]364] compared the mmalised EMG pattern of children with
cerebral palsy to a control groups gait pattern sighlawer limb muscles

during walking.As can be observed ifrigure3.14, a child with cerebral palsy
will have different muscle recruitment pattern, which reflect a different muscle
recruitment strategy.

A m. tibialis anterior m. gastrocnemius

swing stance swing stance

12 1 12

=3 =3
o @ -

normalized amplitude

o
-
normalized ampltude

=]
N

0

: i i H : i i H : i H H H i L i H
0 10 20 0 40 50 60 70 8 0 100 0 10 20 20 40 0 60 70 a0 0 10
gait cycle (%] gait cycle [%)

Figure 3.14: Comparson of the EMG envelope of a child with cerebral palsy (dashed curve) with the mean EMG
envelopeof a control group (continuous black curve) and standard deviation (grey shade) on twdirolve
muscles. Left: Tibialis anterior, Right: Gastrocnemius. Eotied from Bojanic et al. (201{364].

Muscle fatigue isnanifested by #ong lastingdecreasef the ability toapply
force and contract the muse¢B94]. Muscle fatigue leads to an increase of
recruitment of the muscle matanitsand slower conduction velocifg94]. It is
noticeable in the EMG time domain Hgcreasedorceanplitudeovertime and
in the frequency domaifapplication of Fast Fourier Transfof863]) by an
decrease of high frequencies andiacrease of low frequenes[363], [394]
(seeFigure3.15).
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Figure 3.15: Effects of fatigue on the EMG signal. Toptime domaindecrease of the force during the
maximum voluntary contraction (MVC) tbfe first dorsal interosses muscleBottom:In frequency domain,
spectral representationfanuscle signal nofatigued (a)and fatigued (b). Extraetdfrom Burden (2008}353]

The definition of muscle fatigue threshold is difficult because of the-inter
individual differences imuscle characteristicas they depend on age, gender,
and othewariable such as caffein consutiop or health habits such as
smocking[394].

While different methods are availablert@asurdatigue from the surface EMG
signal, AFMulla et al. (2011]394] noted that the the is a transition state
between notatigued and fatigued muscad that it should be taken ant
consideration too.
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3.2.1.6.

Measuring muscle variability is a means of monitoring how much the muscle
recruitment strategy changes over the multiple repetitiorgofean movement.

It can be an indicator of changes of muscle litment strategyand documeist
intra-individual variability ofthe neuromotor control.

The shape of the EMG envelope and its chaongestime can be used to
understanaheuromotor contrdi387]. The intraindividual variability of the

EMG envelope can be quantifieding the variance ratio (VR)'he VR is first
presented in this thesis in Chapter 2, Seci8rB8.1. Variance ratiolhe
mathematical description of this tool is presenteghore detailn Chapted
Section4.5.2 TheVR is one of the tools used to quantify the similarities of
EMG signalq335], [395], [396] The VR allowgshe comparison afeveral
consecutive muscle signals and gives a measure of the variabilig/otttle
activity for this given repeated task. The smaller value of the VR the smaller the
variability is. Jacobson et al. (1995) proposed to place a thokeh®lR=0.4 as
arepeatability limit when used on abbedied subjectg397]. This implies that a
V R Qi§an idication of small to normal variability.

EMG crosstalk

The phenomenoaf crosstalk occuis when the signal detected by the surface
EMG electrode is not generatexlclusivelyby thetargeedmuscle buts
contaminated by the awical activityof a nearbymuscle[350], [398] [400].
Crosstalk can beasignificant source of error during the analysis of EMG
signalsand lead to misinterpretation of thetivity timing of the target muscle
[400]. It occurs during surface EMG recording whbrsensois detection point
is at a distance allowing the detection of the common order of magnitude from
different muscle$398]. When the potential disapars whemeaching the
tendonsit generates fafield signals that are recorded by the sensors with the
targeted muscles da@00]. Crosstalk is affected by factors such as the
subcutaneous fat layer and the irgézctrode distanc@00]. Farina et al. (2002)
[401] concluded that crogslk originates from nospropagated electrical
potental comingfrom muscles nearby the target mus@leey also noticed that
thesignal characteristiogspectral frequencd02], amplitudg400]) of the

targeted mude is different from theignal charateristicsof the crosdalk
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3.2.1.7.

signal.They concludeds wellthat the effectof crossal k candt be
simply by highpass filtering the EMG sign§s98], [400]

Other sources of nose

The noise observed at the outputtad instrumentation amplifier is the result of
the combination of the noise from the electrs#lan contact and the current and

voltage noises present at the input of the ampli{i68].

Motion artefacts

Motion artefacts are the results of the temporary loss of contact between the
EMG el ectr ode amlemoving@87Jufsreducédsquabtykof n  w
contact is responsible for the presence of low frequency noise. As the
frequencies of moticnelated noise is usually comprised between 1 and 10 Hz, it
can be eliminated by higpass filtering350], [399]

Powetline interference

Powerline interference is the noise originating from the radiations of
surrounding power sources. It is particularly noticeable at the frequency of 60 or
50 Hz. One way to eliminate thisise is notcHiltering [350], [399] The notch

filter actsas a noise canceller of the specified frequency.

ECG Artefacts

In case othecollection of EMG signal on the shoulder area, it is possitae

the electrical activity of the heart interferes with sueface EMG signal. The

ECG artefactébés frequencies ,onthetruhkap t
muscles. To eliminate EC&tefacts, a 100 Hz highass filter is efficienf399].

In his paper, Allison (2003) used a highss filter of 80 HZ381].
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3.2.1.8. EMG Signal filtering

Internal noise originates from the intrinsic physiological, chemical and
anatomical properties of the bofB99]. The fact that thee is a certain amount

of muscle fibre, where they are located, their depth and the amount of tissue
present between the targetedsule fibres and the electrode havdnfluence

on the EMG signal collected. In fact, when the layer of tissues between the
EMG electrode and the muscle fibres is laytfee amplitude of the EMG signal

is smallef399], [404]. Consequently, for the recording of the same muscle and
the sameype of exercise, people with a thicker layer of subcutaneous fat will
display EMG signals of smaller amplitude. @may to redue some of the effect

of internal noise is the use of higlass filterd399].

The amplitude of EMG signa quasirandom While during a repated

movement the mean amplitude can remain the same the signal appears random

due to the firing rate of the muscle urjd495].

1 T
measured sigmal
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Figure 3.16: Bicep muscle EM@ectified signalduring contraction (signal in black) and its filtered version
(signal in red). Extacted from Gradolewski et al. (201506]

Its signal is unstable in the frequency spectrum comprised between 0 and 20 Hz.
The reason for these instabilities is
unstable fequencies can be removed using a 20 Hz-pags filte{350], [399]

Using this high pass filter value contributes to eliminate the motion artefact at

the same time (see secti®rR.1.7)
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3.2.1.9. EMG smoothing

EMG smoothing is digital processhat attenuatethe randomness of the signal
variation of amplituddinked to noise and the nature of EMG sigfi9],
[407],[4081 The EMG signal s overall shape ¢
the signal when its magnitude isidied and compared through statistical
analysisand ease the extraction of features of intdreapplications such as
bionic limbs and othdd07]i [410]. It is possible to smooth the EMG sigina
using lowpass filterind411]. The RootMeanSquare (RMS) of the EMG was
found to be a good estimataofrthe EMG signal amjtude and provide a
smoother signal ggearance to the sign@12]. De Luca et al. (2010413]
recommends lovpass frequency comprisedtween the values of 400 to 450

Hz and used 450 Hz in their pap&halyanet al. 202(0409] used a Gaussian
filter which has similar property to the low pass filter. The Gaussian filteiskeep
the high frequency components while reducing the distortions of the signal
[409].

3.3.  Summary

In this chapter, the musdmatomyand the origin of the electromyographic signal
were first presatedto understand the underlying physiological mechanism
contributing to the generation of the EMG signal.

The EMG signal, its characteristics, instrumeantatprocessingand interpretations
were therpresentedand the controversies highlighted

The ewelope of the EMG signal is the reflection of the underlying motari t 6 s
activity and thus, is ameans to retrievimdications on motor control strategies.

This technique enables researchers to study the motor control involved in movements
like gait. Though this understandinthe recovery of movement can be better
supported throughehabilitationtrainingas it can informs on the variability of the
motor ontrol strategy during overground or treadmill walking, be it on a fixed pace

treadmill or on a sélpaced treadmill.
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Chapit er

4.Vari ability offlumumgke attavipt
wal king situations (overgrou

pace amacee) heal thy adults

This chaptemwill present thdirst study of this thesisTheaimwas tocadlect and compare

the muscle activitgharacteristics, using the techmés described in chapterdring

overground and treadmill (fixed and spkiced walking, to test the hypothesis that self

paced treadmill walking is @oser analogue to overgrounalking than traditionalfixed-

pace treadmilland therefore provides a better training environment for the recovery of
walking function in people with impairments resulting from stroke. The study also served as
a pilot to test the data collection anthlysis processes in preparation for the subsequent
study which recruité peoplewith gait impaired by the effects of a stroke. The methods and

findings will be presented and discussed in the context of existing literature.

4.1. Aim and objectives

The aim of his study is to test whether the use sk#pacel treadmill provides a closer
analogue to overground walkifmg terms of motor controthan a traditional fixeghace

treadmill,by measuringhe muscular activity of the lower limbs.

The objetives for his preliminary study were:
1. Recordand procesthe EMGsignals fromselected lower limb musd®ver
multiple gait cyclesn healthy adults walking overground, on a treadmill that is self

pacing and on a treadmill with a fixed pace
2. Recordand process th lower limbjoint kinematicsof healthy adults during multiple
gait cycles walking overground, on a treadmill that is-pafing and on a treadmill

with a fixed pace.

3. Statisticallycompare the muscular and the kinematgnals across théree

different walking condtions
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4. Statistically test the hypothesis that walking on agatfed treadmill is a closer

analogue to overground walking than fixed pace treadmill walking in healtliisa

4.2. Ethics and patrticipants
The participants were recruited fronethtaff and student population of the University of
Strathclyde. The age ranged from 19 to 56 years old, wdlggtween 59.5 kgnd118.0 kg
and comprised six male and five female ggrants (se@able4.1 for details). Prior to
participation, each participamtas checked by the researcher against the inclusion and

exclusion criteria listed as folvs:

Exclusion criteria
T No known musculoskeletal, neurologicat sensory deficit.
1 No history of motion sickness,
1 Not known tobepregnant,
1 Under the age of 18,
1

skin.

The inclusion criteria were
1 Able bodied,
1 Unimpaired sightwith or without visual aid,
1 Weight under 135 kg
1 Able to walkindependently without use of aidg a seHdetermined pace for

approximatelyl0 minutes

All participansread an informatiosheetbefore being invited tsign a consent fornThe
study was approved by the ethics committee of the Biomedical Engineeringrbempianf
the University of StrathclyderéferenceDEC/BioMed/2016/79seeconsent formn Annex
D).
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Participants Gender Age Height (m) Weight (kg)
number
1 M 28 1.69 65.7
2 F 24 1.61 63.8
3 F 19 1.69 71.2
4 M 56 1.71 632
5 M 28 1.85 66.1
6 F 24 1.66 58.8
7 M 26 1.76 68.0
8 M 30 1.68 78.0
9 M 25 1.85 118.0
10 F 19 1.72 59.5
11 M 30 1.85 83.4
Mean 28.1 1.73 72.3

Table4.1: Participants information

4.3. Design of the study

This was arobservational study comparing the muscle activity of the lower limb muscles
during different walking conditions (overground, sg¢iced treadmill and fixepace
treadmill) of ablebodied adults.

4.4. Material and equipment

4.4.1. Equipment
The electricahctivity of the muscles ascollected using Wireless EMG surface electrodes
(Delsys Trigno, Boston, USAThe kinematic data were recorded via VICON Nefvison,
Oxford, UK)in two differentlaboratoris. Inlaboratoryone,the overground walkipdata
were cdlected.Themotion capture systein this laboratorycomprisedL2 Viconcameradl-
Series motion capture system (Vicon MX Giganet, Oxford Metrics Ltd., Midjst static
precision25 pum; max dynamic error 0.3863n{#14]) alsoused innumerousther studies
[415]i [420]. Two type of FSeries Vicon cameras were used. Thé0camerasvhich have
a resolution of 16 megapixel (4704 455)with 120 frames per secondsd T40cameras
which have a resolution of 4 megapixel (2336 x 1A2RBh 515 frames per secondi the
secondaboratory thetreadmill walkswere collectedThe treadmill used wazart ofthe
ComputerAssistedrehabiltation Environment{(CAREN) system Kotekforce Link,

Amsterdam, the Netherlandsktalled in the Biomedical Engineering Department, the
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embedded treadmill somposed of a dual belfforward speed up to 7 m/s, back ward speed
up to-3 m/s and acceleratiarp to 15 m/s2ith two integrated force plate$he treadmill
had selfpacing capacity and w&mbeddean the CARENMotion baseallowing 6degrees
of freedom.The motion capture syem comprisag 12 infra-red Vicon Bonitacameras (Vicon
Motion Systems Ld., Oxford, UK)(max single dynamic error 1.68m@R1]) alsoused in
numerous other studi§$22]i [424]. The Vicon Bonita cameras have a resolution of 1
megapixel (1024 x 1024) with 250 frames per secoflds.treadmill walking exp@&nce
was enhanced using virtuaality environmen(VE) displayed on a 180° screéeeFigure
4.1). The visuaVE display wagrojectedon the screen armbntrolledvia Motekd B-Flow
software. The CAREN system has been used in several gait study researcolgd25]i
[431].

Figure 4.1: Motek CAREN plateform
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4.4.2. Data collection process

4.4.2.1. Anthropometric measurements and
marker/sensor placement

The anthropometric measurements of each participantreeoeded first They included the
pa t i ci pghatweighs ledhlemgth, knee width, ankle width and pelvis width. These
parametergnablel the creaton of a computer modedf eachparticipantand the calculation
of joint angle The model usedas the weHestablishedPlug-In-Gait (PIG) nodel[109],
[415], [422], [432], [433] The RG modelis a biomechawal body modethat requirethe
accurate placement of markers on body landm@g], [434] For an accuratapplication
the PIGmodemar ker 6s placement is determined by th
landmarkg434]. Training and &perienceareneeded for good inteassessor reliability
[434]. Following the anthropoetric measurements, tHe retrareflective markers were
attached according to thestructions for thePlugIn-Gait model $eeFigure4.2 andFigure
4.3). The PIG kinemdic data were recordeat a 100Hz frequencoyia VICON Nexus

RTHI - Right Thigh
RKNE ~ Right Knee

RTIB - Right Tibia + LASI - Left Anterior Superior lliac

« RASI - Right Anterior Superior lliac

RANK - Right Ankle
RTOE - Right Toe

Figure 4.2: Lower limb Plugin-Gait model markers placement frontal view (extracted from VI©@Gike
documentationj435]
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LTHI - Left Thigh
LKNE - Left Knee

LTIB — Left Tibia
LANK - Left Ankle « RPSI - Right Posterior Superior lliac

LHEE - Left Heel » LPSI - Left Posterior Superior lliac
or
SACR ~ Sacral

Figure 4.3: Lower limb Plugin-Gait model mar&rs placement posterior view (extracted from VICON online

documentationj435]

The EMG electrodes were attached to the &g making sure that the area was free of
hair, which required shaving in some casesl cleansed with an alcohol p&direless

EMG surface electrodes (Delsys Trigmoston, USA were applied on the hamstrings
(biceps femari), quadriceps (vastus lalisjagastrocnemius (lateral gastrocnemius), tibialis
anterior, and soleus on both legs of each partici{s@efFigure 4.4). The surface EMG
placement wasarried out with referende thefatlas for electrode placeméritom

Criswell and Cram (2011[B43], which adheres tohe SENIAM approvednethod[347] for
electrodeplacementThe EMG signal were recorded at a frequency of 2HHe. digital

procesing of the EMG and kinematic signals are discussed later (sdcfidh

4.4.3. The movement task including speed variation

Each participant was asked to walk at three diffessitselectedspeedsiuring each of the
three walkconditions One corresporatito their usual comfortable gait speed, then a fast
gait speeddescribedas thespeed they would adopt whaimninglateto catch a bus and
finally a slow walk speed, referrédas a slovstroll around gpark. Each of these wer
performed overgroundver approximately 10 meters straigint a flat, well lit, surface free
of obstaclesthen on the treadmill at fixed speed and finally ongatfed mode. For each
participant each of the selected speempleted fouritnes to colletsufficient data to create
a statistical mean and variatiorhe overground data were recorded from gait initiation.
Treadmill data were recorded from gait initiation and from approximately 20 to 30
subsequerdteps after git initiation.
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inguinal ligament

uleus maximus

-Adductor magnus

Biceps Femori
liotibial tract
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oemiendinosus

Q

Gluteus medius
llopsoas
Tensor fascia lata Pecihos
Adductor longus
+—Gracilis
Rectus femoris
\ Sartonus
Vastus lateralis
Vastus medialis
Quadriceps tendon
Patellar tendon
Peroneus longus e
Tibialis Anterior
Extensor digitorum longus
Soleus

Peroneus brevis

Extensor hallucis longus

Medial malleolus

Lateral Gastrocnemius

Soleus

Achilies tendon

Figure 4.4: Muscles of interest and thedMG Electrodeplacement (orange rectangle®dapted

from Criswell and Cram (2011%36]

The muscles of interest were chosen for their characteristic roles in the actidbio knee

and ankle joinfas presented ihable4.2) and for theai ease of access when uskgface

EMG sensors

Muscle

Function

References

Biceps femori

Knee flexion, hip medialotation,and

extension (medial or lateral)

[437]i [442]

Vastus lateralis

Knee muscle extension

[437], [440], [442] [444]

Gastrocnemius

Knee flexion, foot plantar flexion

[437], [440], [442]

Tibialis anterior

Foot dorsiflexion

[437], [439] [442]

Soleus

Foot flexion and inversion

[437]1 [442]

Table4.2: Targetedmuscles and their functid843]
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4.4.4. EMG signal processing
Once normalisetb their maximum contraction valuthe signal was then centred around O
by subtracting its median value to the signedving as many values over zero than below
zero. The signal was théull wave rectified leaving the values of the processed signal
comprised between 0 and 50.
The signafrom surface EMG ignherentlynoisyand in order to facilitate the analysis of its
pattern a means of smoothinguiseful to reduce its randomng869], [407], [408] The
smoothing of the EMG signal issually designed by filtering the sigr(ak. Butterworth
[359] or Kalman filter[369]). However, the use of loyass or bangass filtering is a source
of delaywhich canaffectthe overall shape of the sigrjd#5], [446] To avoid the effects of
data delay occurring in case Igass filtering of the EMG signal, the envelopevais
desgned as the Root Mean Square (8Mf theEMG signal Clancy and Hogan (1999)
[412] found thke RootMeanSquare (RMS) of the EM® be a good estimatof the EMG
signal amplitudevhile providinga smoother signal appearance to the sigiisd RMShas
been used in several studies invgating feature extraction fromigace EMG[372]i [375].
It was, therefore, used in this work.
The raw and normalised EMG signals are usually representgedyasmetrical signal which
symmetry axis is the zero X axis. As the EMG signal obtained were not all centred around
zero, he signal was centred by subtracting the median of the value of the EMGisignal
order to uniformize the representation without nfyidg the shape and amplia of the

signal.
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4.5. Data analysis

4.5.1. Placing theEMG activity into context of gait cycle
To compare several EMG signatsone another, the cyete-cycle reference used wtwe
knee joint angleurvefrom the sagittal planél'he knee joint has the advantagiepresenting
a characteristic pattethat iseasy tanterpretand match to the walk phasétie EMG
signals were normalised to the maximedorded durin@ach trial. Teselectthe gait cycles
the EMG signal was subdivideding the knee angle data the reference measure, for the
start and the end of each gait cyi@é7], [448] This separation wasefinedusing the

minima of the knee joint sagittal anglee¢Figure4.5).
| Gait cycle |,

e
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Figure 4.5: Knee angle (recandEMG envelope (blug)ver time (in seconds)

Once a cycle was selected the portion of EMGaligiasre-sampked into a 200oints
signalusingLabVIEW as will be presented here after

Then each cycl ebs ti me dnavaeexwessedas dEegdantage s ot |
of the gait cycle (0 to 100%7 his method is used in the literatig86], [395]in order to

normalise the stride time, as the number of frames varies from stride to stride, and present

the data of each EMG corresponding gait stridegver a percentage of the gait cycle
comprisedetween 0 and 100%.

Let ustakea portion ofan EMG envelopéFigure4.6), corresponding to the muscle activity

over ore gait cycle.
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Figure 4.6: EMG envelope before resampling

The steps of this resizing operation eepresented in thieabVIEW code(block diagram) in
(Figure4.7)

1.

Figure4.7: LabVIEWblock diagram for the EMG envelope resampling

The EMG envelope signalasacquired at a frequency of 2000 Hz. Theleft

bl ock named ARMS ino contains the EMG enyv

freqguency. The bl ock gapHichlrepdesemt&RibhSfthisn Gr a p h

signal as the signal amplitude as a function of the number of framtbss case the

size isof 2234 framegseeFigure4.7).

The scale is changed to a measwentstep going for 0 to 2000 no meitithe step
duration(seeFigure4.8). The measurement step is builtdiyiding the desired
abscissa |l ength by the number .fhehgthh r ames

is the number of frames to which we want to normalisé eait cycles, in our case
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Length=2000 framed.engthisdi vi ded by the ASize RMS

no

which corresponds to the entry BMG envelc

length that we want to resize every gait cycle data is of 2000 framesioFmalised
length is divided by the size of the EMGvelopefiRMS ind.

3. Once we haveneasurement step, the next acttonresponds to the construction of
the new abscissa associateth® EMG Envelopélt corresponds to the construction
of the new timaunit associated to the arrafthe EMG envelope

4. For ezh value of the new time unit, we search the EMG envelope amplitude which
is associated to each time unit points by using the initial valuetharspline
interpolation function.

5. The output signakithen the EMG envelogt®MS oud with an abscssa value
going from 0O to 2000 frames (sEgure4.8).

The resulting signal is the EMG envelope (RMS out) sampled over 2000 frames.

I 1 (] 1 | 1 1 1 (] |
0 200 400 600 200 1000 1200 1400 1600 1800 2000 |
Frames |

Figure 4.8: EMG envelope resampled to 2000 frames

To change the time base from seconds to a percentage of the gait cycle, each frame must
correspond to a percentage of the gait cycle. To do seutieessionf operations used in

this stug are representkin the block diagram dfigure4.9.
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Figure 4.9: Block diagram of the conversion from frame&mber to percentage of gait cycle

1. The abscissa values of the EMG signal are collemted one stride. In the block
diagram it is represented by the bl ock
2. Then, the first element of the temporal series is put to zesaolttyactingall the
values of thdiTimeo array by the smallest value of this array.
3. Finally, the valus arechanged into percentages of duration of the gait citdke
done by dividing each element of the arrayiteymaximal value and multiply them
by 100.

4.5.2. Muscle activation pattern
Objective3 of this study was to quantifgnd characteris¢he muste activity during the
differentwalking situationg(overground, fixed pace and selice treadmill)A parameter of
key interest in understanding thentrol of gait is thecycle-to-cyclevariability, see section
2.3.3for further discussiarDuring overground and seffaced treadmill walking (compared
to fixed pace treadmill walkinghe controlof speeds left to the individual who has the
possibility tochange walking cadence, step length emrsequentlyvalking sped atwill.
To understand whether this has an impact on movement contfeMesignal variability
was analysed usiregmathematical toalalledthe variance ratio (VR)see sectio2.3.3.1.
Variance ratipfor more detail) Thistool compare€onsecutive EMG envelope$ one
parti ci pant d@ndquaniifieseheycletarcyatelvadability of the musle activity.
The EMG envelope was defined as the Root Mean Square (RMS) of the EMG(siginal
Sectiond.4.4). The VR is thesum of the square of thadeviation from the mean EMG
envelope over a single gait cycle divided by the sum of the square of the deviation from the
mean EMG envelope of all cycldss mathematical expression is presented iraéiqu (4.1).
A VR equalto 0 meanghe cycles are identicaheclose the VR comeso 1the greater

inter-cycle difference (seeFigure4.10).
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(4.2)

W'Y

Xij is the value of the jth EMG envelope element at timigis the mean of thaverage
EMG envelope signalp is the average of the EMG envelope values over j cycles at time i,

k is the number of points in a cycle and n is the number of cycles

Amplitude

|
samples 5

Amplitude

8- )

0 samples 215

B

Figure4.10: VR over 6 cycle¥R = 0.0002 (A) of Hip jointragle VR = 0.925 (B) of atypical leg musaéach
coloured line corresponds to thee s p e ¢ t i eneclops dugng a dydesof wallf one participant.

Hershler and Milnefl978[335] found that he VR tends to change values over the {jest
cycles and then stabilizes its valmethe 5" cycle onward (se€igure4.11 andFigure4.12)
[335]. The number 1 to 3 on the graph plot corresponds to three different walking speeds of

Hershler and Milnerbs participants.
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Figure 4.11: RepeataHity curves (VR as a functiasf timein mg over 5 cycles for three differewtalking
speedsSpeedl= 63.8 cm/s. Speezi= 90.3 cm/s. Speedl= 96.8 cm/sAdapted from[335].

Therefore, itwas decidedn this studyto set the amount afycles over which the VR is
calculated t@ minimum of6. Therefore, nless further rantiored each VR value was
cdculatedacrosss cycles for the muscles analysé&d. confirm this the VR of 6 muscles was
examined across at least 9 cycles,Hgeare4.12. The number of cycles used to calculate
the VR is not always reported the literaturg336]i [338] andit could be an issue for the
interpretaton of the data since the VRdgpendent of the number of iterations of the
calculationas described i[B35] previouslymentioned
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Figure4.12: Typical evolution of the VBf different musclesver the number of cycles obserredurent study
data Y-axis: VR AND Xaxis: rumber of cycles.

The choice o6 cycles for the analysis wadluenced by thedesie to select a number of
iterations that was smadhough to allow testing with future participantith strokevho

may not have been able to provide many cyalee within the range where the ikas

close to its stable value.

Another measure of variability, such as the coefficient of variation could betasmatt to

the variability measure. The coefficientw@riation (COV) has been used in the literature to
measure th variability of the gait cyel duratior[449]i [452], stance and/or swing time

[449], [452] single legged or double support time or duraligt®], [452]and walking

speed and/or cadenptb?2]i [454]. However, the COV pametemwill not be used in this

thesis since its focus is the analysis of the muscle activity variability and the COV has, only

been usedo datefor kinematics aalysis.The COV was, therefore, not used in this thesis.
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4.5.3. Statistical Analysis

The data wsa tested for normality using the Andergbarling normality test and the data
distribution wafoundnormal.The oneway Analysis of Variance (ANOVA) wassed in
this studyto test the hypotheses thhe variability ofSP trexdmill walking variability is
closer to the overground walking variability in comparison to FP treadmill waiitiag
given walking speedrhe repeated ANOVA was used to test the hypothesis that the
variability of FP treadmill walking is different t8P teadmillwalking and overground
walking variabilityacross the three walking speetise alpha level was set at 0.@5p-

value 00.05 is considered statistically sign

4.6. Results

A minimum of 3 trials were recorded from all eleven participants in the thiféerelnt
conditons (overground, FP treadmill and SP treadmdt)the three different speegdow,
comfortabg, and fast)iving a total 0fL0764gait cyclesor 10 muscleg5 on each sides)

and6 joint angleqthree on each sidg@gr participantsThemd i on capt uewe camer a
field from the overground set uimited the extent of the kinematic data collect@dcause

of the different stride length of some participant the minimum of three trials was not
sufficient to capture the necessary minimum obfplete gait cycles pside More trials
would have been necessanetsure the capture of enough full gaycles on both leg sides.
Table4.3to Table4.13 provide a ammaryof the number of gait cycles recorded for each
pat i ci pant 0 fpintsmTabledlldpvidasradummary of the walking speeds of the
different participants in the three walking conditions.
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N° Participant1 Participant2 Participant3
Speed (m/s) Nb o cycles Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
FP 0.9 L Hams 14 1 L Hams 11 1 L Hams 14
L Quad 15 L Quad 10 L Quad 15
L Gas 15 LHp 12 L Gas 10 L Hip 10 L Gas 15 L Hip
LTib 14 L Knee 12 L Tib 10 L Knee 10 L Tib 15 L Knee
L Sol 15 L Ankle 12 L Sol 10 L Ankle 10 L Sol 13 L Ankle
R Hams 13 R Hip 12 R Hams 10 R Hip 10 R Hans 15 R Hip 12
R Quad 14 R Knee 12 R Quad 9 R Knee 10 R Quad 15 R Knee 10
R Gas 13 R Ankle 12 R Gas 10 R Ankle 9 R Gas 14 R Ankle 11
RTib 14 RTib 10 RTib 15
R Sol 14 R Sol 10 R Sol 13
Comfortable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.15 L Hams 8 1.2 LHams 9 1.35 L Hams 10
LQuad 8 LQuad 9 L Quad 10
LGas 8 LHip 7 LGas 9 L Hip 10 L Gas 10 L Hip 10
LTib 8 L Knee 8 LTib 9 L Knee 9 L Tib 10 L Knee 10
LSol 8 L Ankle 7 LSol 9 LAnkle 10 L Sol 10 L Ankle 9
RHams 7 RHip 8 RHams 9 R Hip 10 R Hams 10 R Hip 10
R Quad 7 R Knee 7 R Quad 10 R Knee 10 R Quad 10 R Knee 10
RGas 7 R Ankle 8 R Gas 10 R Ankle 9 R Gas 10 R Ankle 10
RTb 7 RTib 9 R Tib 10
R Sol 7 R Sol 10 R Sol 10
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
1.6 L Hams 10 1.75 LHams 9 1.75 LHams 11
L Quad 10 LQuad 9 LQud 11
L Gas 10 L Hip 11 LGas 9 LHip 8 L Gas 11 L Hip 11
L Tib 10 L Knee 10 LTib 9 L Knee 9 L Tib 10 L Knee 11
L Sol 10 L Ankle 11 LSol 9 L Ankle 8 L Sol 11 L Ankle 12
R Hams 10 R Hip 10 RHms 8 RHip 9 R Hams 12 R Hip 11
R Quad 11 R Knee 11 R Quad 8 R Knee 8 R Quad 11 R Knee 11
R Gas 11 R Ankle 10 RGas 8 R Ankle 9 R Gas 13 R Ankle 11
RTib 11 RTib 8 RTib 12
R Sol 10 R Sol 8 R Sol 12

Table4.3: Number of cycles collected during Rreadmill walking for participants 1 to 3
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Participant4 Participant5 Participant6
Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles Speed (m/s) Nb of cyats
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
L Hams 10 0.95 L Hams 11 0.85 L Hams
L Quad 10 L Quad 10 L Quad
L Gas 10 L Hip 10 L Gas 10 LHip 9 L Gas L Hip
L Tib 10 L Knee 10 L Tib 10 L Knee 10 L Tib L Knee
L Sol 10 L Ankle 10 L Sol 10 L Ankle 9 L Sol L Ankle
R Hams 10 R Hip 10 R Hams 9 R Hip 10 R Hams R Hip
R Quad 10 R Knee 10 R Quad 9 R Knee 9 R Quad R Knee
RGas 10 R Ankle 10 RGas 9 R Ankle 10 R Gas R Ankle
RTib 10 RTib 9 R Tib
R Sol 10 R Sol 9 R Sol
Comfortable  Muscle Kinematcs Comfortable  Muscle Kinematics Comfortable  Muscle Kinematics
L Hams 11 1.25 L Hams 10 1.30 LHams 9
L Quad 10 L Quad 10 LQuad 9
L Gas 11 L Hip 10 L Gas 10 L Hip 10 LGas 9 L Hip 10
L Tib 11 L Knee 11 L Tib 10 L Knee 10 LTib 9 L Knee 9
L Sol 11 L Ankle 10 L Sol 10 L Ankle 11 LSol 9 L Ankle 9
R Hams 10 R Hip 10 R Hams 10 R Hip 10 R Hams 10 RHip 9
R Quad 10 R Knee 10 R Quad 10 R Knee 10 R Quad 10 R Knee 10
R Gas 10 R Ankle 9 R Gas 10 R Ankle 10 R Gas 10 R Ankle 8
R Tib 10 Rib 10 R Tib 10
R Sol 10 R Sol 9 R Sol 10
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
L Hams 1.70 L Hams 11 1.80 L Hams 11
L Quad L Quad 11 L Quad 11
L Gas LHip L Gas 11 LHip 5 L Gas 11 L Hip 12
L Tib L Knee LTib 11 L Knee 6 LTib 11 L Knee 10
L Sol L Ankle L Sol 11 L Ankle 5 L Sol 11 L Ankle 11
R Hams R Hip R Hams 11 RHip 7 R Hams 11 R Hip 11
R Quad R Knee R Quad 11 R Knee 11 R Quad 11 R Knee 11
R Gas R Ankle R Gas 11 R Ankle 10 R Gas 11 R Ankle 11
R Tib RTib 10 RTib 11
R Sol R Sol 11 R Sol

Table4.4:Number of cycles collected dng FPtreadmill walking for participants} to 6
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Participant7 Participant8 Participant9
Speed (m/s) Nb of cycles Speed (mg) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinenatics Slow Muscle Kinematics
1.10 L Hams 0.70 L Hams 10 1.10 L Hams 10
L Quad L Quad 10 L Quad 10
L Gas L Hip L Gas 10 L Hip 10 L Gas 10 L Hip 10
L Tib L Knee L Tib 10 L Knee 10 L Tib 10 L Knee 10
L Sol L Ankle L Sol 10 L Ankle 9 L Sol 10 L Ankle 10
R Hams R Hip R Hams 9 R Hip 10 R Hams 10 R Hip 10
R Quad R Knee R Quad 10 RKnee 10 R Quad 10 R Knee 10
R Gas R Ankle R Gas 10 R Ankle 10 R Gas 10 R Anke 10
R Tib R Tib 10 RTib 10
R Sol RSol 9 RSol 9
Comfortable  Muscle Kinematics Comfortable  Muscle Kinematics Comfortable Musde Kinematics
1.55 L Hams 10 0.90 LHams 11 1.30 L Hams 10
L Quad 10 L Quad 11 L Quad 10
L Gas 10 L Hip 10 L Gas 11 L Hip 11 L Gas 10 L Hip 10
L Tib 10 L Knee 10 L Tib 11 L Knee 11 L Tib 10 L Knee 10
L Sol 10 LAnkle 10 L Sol 11 L Ankle 11 L Sol 10 L Ankle 10
R Hams 10 R Hip 10 R Hams 11 R Hip 12 R Hams 10 R Hip 10
R Quad 10 R Knee 10 R Quad 12 R Knee 12 R Quad 9 R Knee 10
R Gas 10 R Ankle 9 R Gas 12 R Ankle 12 RG@Gs 10 R Ankle 10
R Tib 10 RTib 11 R Tib 10
R Sol 10 R Sol 12 R Sol 10
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
1.80 LHams 6 1.45 L Hams 12 1.90 L Hams
LQuad 6 L Quad 12 L Quad
LGas 6 LHip 4 L Gas 12 L Hip 10 L Gas L Hip
LTib 6 L Knee 5 L Tib 12 L Knee 12 L Tib L Knee
LSol 6 L Ankle 4 L Sol 12 L Ankle 11 L Sol L Ankle
R Hams 6 RHip 4 R Hams 11 RHp 12 R Hams R Hip
R Quad 6 R Knee 5 R Quad 11 R Knee 11 R Quad R Knee
RGas 6 R Ankle 5 R Gas 11 R Ankle 11 R Gas R Ankle
RTib 6 R Tib R Tib
R Sol R Sol 11 R Sol

Table4.5: Number of cycles collected during Bfeadmill walkingfor participants7 to 9
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Participant10 Participant11
Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics
110 LHams 9 0.80 LHams 8
LQuad 9 L Quad 8
LGas 9 L Hip 10 LGas 8 LHp 8
LTib 9 L Knee 10 LTib 8 L Knee 8
LSol 9 L Ankle 10 LSol 8 L Ankle 7
R Hams 10 R Hip 10 R Hams 10 R Hip 10
R Quad 10 R Knee 10 R Quad 10 R Knee 10
R Gas 10 R Ankle 10 R Gas 10 R Ankle
R Tib RTib 10
R Sol 10 R Sol 10
Comfortable Muscle Kinematics Comfortable  Muscle Kinematics
1.30 L Hams 10 1.35 L Hams 10
L Quad 10 L Quad 10
L Gas 10 L Hip 10 L Gas 10 LHip 9
L Tib 10 L Knee 10 L Tib 10 L Knee 10
L® 10 L Ankle 10 LSol 9 L Ankle 9
R Hams 10 R Hip RHams 9 R Hip 10
R Quad 10 R Knee 10 R Quad 9 R Knee 9
R Gas 10 R Ankle 10 RGas 9 R Ankle 10
R Tib 10 RTib 9
R Sol 10 RSol 9
Fast Muscle Kinenatics Fast Muscle Kinematics
1.80 L Hams 10 1.90 L Hams 10
L Quad 10 L Quad 10
L Gas 10 L Hip 10 L Gas 10 L Hip 10
L Tib 10 L Knee 10 L Tib 10 L Knee 10
L Sol 10 L Ankle 10 LSol 9 L Ankle 10
R Hams 10 R Hip 10 R Hams 10 R Hip 10
R Quad 10 R Knee 10 R Quad 10 R Knee 10
R Gas 10 R Ankle 10 R Gas 10 R Ankle 10
RTib 10 RTib 10
R Sol 10 R®l 10

Table4.6: Number of cyclesatlected during FRreadmillwalking for participants @to 11
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N° Participant1 Participant2 Participant3
Speedm/s) Nb of cycles Speed (m/s) Nb of cycles Speedm/s) Nb of cycles
SP Slow Muscle Kinematics Slow Muscle Kinematics Slow Musde Kinematics
1.08 L Hams 15 1.165 L Hams 1.03 L Hams
L Quad 16 L Quad L Quad
L Gas 16 L Hip 12 L Gas L Hip L Gas L Hip
L Tib 15 L Knee 12 L Tib L Knee L Tib L Knee
L Sol 15 L Ankle 12 LSol L Ankle L Sol L Ankle
R Hams 15 R Hip 12 R Hams R Hip R Hams R Hip
R Quad 13 R Knee 12 R Quad R Knee R Qua R Knee
R Gas 15 R Ankle 12 R Gas R Ankle R Gas R Ankle
RTib 15 R Tib R Tib
R Sol 15 R Sol R Sol
Comfortable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.37 L Hams 12 1.32 L Hams 1.32 LHams 10
L Quad 12 L Quad L Quad 10
L Gas 12 L Hip 13 L Gas L Hip L Gas 10 L Hip 10
L Tib 12 L Knee 13 L Tib L Knee L Tib 10 L Knee 11
L Sol 12 L Ankle 14 L Sol L Ankle LSol 9 L Ankle 10
R Hams 12 R Hip 14 R Hans R Hip R Hams 10 R Hip 11
R Quad 12 R Knee 12 R Quad R Knee R Quad 10 R Knee 10
R Gas 12 R Ankle 14 R Gas R Ankle R Gas 10 R Ankle 10
RTib 12 R Tib RTib 10
R Sol 12 R Sol R Sol 10
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
1.42 L Hams 13 1.625 L Hams 13 1.80 LHams 10
L Quad 13 L Quad 13 L Quad 10
L Gas 13 L Hip 12 L Gas 13 L Hip 13 LGas 10 L Hip 10
L Tib 13 L Knee 11 LTib 13 L Knee 13 LTib 10 L Knee 11
L Sol 13 L Ankle 13 L Sol 13 L Ankle 14 L Sol 9 L Ankle 10
R Hams 12 RHp 11 R Hams 13 R Hip 13 R Hams 10 R Hip 11
R Quad 13 R Knee 12 R Quad 14 R Kee 14 R Quad 10 R Knee 10
R Gas 12 R Ankle 11 R Gas 14 R Ankle 13 R Gas 10 R Ankle 10
RTib 12 RTib 14 RTib 10
R Sol 14 R Sol 13 R Sol 10

131




Participant4 Participant5 Patticipant 6
Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
1.15 L Hams 1 LHams 8 1.005 L Hams
L Quad L Quad 8 L Quad
L Gas L Hip 10 LGas 8 LHip 7 L Gas L Hip
L Tib L Knee 7 LTib 8 L Knee 8 L Tib L Knee
L Sol L Ankle 10 LSol 8 L Ankle 6 L Sol L Ankle
R Hams RHip 9 R Hams 10 R Hip 11 R Hams R Hip
R Quad R Knee 8 R Quad 10 R Knee 10 R Quad R Knee
R Gas R Ankle 7 R Gas 10 R Ankle 7 R Gas R Ankle
R Tib RTib 10 R Tib
R Sol R Sol 10 R Sol
Comfortable  Muscle Kinematics Comfortable  Muscle Kinematics Comfortable  Muscle Kinematics
1.28 L Hams 13 1.6 LHams 12 1.28 L Hams 11
L Quad 13 L Quad 12 L Quad 12
L Gas 13 L Hip 13 LGas 11 L Hip 15 L Gas 12 L Hip 13
L Tib 12 L Knee 13 L Tib 12 L Knee 12 L Tib 12 L Knee 15
L Sol 12 L Ankle 13 L Sol 12 L Ankle 15 L Sol 12 L Ankle 14
R Hams 13 R Hip 13 R Hams R Hip 14 R Hams 12 R Hip 16
R Quad 12 R Knee 13 R Quad 12 R Knee 14 R Quad 12 R Knee 14
R Gas 12 R Ankle 13 R Gas 12 R Ankle 14 R Gas 12 R Ankle 15
R Tib 12 RTib 12 RTib 12
R Sol 12 R Sol 12 R Sol 12
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
1.45 L Hams 15 1.9 LHams 12 1.66 L Hams 13
L Quad 15 L Quad 12 L Quad 14
L Gas 12 L Hip 20 L Gas 13 L Hip 22 L Gas 14 L Hip 18
L Tib 13 L Knee 19 LTib 12 L Knee 20 LTib 14 L Knee 17
L Sol 13 L Ankle 16 L Sol 12 L Ankle 19 L Sol 13 L Ankle 17
R Hams 14 R Hip 19 R Hams 12 R Hip 21 R Hams 13 R Hip 17
R Quad 14 R Knee 20 R Quad 12 R Knee 15 R Quad 14 R Knee 16
R Gas 15 R Akle 20 R Gas 12 R Ankle 21 R Gas 14 R Ankle 16
RTib 15 RTib 12 RTib 13
R Sol 14 R Sol 12 R Sol

Table4.7: Number of cycles colleateduringSP treadmill walking fomparticipantsl to 6
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Participant7 Participant8 Participant9
Speed (m/s) Nb of cycle Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
1.58 L Hams 0.7 L Hams 12 1.25 L Hams 11
L Quad L Quad L Quad 12
L Gas L Hip L Gas L Hip L Gas 12 LHip 10
L Tib L Knee L Tib L Knee LTib 11 L Knee 11
L Sol L Ankle L Sol L Ankle L Sol 11 L Ankle 12
RHams R Hip R Hams R Hip R Hams 12 R Hip 11
R Quad R Knee R Quad R Knee R Quad 12 R Knee 10
R Gas R Ankle R Gas R Ankle R Gas 12 R Ankle 11
R Tib R Tib RTib 11
R Sol R Sol R Sol 10
Comforiable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.855 L Hams 1.00 L Hams 11 145 LHams 11
L Quad L Quad 11 L Quad 11
L Gas L Hip L Gas 11 L Hip 12 L Gas 11 L Hip 10
L Tib L Knee LTib 11 L Knee 11 LTib 11 L Knee 10
L Sol L Ankle L Sol 11 L Anke 12 L Sol 12 L Ankle 11
R Hams R Hip R Hams 12 R Hip 12 R Hams 10 R Hip 10
R Quad R Knee R Quad 12 R Knee 12 R Quad 11 R Kee 10
R Gas R Ankle R Gas 12 R Ankle 12 R Gas 11 R Ankle
R Tib RTib 12 RTib 11
R Sol R Sol 11 R Sol 11
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
2.095 L Hams 1.20 L Hams 14 1.75 L Hams
L Quad L Quad 13 L Quad
L Gas L Hip L Gas 14 L Hip 15 L Gas L Hip
L Tib L Knee LTib 14 L Knee 15 L Tib L Knee
L Sol L Ankle L Sol 13 L Ankle 15 L Sol L Ankle
R Hams R Hip R Hams 14 R Hip 16 R Hams R Hip
R Quad R Knee R Quad 13 R Knee 15 R Quad R Knee
R Gas R Ankle R Gas 14 R Ankle 16 R Gas R Ankle
R Tib RTib 14 R Tib
R Sol R Sol 14 R Sol

Table4.8: Number of cycle collected during SP treadmill watlg for participants7 to 9
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Participant10 Participant11
Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematts Slow Muscle Kinematics
1.15 L Hams 1.20 L Hams 10
L Quad L Quad 12
L Gas L Hip L Gas 15 L Hip 15
L Tib L Knee LTib 12 L Knee 14
L Sol L Ankle L Sol 12 L Ankle 15
R Hams R Hip R Hams 14 R Hip 14
R Quad R Knee R Quad 11 R Knee 16
R Gas R Ankle R Gas 15 R Ankle 13
R Tib RTib 12
R Sol R Sol 15
Comfortable  Muscle Kinematics Comfortable Muscle Kinematics
1.30 LHams 6 1.5 LHams 10
L Quad 6 L Quad 10
L Gas 6 L Hip 6 L Gas 10 L Hip 10
L Tib 6 L Knee 6 L Tib 10 L Knee 10
L Sol 6 L Ankle 6 L Sol 10 L Ankle 10
R Hams 6 R Hip 6 RHams 9 R Hip 10
R Quad 6 R Knee 6 R Quad 9 R Knee 8
R Gas 6 R Ankt 6 RGas 9 R Ankle 7
RTib 6 RTib 9
R Sol 6 R Sol 9
Fast Muscle Kinematics Fast Muscle Kinematics
1.80 L Hams 1.95 L Hams 13
L Quad L Quad 13
L Gas L Hip L Gas 13 L Hip 14
L Tib L Knee Lib 13 L Knee 14
L Sol L Ankle L Sol 13 L Ankle 14
R Hams R Hp R Hams 13 R Hip 13
R Quad R Knee R Quad 13 R Knee 14
R Gas R Ankle R Gas 13 R Ankle 14
R Tib RTib 14
R Sol R Sol 12

Table4.9: Number of cycles collected durigd treadmill walking for participants0to 11
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N° Participant1 Participant2 Participant3
Speed (m/s) Nb of cycles Speed (m/s) Nb ofcycles Speed (m/s) Nb of cycle
OG Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
NA L Hams 14 L Hams 6 1.4 L Hams 6
L Quad L Quad 6 L Quad 6
L Gas L Hip LGas 7 L Hip L Gas 6 LHip 6
L Tib L Knee LTib 6 L Knee LTib 6 L Knee 5
L Sol L Ankle L Sol 6 L Ankle LSb 6 L Ankle 6
R Hams R Hip R Hams 7 R Hip R Hams 6 R Hip 5
R Quad R Knee R Quad 6 R Knee R Quad 6 R Knee 5
R Gs R Ankle R Gas 6 R Ankle R Gas 6 R Ankle 5
R Tib RTib 6 RTh 6
R Sol R Sol 6 R Sol 6
Comfortable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.32 L Hams 6 1.3 L Hams 6 1.42 L Hams 6
L Quad 6 L Quad 6 L Quad 6
L Gas 7 LHip 6 L Gas 6 L Hip L Gas 6 L Hip
LTib 6 L Knee 5 LTib 6 L Knee L Tib 6 L Knee 4
L Sol 6 L Ankle 5 L Sol 6 L Ankle L Sol 6 L Ankle
R Hams 6 R Hip 5 R Hams 6 R Hip R Hams 6 RHip 4
R Quad 6 R Knee 4 R Quad 6 R Knee R Quad 6 R Knee 4
R Gas 6 R Ankle 6 R Gas 6 R Ankle R Gas 6 R Ankle 4
RTib 6 RTb 7 RTib 6
R Sol 6 R Sol 6 R Sol 6
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
NA L Hams 1.98 L Hams 6 1.59 L Hams 6
L Quad L Quad 6 L Quad 6
L Gas L Hip L Gas 6 LHip L Gas 6 L Hip 6
L Tib L Knee LTib 6 L Knee LTib 6 L Knee 6
L Sol L Ankle L Sol 6 L Ankle L Sol 6 L Ankle 6
R Hams R Hip R Hams 6 R Hip R Hams 6 R Hip 5
R Quad R Knee RQua 6 R Knee R Quad 6 R Knee 5
R Gas R Ankle R Gas 5 R Ankle R Gas 6 R Akle 4
R Tib RTib 6 RTib 6
R Sol R Sol 7 R Sol 6

Table4.10: Number of cyclesollected durig OGwalking for participants 1 t&@
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Participant4 Participant5 Participant 6
Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
1.14 L Hams 6 1.07 L Hams 8 1 L Hams 8
L Quad 6 L Quad 7 L Quad 8
L Gas 6 L Hip LGas 7 LHip 9 LGas 7 LHip 6
LTib 6 L Knee LTib 7 L Knee 7 LTib 7 L Knee 6
L Sol 6 L Ankle L Sol 7 L Ankle 7 L Sol 7 LAnkle 6
R Hams 6 R Hip R Hams 7 R Hip 9 R Hams 6 RHp 9
R Quad 6 R Knee R Quad 9 R Knee 9 R Quad 6 R Knee 6
R Gas 6 R Ankle R Gas 8 R Ankle 6 R Gas 6 R Ankle 9
RTib 6 RTib 9 RTib 6
R Sol 6 R Sol 9 R Sol 6
Comfortable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.11 L Hams 6 1.21 L Hams 6 1.43 L Hams 6
L Quad 6 L Quad 6 L Quad 6
L Gas 6 L Hip LGas 7 L Hip 4 L Gas 6 LHip 6
LTib 6 L Knee LTib 7 L Knee 4 LTib 6 LKnee 6
L Sol 6 L Ankle 4 LSol 6 L Ankle 4 L Sol 6 L Ankle 6
R Hams 6 R Hip R Hams 6 RHip 4 R Hams 6 R Hip 6
R Quad 6 R Kne R Quad 7 R Knee 4 R Quad 6 R Knee 6
R Gas 6 R Ankle R Gas 6 R Ankle 4 R Gas 6 R Ankle 6
RTib 6 RTib 6 RTib 6
R Sol 6 R Sol 6 R Sol 7
Fast Muscle Kinematics Fast Muscle Kinematics Fast Muscle Kinematics
1.39 L Hams 6 1.33 L Hams 6 2.18 L Hams 6
L Quad 6 LQud 6 L Quad 6
L Gas 6 L Hip 5 L Gas 6 LHip 5 L Gas 6 L Hip 6
LTib 6 L Knee 5 LTib 6 L Knee LTib 6 L Knee 6
L Sol 6 L Ankle 5 L Sol 6 L Adkle 5 L Sol 6 L Ankle 6
R Hams R Hip R Hams 6 RHip 5 R Hams 6 R Hip 6
R Quad R Knee R Quad 6 R Knee 5 R Quad 6 R Knee 6
R Gas R Ankle R Gas 6 R Ankle 5 R Gas 6 R Ankle
R Tib RTib 6 RTib 6
R Sol 6 R Sol 6 R Sol 6

Table4.11: Number of cycles collected during OG walking for participahte 6
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Participant7 Participant8 Participant9
Speed (m/s) Nb of cycles Speed (M/s) Nb of cycles Speed (m/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics Slow Muscle Kinematics
1.37 L Hams 7 NA L Hams NA L Hams 6
L Quad 8 L Quad L Quad 6
LGas 7 L Hip L Gas L Hp L Gas 6 L Hip
LTib 6 L Knee L Tib L Knee LTib 6 L Knee
L Sol 6 L Ankle L Sol L Ankle L Sol 6 L Ankle
R Hams 8 R Hip R Hams R Hip R Hams 6 R Hip
R Quad 7 R Knee R Quad R Knee R Quad 6 R Knee
R Gas 7 R Ankle R Gas R Ankle R Gas 6 R Ankle
RTib 7 R Tib RTib 6
R Sol 8 R Sol R Sol 6
Comfortable Muscle Kinematics Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.49 L Hams 6 1.35 L Hams 6 1.37 L Hams 6
L Quad 6 L Quad 5 L Quad 6
L Gas 6 L Hip L Gas 6 L Hip L Gas 6 L Hip
L Tib 6 L Knee L Tib 6 L Knee L Tib 6 L Knee
L Sol 7 L Ankle L Sol 6 L Ankle LSO 6 L Ankle
R Hams 6 R Hip R Hams 6 R Hip R Hams 6 R Hip
R Quad 6 R Knee 4 R Quad 6 R Knee R Quad 6 R Knee
R Gas 6 R Ankle R Gas 6 R Ankle R Gas 6 R Ankle
RTib 6 RTib 6 RTib 6
R Sol 6 R Sol 6 R Sol 6
Fast Muscle Kinematics Fast Muscle Kinemaics Fast Muscle Kinematics
2.18 L Hams 6 NA L Hams NA L Hams 6
L Quad 6 L Quad L Quad 6
L Gas 6 L Hip 4 L Gas L Hip L Gas 6 L Hip
LTib 6 L Knee 3 L Tib L Knee LTib 6 L Knee
L Sol 7 L Ankle 4 L Sol L Ankle L Sol 6 L Ankle
R Hams 6 R Hip 3 R Hams R Hip R Hams R Hip
R Quad 6 R Knee R Quad R Knee R Quad RKnee
R Gas 6 R Ankle 2 R Gas R Ankle R Gas R Ankle
RTib 6 R Tib R Tib
R Sol 6 R Sol R Sol 6

Table4.12: Number of cycles collected during OG walking fartjzipants7to 9
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Participant10 Participant11
Nb of
Speed (m/s) cycles Speedm/s) Nb of cycles
Slow Muscle Kinematics Slow Muscle Kinematics
0.65 L Hams 6 NA L Hams
LQuad 6 L Quad
LGas 6 LHip 8 L Gas L Hip
LTib 6 LKnee 6 L Tib L Knee
LSol 6 L Ankle 7 L Sol L Ankle
R Hams 9 RHip 9 R Hams R Hip
R Quad 9 R Knee 9 R Quad R Knee
RGas 9 R Ankle 11 R Gas R Ankle
RTib 9 R Tib
R Sol 10 R Sol
Comfortable Muscle Kinematics Comfortable Muscle Kinematics
1.47 LHams 6 1.34 L Hams 2
LQuad 6 L Quad 2
LGas 6 LHip 6 L Gas 2 L Hip
LTib 8 L Knee 8 LTib 2 L Knee
LSol 8 L Ankle 5 L Sol 2 L Anké
RHams 6 RHip 8 R Hams 2 R Hip
R Quad 6 R Knee 6 RQua 2 R Knee
RGas 6 R Ankle 8 R Gas 2 R Ankle
RTib 8 RTib 2
R Sol 8 R Sol 2
Fast Muscle Kinematics Fast Muscle Kinematics
1.89 LHams 6 NA L Hams
LQuad 6 L Quad
LGas 6 L Hip L Gas L Hip
LTib 6 L Knee L Tib L Knee
LSol 6 L Ankle L Sol L Ankle
R Hams 6 R Hip R Hams R Hip
R Quad 6 R Knee R Quad R Knee
RGas 6 R Ankle R Gas R Ankle
RTib 6 R Tib
RSol 6 R Sol

Table4.13: Number of cycles collected during OG walking for participa®tsoll1
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4.6.1. Muscle Variance RatioResults

The variance rati¢VR) wascalculated for alfive muscles of interest over the three self
selectedspeed and threavalking conditiors, for all participantsThe following section will

present the VR foeach individuabs well as the group average at the three different speeds.

4.6.1.1. Data reduction of the Variance Ratio analysis

To understand the overall pattern of how VR diffen®se thewalking speeds and
conditons (OG, SRreadmill FPtreadmill)the dah were reduceatmean, SD and range

This information is presented in thable4.15.

Fixed pace treadmill Selfpaced treadmill Overground
Fast Comfortable | Slow Fast Comfortable | Slow Fast | Comfortable | Slow
Mean VR 0.322 0.224 0.322 0.23 0.176 0.23 0.25 0.196 0.25

Variance (SD) | 0.044 | 0.038 (0.183)| 0.042 | 0.011 | 0.016 (0.121)| 0.024 | 0.017 | 0.020(0.134)| 0.022
(0.147) (0.197)| (0.097) (0.142)| (0.12) (0.142)

Range 0.146 0.190 0.309 0.1490 0.168 0240 | 0.1 0.153 0.210

Mean VR 28.8 14.286 288 -2 -10.204 -8 0 0 0
difference
percentge

betweentreadmill
walking and
overground

Table4.15: Inter-individual Statists of mean VR of muscles

As the principally observed parameter is the variabilithefEMG signal, reporting the
statistical parameter describittge amplitudespreadf the datas valuable Thevariables
selected inrable4.15to describe the VR are the range to present the total amplitude of the
VR, the standal deviation (SD) giving the deviation from the mean of the data batch and the
variance which is also anditator of the data dispersion.

While the value of the VR raegdiffered according to the observed muscle and the walking
situation the participantas in, it appeared that, in 6 out of 11 of the participants, the range
of VR wasbigger(means VR differere of 0.03 and 0.05 between FP and overground and
between SP ahoverground respectively) while walking on a treadmill at a comfortable self
selected~P than during aavergroundor SP treadmill walk. Exceptions to this were found
on the left Hamstrings anm@ght Gastrocnemius who presented overall VR values inferior

the SP treadmill and over ground walking. Also, on FP treadmill walking, the right
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Hamstrings and right Quadriceps presented VR values inferior to SP but still superior to over
ground walking

When calculating the percentag#d the difference betweahetreadmill walks and the
overground walk, th&P treadmill presented betwe@nand-10% of difference with

overground walking when the FP was betwgérand 28%across the different walking

speedsThis shows SP treadmill walking as a closer analogué¢rground.

Another interesting observation from this intedividual analysis ishat the variability of
the muscular activity apparently does not preseynametrical behaviousetween th left
and the right legThe trend of the VR values of allglparticipant when walking at a
comfortable speed are represented in the followingdigérigure4.13to Figure4.15),
looking at the left (L) and the right (R) side.

On the left leg, mean VR value tertdsbe the highest during FP treadmill walking (see blue
bars inFigure4.13). On the right leg, the highest mean VR value is found during overground
walking (see green bars figure4.13).

Inter-individual mean VR Comfortable speed

95% Cl for the Mean
0.6
0.5

0.4

0.3

VR

0.2

0.1

0.0 . o R
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~2~° ~2~° & o S8 V«\q_\z%z@‘ ROKS Q_O-q_o. OO /\\Otp q, @ 8 ° °e?

Individual standard deviations are used to calculate the intervals.

Figure 4.13: Mean Interindividual bilateral VR ofthe muscles at comfortable walking spefe: (Fix-paced
treadmill, SP. selfpaced treadmillOG: overground) L: left; R: right.

In the case othefastwalking speedthe highest mean VR value is mainly found during

overground walking (see green bargigure4.14).
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Individual standard deviations are used to calculate the intervals.

Figure 4.14: Mean Interindividual bilateral VR of the muscles at fast walikispeed EP: Fix-paced treadmill,
SP. selfpaced treadmillOG: overground) L: left; R: right

In the case of the slow walking speed ttighest mean VR value is mainly found during
fixed pace walking (see green bars-igure4.15).
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VR Inter-individual Mean VR Slow speed
95% Cl for the Mean

0.8 |
0.7 |
0.6 -
0.5 -

M“ "m

Individual standard deviations are used to calculate the intervals.

VR

Figure4.15: Mean Interindividual bi-lateral VRof the muscles at slow walking spgE: Fix-paced treadmill,
SP. selfpaced treadmillOG: overground) L: left; R: right
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The repeated ANOVA analysis of the data showed that walking speed had aangnifi
impact on tie VR of four out of thdive musclegHams p=0.000 f=9.02; Quad p=025,
f=3.85; Gas p=0.015, f=4.46; TibA p>0.05; Sol p=0.004, f=6.88)muscles presented a
significantly (£<0.09 lower VR value when walking at the comfortable spgeattafrom the
tibialis anterior which did not present significant differences betweethree walking
speeds. A summary of these observations is preseniabia4.16.

Surprisingly, the ANOVA analysis did not present any dfatily significant impact of the
walking situation on the muscle VR, apart for theeaslmuscle (p=0.019, f=4.16)
presenting higher VRalues during FP treadmill walkinfhe VR value, nonetheless, was
lower during comfortable walking compared to fast atow walking in each walking

situations and in most muscles

4.6.1.2. Comfortable walking speal

At the comfortablevalking speedFixed pacekP) treadmill walking created a wider range
of VR valuegTable4.16) (mean VR: 0.224mean rang 0.752 mean varianceé).038)
compared to overgrounchean VR: 0.196mean range0.50, mean varianc6.016 and
self-paced fhean VR: 0.176mean range0.458 mean varianced.014. The details of the
results from individual participants are preseritetiable4.17.
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These values (séle@able4.16) can becompared to SPeadmill(Table4.18) (mean range

0.378, mean variance 0.018he details of theesults from individual participants are

presented iTable4.18.
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The results obver groundvalking (Table4.16) (mean range 0.418, mean variance 0.019)

(seeresults per muscle ihable4.15). The details of theesults from individual participants

are presented ihable4.19.
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Theoneway ANOVA did not reveal any sigficant differencegp > 0.05)between the
different type of walking. However, h sud a small sample it is worth looking at individual
participants.

A oneway ANOVA was conducted on each participant to compare the different walks at
comfortable speedwo male participants (n°5 amd8) behaved differently to the rest of the
group.While the other participastpresented VR values which were close to one another in
all walking situations participant n°5 had a signifidpatigher (p=0.001) value of VR

during the FP treadmill walk (sdeéigure4.16)

Participantn®5
95% CI for the Mean

0.7 B

06

05

04

VR

03

02

0.1

00
Fixed 005 Self 005 Ground 005

Figure 4.16: Interval plot of participant n°5 VR value during FP (Fixed), SP (Self) and Overground (Ground)
walking

Participant n°8, atspresented a p ws <0.05 (p=0.03), although the VR value observed

were less obviougldifferent(seeFigure4.17).

149



Participantn®8
95% CI for the Mean
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VR
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Figure4.17: Interval plot of participant 8 VR value during P (Fixed), SP (Self) and Overground (Ground)
walking

4.6.1.3. Fast walking speed

The samaeneal findingwas observed dhefaster walking speed leadiag reported for
comfortalte speedThe fast walk speed led tovdR meanof 0.322,arange of 0.435 and
mean \ariance of 0.044 on the FP treadr(illable4.16), mean VR: 23, mean range).458
mean varianced.022on theSPtreadmillandon theOG datamean VR: 0.25mean range
0.464 mean variance).02 The details ofhe results fronindividual participantare
presented iTable 4.20.
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On the SP treadmi(Table4.21), the mean range was of 0.298 and a mean variance of

0.011 The details othe resultsfomindividual participantsrepresented ifable4.21.
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The mean range of the overground walk being of 0.32Ireeah variance 0.01(7able

4.22). The details ofhe results fronindividual participantarepresented iTable4.22.
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4.6.1.4. Slow walking

At the slower walking speed on the FP treadmill walkingntiean VR was 0.322nean VR
range was of @56and mean varianaaf 0.044 (Table4.16). The details ofhe results from

individual participantarepresented ifTable4.23.
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On the SP treadmill themean VR was 0.23nean range was of4b8and a nean variance of
0.022 on the SP treadmi(Table4.16). The details othe results fronindividual participants
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arepresented iTable4.24.
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Themean VR was 0.2%nean range of the overground walk being 00@.dnd mean

variance 0.0Q (Table4.16). The details ofhe resultgdrom individual participantgare

presented iTable4.25.
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4.6.2. Variance ratio of joint kinematics

TheVR was also applied to the sagittal angiéthe lower limb joint (higénee and anklep
measure their variability and compare them to the muscle variaboityt movement is

after all the final output of the motor system and may beensensitive to alterations

speed and condition.€¢. overgroundor treadmill).

Whenusing the FG as the biomechanics body modeg #agittal plane has been presented
in different paper akeingmore reliablehan the frontal and transverpéane [109], [455],
[456].

4.6.2.1. Variance Ratio of joint

The results of this analysis are summarize@iahle4.26.

At the selfselected comfortable speed, the ankle presented a meannarigef 0.1692,
(mean variance of 0.003+0.055) on fixed paeadmill, thiswas the highest valua
comparison with SP treadmill walking (mean range 0.128, mean ear@r0.003+0.044) or
overground (mean range 0.038, mean variance of 0.0002+0.015nHKleend knee joing
displayedlesser variabilityduring FP treadmill walkingThe SP walking an&P treadmill
walking werecloserin their magnitude ovariability compared withthe OG walkingin the
hip and knee joints.

The scale of the variatiasf the VRwas smaller for the hip joint, which means that this joint
presers an overall more stable baviour. The anklepresentednore variation®f the VR
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Fixed pacereadmill Selfpaced treadmill Overground
Mean VR Mean VR Mean VR
Fast Comfortable Slow Fast Comfortable Slow Fast Comfortable Slow
Hip 1.e5 1e5(0.003) | 1.25¢* | 6.5.€5 | 6.5e%(0.002) | 1.1e° 0.001 | 5.7e5(0.006) | 0.001
Variance | (0.003) (0.01) | (0.002) (0.003) | (0.034) (0.036)
(SD)
Range 0.018 0.01 0.031 0.01 0.007 0.007 0.076 0.017 0.086
Knee 8.e5 4.5e5(0.006) | 3.35€° 6.e° 1.45€° 2.5e® 0.007 0.002 (0.039)| 1.55€®
Variance | (0.008) (0.005) | (0.008) (0.003) (0.005) | (0.074) (0.039)
(SD)
Range 0.167 0.021 0.015 0.022 0.010 0.013 0.139 0.104 0.093
Ankle 0.004 0.003(0.056) | 0.002 0.003 0.003 (0.044)| 0.001 0.001 2.25e* 0.002
Variance |  (0.02) (0.021) | (0.052) (0.035) | (0.044) (0.015) (0.04)
(SD)
Range 0.063 0.169 0.041 0.15 0.128 0.085 0.084 0.038 0.046

Table4.26: Descriptive Statistics of éhjoint kinematics VR. In bold, the VR range of closesinitude during
the comfortable walk speed.

When observing the intendividual data, sharelbehaviourscan be bserved on both legs of
the participant.

At the comfortable walking speed, the FP tredlwalk generallypresentsiigher VR
values(see blue bars iRigure4.18). As pointed previously, the anldpresented more
variability thanthe othejjoints (higher VR values).
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Individual standard deviations are used to calculate the intervals.

Figure 4.18 Mean Interindividual bilateral VR of sagittal joint angle at comfortable speER:(Fix-paced
treadmill, SP. selfpaced treadmillOG: overground)
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During the fast walks, the variability tended to be higher while walking overgr(sesl
green bars inFigure4.19).

Inter-individual mean VR Fast speed
95% Cl for the Mean
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Individual standard deviations are used to calculate the intervals.

Figure 4.19: Mean Interindividual bilateral VR of sagittal joint arlg at fast speed (blue: Fpaced treadmill,
red: selfpaced treadmill, green: overgrad)

During the slower walk, the VR value tended to be higher (more variability) during

overground walking (see green barg-igure4.20).
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Individual standard deviations are used to calculate the intervals.

Figure4.20: Mean Interindividual bilateral VR of sagittal joint anglat slow speed@FP: Fix-paced treadmill,
SP. selfpaced treadmillOG: overground)
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4.1) presented

0.02, f

significantly different VR valuescgording to the walking speeds. The slower walk

The repeated ANOVA analysis of the joint VR showed that the hip (p

presented higher VR values than the &asl comfortable one.
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The walking situation affected the hip (p=0, f=11.36) and the knee (p=0.03, f=3.65). The hip
presented VR valigeof the same magnitude acrosswhiaéking speed, making the overall SP
walk situation mean VR smaller than the other vgitildations. The knee also presented

overall smaller VR values.

4.7. Summary of results

- When comparing the results of the different walképeeds, a significantlyp€0.09
| ower VR value was observed -seléctech wal ki ng
comfortablespeed. None of the walking situations presented statistically significant
impact on the muscle VR, apart during FP treadmill walkinghe soleus muscle
(p=0.019, f=416) which presented higher VR valu&his observatiomn the soleus
muscleagrees wit the hypothesis that SP treadmill walking and OG walking are
closer walking experience than FP walking and OG walking are.

- When compeang the walking situations #iie comfortable walking speed, the mean
VR, VR variance and VR range of SP treadmill wagkand OG walking had similar
magnitude (VR: 0.176ange 0.458 variance 0.014 forSP, and VR: 0.196ange
0.55Q variance0.016,for OG), when FP treadmill walkingresentedhighervalues
(mean VR: 0.224mean rangel.752 mean varianceé).038. The SP treadmill
presented10.204% of difference with overground walking when the FP presented
14.286% making SP closer to OG than HBuring the comfortable walking
situdions only two participants presented significantly (p=0.001 for n°5 and p=0.03
for n°8) higher VR during FP walkingl'he results for these two participaatgree
with the hypothesis that SP treadmill walking is a closer analogue to OG walking
than FP tredmill walking.

- When comparing thevalking situationst fast walking speed a similaetmd was
displayed, with higher values during FP treadmill trairimgan VR 0.322mean
range 0.756, mean variancé).044) and lower values during SP and OG walking of
similar magnitudg¢VR: 0.23,range 0.458 variance 0.022 for SP, and VR: 0.25,
range 0.494 variance 0.020, for OG)No significant differencewerenoted
(p>0.05)between the walking situatioriBhe SP treadmill presente2lo of
difference with overgound walking when the FP presen2818%, making SP closer
to OG than FP

- When compang the walking situations at slow walking speed, the same trend was

observe, pregnting higher values during FP treadmill trainifmgean VR: 0.322,
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mean range0.756, mean varianced.044) and lower values during SP and OG
walking of similar magnitudévR: 0.23,range 0.458 variance 0.022 for SP, and
VR: 0.25,range 0.494 variance 0.020, for OG)No significant differences
(p>0.05) werenoted between the walkingsations.The SP treadmill presente@bb
of difference with overground walking when thE presente#8.8%, making SP
closer to OG than EP

- Only the soleus muscleehaviouragreed with the hypothesis as it presented
significantly higher VR values during RfPalking in comparison to SP and OG
walking. This implies that SP and OG walking leadsimilar muscle activity
outcome. This indicates th8P treadmill walking is a closer analogue to OG
walking than FP treadmill walkingvhich makes SP treadmill wallgra better
training environment to improve OG walking for patients who had a stroke.

4.8. Discussion

The aim of this study was to obsegy differencesin themuscular activityand joint
kinematicsof three different situations of straight wadl; overgraind fixedpaceand self
pacedreadmill walking at thredifferentself-selectedspeed (comfortalbe, slow, and fast)
Theaimwas totestwhether walking on a seffaced treadmill letb similar degreesf
variability record foroverground walking and &m, support the hypothesis that spdced
treadmills are &lose replicantof overgraund walkingthan the fixed speed treadmnathd
therefore a better training modality

In this study the VR was used to quantify the variability of the EMG envelopg@s aha
kinematics When a muscle contracts it is in fact the result of an ensemblesoierfibres
being recruited to produce the movement. A change of the shape of the EMG envelope
indicates a change in the muscle fibres recruitment. It was expectedyfoiic movement to
observe similar recruitmepttterrs over the cycles. The surfaéMG signalis areflection

of the activity of the muscle that is undeathit (and also the background noise as detailed
in section3.2.1.7. It is possible thatltanges in the mukvariability werethough a
manifestation omusclefatigue[396], [457] This possibility, howeve seems unlikely since
the participants werablebodiedand walked at their comfortbbselfselected speeds for a

relatively short period btime (approximately 30 minutes)
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4.8.1. Observationsof the variability of the EMG activity and
joints movements

This study aimed to test the hypotiethat SP treadmill walking would present
greater sirifarity of variability with OG walking than with FP treadmill walking.
Five lower limb muscles were ustaobserve the variability of muscle activity and
three joints vere used tobserve the variability of the joikinematic using the VR
as the mathentigal tool to measure variability.

The analysis of the kinematic data rejects the hypothesis that tabiltgrof SP
treadmill walking is closer to the variabilipresentduring OG walkingOnly the
walking speed presented significant difference witlvspeed leading to higher
variability than the other walk3hese findings do not lead to a clear differentiation
between the walking situations.

The small number gfarticipants (n=11) might be the cause of this.

While Hershler and Milner, 197835]f ound t hat wal ki ng at the
comfortable speed led tess variability, these results agree with Richard et al4 201
[338] who did not find significant (p>0.05) change retVR when their participants
walked faster than their prefed speedThe VR value, nonetheless, was lower
duringcomfortable walking compared to fast and slow walkingach walking
situations and in most muscles

The analysis of the muscle activitid not support the hypothesis that SP treadmill
walking leadsa a variability that is closer to OG walking than FP walking.
However, thee was a generdtendindicatingsimilar lower VR magnitude between
the SP treadmill and the OG walknd higher VR vaies during FP walking.

The values of VR observed in this studgtch the values found in the literature
[336], [395], [458] Hwang et al. (2003)336] observed the variability of the tibialis
anterior and gastrocnemius and found VR vatgesprisedoetween 0.042ral

0.647 Granata eal. (2005)[337] measured the VR dhe rectus femoris, medial
hamstrings, tibialis anterior and medial gastrocnemiuhitdren Theyfound VR
values ranipg between 0.328 and 0.69Mickelborough et al. (2004%158]
investigated the variability of the mus@&ctivity of six lower limb muscleat the
initiation of the walk of abldodied older adults. They found values comprised
between 0 and 1.

The lager range of variarcratio during FP walking suggests that the muscle
activity is more variable during thtype of walking compared to SP treadmill and
OG.
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In a 2003 paper, Goodkin and Thd4b9] observed that there were more muscles
active than necessawhen monkey performeda constrained tasif grabbing a
reward were the thumb and/or index fingeese constrained and compared to the
unconstrainednovementWhen the task was performed fredipwever the muscle
activity was consistent with what was required ¢ofprm the movementhis

finding echoes the results of the current study where th&radmed nature of FP
treadmill walking[460], which may mt replicate normal over ground walking,
imposesa nornatural recruitment pattern, lbxging more musclibresthan
necessarguring OGwalking. FP treadmill walking is a highly rep&te and
predictablgask, theelativelyhigh variability observed i agreement with
Bernsteinds observation on tdrepetiomt or cont
[268] (c.f. section2.3.1.).

During treadmill andDG walking the calculatedvR valueswere different for the
same muscle group on the right and #fedide. The asymmetrical behaviour
noticed between the targeted muscle from the right and the leftlikglysto reflect
the dominanside of the participant.

Thes observations augfir st insighs on a possibility to retrieve information
regardingthe motor control strategies used while walking over different mediums
(OG, FP and SP treadmill) using the VIRie motor control of walking is influenced
by the walkingsituation and could hawdinical implications as the rehabilitation of

walkingshoulla i m at restoring t hthecoanunitg nt 6s wal

which is adifferentwalking situation to FP treadmill walking.

Thetibialis anterior muscle stood ot comparison to the o#ih muscles as it was

not significantly affected by the walkirgpeedA proposed explanation for this is
that the role of the tibialis anterior during walking is to dorsiflex the foot. Foot
dorsiflexion allow foot clearance and pesx from tripping and/ofalling due to a
dragging of the foot. It is possible that tiit@alis actuation is a reflexion of the
consistency needed to achieve foot clearance regardless of theBypeedet al.
(2007)[461] reported in a paper that the contraction duration of the tibialis anterior
is consistent across different speeds of walking. Alsamplitude of the
cortractions of the tibialis anteriaturing heel strike increases almost linearly with

the increase of walking speed.
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The soleuslso stands out as ittise onlymuscle thatisplayedsignificantly higher
VR during FP in comparisonith SP and OGThis behaviourmight reflect the role
of the soleus during walkind he soleus contributes to plantarflexion with the
gastrocnemiudts activity during stancehroughthe forward propulsion of the leg,
produces breaking of forward velocind contribute to the vertical support of the
leg[462]. The change of variability might reflect a chamjestrategy in maintaining

the ankleds stability in the different

On the other hand, treder of magnitude of the kinematics VR were around 100 to
100000 time smiker than the muscles VR which could also be interpreted as
negligible variability. Previous paparhaveassessed the similarity of treadmill
walking with OG walking109], [111](see Sectior?2.2.1). They came to the
conclusion thathe kinematic differences between treadmill and OG walking were
negligible[109], [111] There isto our knowledgeno paper reporting the measure
of kinematics variability relaying on the VR.could bethat the VR is not adapted

to measurements of kinematic variability because of their more stable behaviour.
Where the EMGsignalspresent muclgreaterchangesn amplitude because of its
noisy behaviour, th kinematic data, in comparison, presgatrly smootler curves.
The VR did not prove to be an efficient tool to measure the variability of the
kinematic data.

Thecalculation otthe variability ofthe kinematics presented different behaviour on
the ankle joinin comparison with the hip and knemrjt. The ankle jointfollowed

the muscle VRehaviourby presenting more stability in the case0ds walking.

The hip and knee joint presented oppogtults as they present less stability during
OGwalking. It appears that treadmill walking representsore challenging task
thanOG walking for the ankle as one of its roles include the support for the
absorption oforcesduring the walk as well as f@rogression. It is possible that
fixed speed treadmill walking makes the optimal motion more difftoutivaluate or

does require less accuracy.
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4.8.2. Limitations of the study

The current study was completed wétlsmallableb o di ed pa@aample ci pant 6s
(n=11) while in total, nine different walking conditions were compardgere were

three walking speeds exthree differentvalk settingsA small sample size is more

likely to lead to statistical err¢gd63], [464]. Consequently, an ANOVAvas

unlikely tolead to a statistically significant difference and thereiiavalidate the

hypotheses that SP treadmill walgishares more similarities of muscle activity

variability with OG walking than FP treadmill walkjn

As the walking speed instructions were not restrictive, the notion of slower or faster
walk were the participadts o wn p whiclt neightthave ladstless clear
differentiations between the gait speeds and therefore impact the changes in motor
contro., The part i cOGaadron tbedreadnaillwers notatchedn speed

This choice was supported by the intention of recording natural itdkature

shows that people tend to walk slower on a treadmill than they would do @ing
walking when walking at their comfortable walking sped®9], [231], [232] In the

case of this study, the OGalking speed was not recorded, whidbes notallow to
compare the three walking spestdend and compare it with the literature.

One limitation coming from uisg the VR parameter is that thei®no clear
normalisition method foapplying it to EMG signas. Common practice is to apply
the EMGto rectified sigrals thathavebeen smoothedha normalisedemporallyto
separate thstrides that are compared to one anof8@8é], [395], [458] These steps
were also present in the treatment of the EMG of this study. However, there is
information lacking about theumber of strides used tolcalate the VR. When
Richards et al. (2014338] mentions rejecting participant data wiidid not
comprise at least5lvalid cycles, there is no indication of over how many cycles the
VR was calculated. Hwang et al. (200336] mentiors measuring the EMG of at
least 10 consecutive strides but no upper limit gait cyGemnata et al. (2005337]
did not provide indication about the numbef stride studiedThe absence of

precision can be an obstacle to the comparability between studies.
This study did not restrict the participation to the stiedgeople who had previous

experience with walking on a treadmilhis might affect how the participant

adjusted to walking from OG to on the treadmill which might have affect both
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muscle recruitment strategy and the joint kinematiee and Hidler (200g)111]
found a diminished range of nimt during treadmill walking tha®G, looking at
the knee jointSloot et al. (20144p33] also found a reduced range of motion during

SP in comparison with FP treadmill walking on the hip and the knee.

4.8.3. Future recommendations

The current method used the knee joint angle data as reference to separate the gait
cycles.To improve tlis aspect of the study, future work shoukkwan IMUbased
algorithm using either thgyroscope or accelerometdaitg to detect the gait cycles

to have a more accurate methbtikthods relying on IMWsensaos such as
accelerometer or gyroscope dati@ supported by more literature validation.

In this study, two treadmill walking situations were compared to one OG walking
situation.These are straight walking conditiofi$ie addition of a walking situation
matching the community walking experienéa example slope ardr changes in
directionshould further the investigation on the difference of motor control
strategies attached to different walking situations. Ultimately, the best rehabilitation
should be the one leading to better community walking.

This study did not reach significagifferences between the different walk settings
compared The addition omore participargto the VR analysisnightimpact the
statistical significance of the observed behaviour.

The inclusion of a time of familiarisain to the treadmill walking environment

should be implemented in order to insure the collection of data from comfortable
walking at a sefselected pace.

As mentioned in sectiofh.8.1, the ankle joint is the one presenting the imos
variability. In the next study, the number of muscles observed could be reduced to

two muscles patrticipating in ankle movement.

Future work with impaired participants is planned to undestvhether these
findings occur in populations with strokéwill include participants with chronic
stroke to compare with ablodied and get a first comparison between the two
populations

An intrarindividual, musclegpermuscle analysis could provigeore information on

to what the differences are between theedédht walking situations.
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4.9. Summary

In this preliminary study, 11 participants were asked to walk at differertaelfted speeds
informally called fastcomfortable and slow speed. The kinematic information was recorded
using markers and infrared carasr Their muscle activity on 5 lowigmb muscles from

each leg were recorded with wireless surface ENEBtrodesA comparison of the surface
EMG collected during the three walking situatioagdrgroundg on fixed pace treadmiéind
selfpaced treadmilljevealed a wider range and variance of VR values when the participants
walked at a fixed pace on the treadmill, compared tepseléd anavergroundwvalking.
However, these differences were not statistically significant.

These rests refute the hypothesof significant (p<0.05)lifferenceof FP treadmill walking

in comparison t&P treadmill walking and OG walking. However, the trends observed in the
VR values and the significant difference found in the soleus muscle deserve furthe

exploration.
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Capter 5

5. Obser v asttiuvadoymp awalnlgi ng i n four
environments (indopasedoahdoo
sepdced t rweddmbieldi)ed and chron

stroke participants

This chapterpresents the methods sectfonthe observationatudy which aimed to
compare the muscle activation patterns aceagstwalking conditions to inform the use of
treadmill training in the recovery of walking function following a stroke. &igétwalking
conditions beingl) outdoa flat walking, 2) outloor uphill walking, 3) outdoor downhill
walking, 4)indoorflat walking, 5) treadmill fixed pace flat walking, 6) treadmill spthced
flat walking, 7) treadmill setpaced uphill walking and 8) treadmill sgced downhill
walking.

5.1. Hypothesisand Objetives
5.1.1.1. Hypothesis

Hypothesisl: There will be statistically significant (p<0.05) differences in the muscle
activation pattermetweerFP treadmill walking and the three other walking situations
(self-paced treadmill, indoor and outddtat overground waling).

Self-paced treadmill walking will be closer to overground walking (indoors and
outdoors) in comparison to fixed pace treadmill walkingoththe ablebodied and

chronic stroke participants across the eight walking conditions.

Hypothesis 2Therewill be no statistical difference (p>0.05) in muscle activation

pattern between the SP slope walking and overground outdoor slope walking.
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5.1.1.2. Objectives

1. Recordthe EMGsignal fromselected lower limb muscle ovewltiple gait cycles
during the eightifferentwalking conditions

2. Compare the variability of the muscular activity pattexaosghe walkingcondtions
using parameters of uncomplied interpretation

3. Observe if the different walkingondtions impactifferently the ablebodied

participants ompared to the chronic stroke participants.

5.2. Ethics and Participants
All participants were adults recruited as two different groups. Thegfiostp was composed

of 17 ablebodied adultsgeeTable5.1 for details)with no known musculoskeletaensory,

or neurological impairment.he full exclusion criteria are given Trable5.3.

The second group consisted of seven adult participants with impaired motor function
following a stroke at lead2 months previouslyséeTable5.2 for detailg. The inclusion
criteria for theses participants are detaile@able5.4 and included the ability to walk
outside independently with or thiout walking aid.

The study was approved by the university of Strathclyde ethics committee under the title
fiComparing outdoor, indoor and treadmill walking for people with and withoutlityobi
problem® ahe deference number UEC17/KBrr/Ibala/Smith

5.2.1. Baseline measures

Both groups had anthropometric measurements taken, including weight, height, interAsis
distancgdistance between left and right anterior posterior iliac, illustrat&ibire4.2,
sectiond.4.2 Chapterd), knee wilth, ankle width and leg length on both sidHsese data
were necessary for the construction of the biomechanical model (RBajtirvicon) used
during the motion captur@hey completed # Montreal Cognitive Assessment (MOCA)
[465] to check their cognitive abilitgsee in AnnexH). The MOCA is used to evaluate mild
cognitive impairment. A score of below 26/30 (30 being the maximum score) idduatif
individual as beingcognitivdy impaired The Rivermead Mobility Inelx (RMI) [466] was
also used to evaluate mobility, this is a wesdtablishedlinical test with good reliability
[467]i [469] and validity[469]. Lennon and Johps (2000)469] reported that the RMI
presented stability between tests when used twidee(petest = 0.732 ; p = 0.47), the RMI
is highly reliable between evaluators (ICC = 0.98 ; p<0.00hgn et al. (2007%#68]
reported an Interclass Correlation coefficient of @8fonstrating itsery goodtestre-test

reliability. In this index, fiteen functional movements (e.g. sit to stand) are rategitlher0
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or 1wherel measthe participant can performthetasin d 0 t h aAllithethsksy can 6t

apart from one (requesting to stand unsupported for 10 seconds without help); are self
evaluations by the participant. A score ofid§enerally considered toean theparticipant
has good functional mobilitf468]. Schindl et al. (2000%167] reported a median RMI of 13
for chronic stroke suivors beforg(50% of the RMI score were comprised betwegtf7
interquartile and 14 the3" interquartil§ a threeweeks long physiotherapy intervention.
After the physiotherapy inteentiona median RMI of 13 was reported (50% of the RMI
score were amprised between, 3he1st interquartile and 15he3™ interquartile) It can be
noted that when the median MRI remained the same the interquartile value increased by two
points whichreflects mobility improvementChen et al. (20071168] assessed a grogp 50
chronic stroke participants with mild to moderate impairmertieirlRMI was measured
twice and their values were of 9.0+3.8 one tfiéest and 8.9+3.9 on thé®2est.

5.2.2. Informed consent

All participants read participantinformationsheet at leagt4 hours before being invited to
give consent tparticipate(seeAnnex D andE for participant information andonsent form

details).
Participant | Gender| Height | Weight Age MOCA RMI
identification (m) (kg) (years)
no.

AB 1 M 1.72 58.7 28 30 15
AB_2 M 1.82 62.3 25 29 15
AB_3 M 1.83 86.0 48 29 15
AB_4 F 1.65 55.0 23 30 15
AB 5 F 1.65 64.5 22 30 15
AB_6 M 1.82 80.3 24 28 15
AB_7 F 1.63 54.5 23 29 15
AB_8 M 1.74 65.1 21 26 15
AB_9 M 1.72 64.3 25 28 15
AB_10 F 1.69 71.9 36 28 15
AB_11 F 1.59 54.2 24 28 15
AB_12 F 1.54 80.8 24 29 15
AB 13 F 1.50 69.3 34 29 15
AB 14 F 1.65 66.1 25 27 15
AB 15 F 1.70 80.4 18 30 15
AB 16 M 1.85 75.0 26 29 15
AB 17 F 1.64 63.7 26 28 15
Mean 1.69 67.8 26.6 28.6 15
Standard 0.10 9.92 7 1.11 0
deviation

Table5.1: Participants information 1st group, ablmdied
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Participant| Gender| Height | Weight| Age | MOCA | RMI | Time since| Affected
no. (m) (kg) stroke side
(months)
S 1 M 1.68 | 785 67 |27 12 14 R
S 2 M 1.86 |83.2 62 |28 13 Missing L
S 3 F 1.63 | 455 65 |28 14 38 L
S 4 F 156 |88.1 69 |24 13 73 L
S5 F 1.64 |525 52 |27 14 252 L
S 6 F 159 |58.8 73 |25 15 72 R
S7 F 159 |64.3 68 |28 12 48 L
Mean 1.65 |67.3 65.1| 26.7 13.3 | 82.8
Standard 0.10 16.2 6.7 | 1.60 1.11 | 85.8
deviation
Table5.2: Participants information 2nd group, chroetcoke
Inclusion Exclusion
1 Adult (18+years old) 1 Uncorrectechearingimpairment
1 Able-bodied 1 Uncorrected visual impairment,
M No known musculoskeletal 1 Pregnancy
impairment 1 Under the age of 18,
1 l
1 l

No known sensory impairment

No known neurological impairmen

Impaired alance
Currently takingmedication that
could affect walking abilig

Table5.3: Inclusion and exclusion criteriablebodied participants

Inclusion

Exclusion

T
T

Adult (18+years old)

Impaired motor function as
outcome of a stroke at least 12
months previously

1 Ableto walk outside independentl

with or without walking aid

= =2 =8 =8 =9

Use of medication affecting the
performance of mild exeras
Uncorrectechearingimpairment
Uncorrected visual impairment
Severe aphasia

Heart or respiratory conditian
Physical or neurological
impairment impacting the walkg
abilities or balance

Table5.4: Inclusion andexclusion criteria, stroke participants
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5.3. Material and methods

5.3.1. Equipment

5.3.1.1. EMG

Wireless electromyographic (EMG) surface electrodes (Delsys Trigno, Boston, WS&) w

appliedto the skin overlying the following muscldsamstrings (biceps femori), quadriceps

(vastus lateralis), gastrocnemius (lateral gastrocnemius), and tibialis anterior sidemth

using hypoallergenicdoubkei ded t ape. The lowed SENDAMO6 S p | ac e me
met hodds r e d3dthPromatizetapplcatien of tHEMG electrodes on the legs,

the area was shaved (if therashair). The skin was then cleansed by rubbing with alcohol
wipes.This ensured the removal of radeadskins,and oil on the surface in contact with the

EMG sensorstherebyminimisingsignal impedancerhe Trigno EMG sensors havéndr

shapedsilver electrodethat are in contact with the skin, designed as two set of parallel of

electrodes (seEBigureb.1). These barare recommendeh beplacedperpendicular to the

orientation of the targethuscle fibres as illustrated ifigure5.2. The arrow design on top of
theses or 6 s cdspe atelmgsntt h The sensor casebds di me
the contact surface of the silver bardés di me
The EMG signa were recorded wirelessly, orradiofrequency{RF) band of 2@0 to 2480

MHz, which is within frejuencies of the Industrial, Scientific and Medical equipment service

(ISM), (which is also within the frequencies of the Bluetooth), at a frequency of 2kHz. Its

range of operation is up to 40m away from the sensor bagerahge can diminish in the

presece of other RF sourceBhere is an inherent delay in the data transmission between the
sensor and the analogue output. These are referred to as group delay and correspond to the
sensor filtef(1.5 ms), the digitalisatiodelay (41 ms), the SinX/X corrémt (2 ms) and the

analogue lowpass filtering (3.5 mg}70].
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EMG Electrodes

Figure5.1: Delsys Trigno EMG sensors have four silver electrodes coming in contact wittithExdracted
from Delsys Inc (2012%70]

s MUSClE-fibEr AIrECHON mm—

Figure 5.2: Delsys Trigno sensors must be oriented along the muscle fibre's direction, the arrow
shape on the seors is designed to help the placeméntracted from RIsys Inc (2012)470].

5.3.1.2. Kinematics measuremens$

The kinematic data were recordesing 12Vicon, T-series (Vicon, Oxford Metrics, Oxford,
UK) camerasat a 100Hz frequencyor all overgroundvalking condition excepted the
outdoor walling. The trajectory data from the cameras were processed using proprietary
software (Nexus, Vicon, Oxford Metrics, Oxford, UKuring the treadmill walking
conditions, 1Bonita(Vicon, Oxford Metrics, Oxford, UKtamerasvere usedseeFigure

5.3), operating at 100Hz, positioned around the treadmill on the 180° screen frame and
behind in order to cover the entire exercise environment. TéenBonita camera are
equipped with 68 high powered led emitting in the near infrared wavelength (780 nm). The
light emitted by the cameréBonita and Fseries)s reflected on the reflective markers
attached on the body landmarks, according to the L&imxPlugin-Gait model (as
presented ichapterd, sectiord.4.2. The overground data were recorded from gait initiation
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until a series of approximately 20 steps were perforrhezsadmill data were recordéar
appoximately 20 steps followingitiation, which allowed to later extract the data
corresponding to ongoing, steasate walking and cut out what corresponded to the

initiation and transition to steady walking state

Figure5.3: VICON BonitaMotion Capture cama [466]

5.3.1.3. Outdoor data collection

The outdoo data were collected without cameras. Instead, a $etioForce Sensitive

Resistors (FSR)séeAnnex F for specificationgletails and technical sh¢ébelsysTrigno,

Boston, USA) were placed under the fobthe participants on their socisact as event
detectors (i.e. initial contact andsknf contact) FSR sensors are used to obtain information
about the relative pressure exerted between the body part it is attached to and the surface of
contact. Theut put data is a percent ageThednhalogyee sens
output range of these FSR sersdsrcomprised betweed.85 V(0% of the detection range)
and5.00 V(100% of the detection rang®o additional signal processimgeratiors were
presentedinthe s er 6 s g u i[4d14. Whien glaced enddr the foot, FSR can be used

to identify gait events such as the contact of the dvete ground or théot off from

ground. The FSR membrane used were circular and with the suffiserm? & presented

in Figure5.5. Each of Delsys FSR sens@s designed to colleaif four channels, which

allows heobsenation offour pressursensos at the sae time (se€igure5.6). The first

channel issampled at 4926 samples/seate and the three other channels are sampled at a
148 samples/saate. Thefour FSRs were locatednder the heehase othe F'metatarsal,

base othe 3" metatarsal andnderthe basef the hallux (seeFigure5.5). For the stroke
participants, the FSRs were placed on the affectedsigewhereas they werandomly
allocatedbetween sides ithe control participants.

Other kinematic parameters were recorfteth the dual Delsy3rigno system with

combines EMG andaninertial measurement unit (IMU) sens®he MU sensors contain

gyroscopes (to measure tegular velocityaround three axes), accelerometers (to measure
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the accelerations along three axes) andnmatmneters (to measure the magnééld along

the three axes), s&dgure5.7. With these additional sensors, it is possible to monitor the
movements of t h&heMasignal s pracesset fdom a tigitahto anakg
signalby a Digital to AnalogueConveter (DAC) sampling( t he DAC f i | tOer & s
500H32. When collected, the biological signal goes from being an analogue signal
(continuous) to a digital signal (ensemble of points) collected at a given sampling rate. By
converting the signatém digtal to analogue, the signal output is a reconstruction of the
original signal. This operatidieads to alistortionof the entry signalbecause of the
guantisation erroiThe quantisation error corresponds to the vertical distance between two
sucessivesamplesFollowing a DAC operation, the resulting signal is a succession of steps
which take a shapat issimilar to the originabinaloguesignal(seeFigure5.4).

Digital signal \ Analogie signal \

ORV~+—0< o 4

Time -
Figure 5.4: Digital to Analogue signal operation on a siwave. Extracted fror@shana (2012}472]

To mitigate the effect of this operation thiee(x)/x correction filteris used to preserve the
amplitude difference between the analogical poifitereis an inherent delay in the data
transmissiorbetween the sensor and the anatogutput. These aneferredto as group
delayand correspond to the Accelaafilter (2 ms), the digitalisation delay (41 ms), the
sing(x)/x correction (27 ms) and the aoglie lowpass filtering (26 mgy70]. They were
placed on théateral surfacef eachmeasuredgegment (footshank, thigh) and on the lower
back pver thesacrum). Those dual sensors were only used for i&#idrding while the

EMG only sensors were used for the muscle activity recording.
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.ﬂ—

Figure5.5: FSR sensor placement and FSR memhbrBram Delsys4h ann e | FSR Adalptller User 6

Figure 5.6: Delsys Trigno, Fouchannel FSR sensdfrom Delsys 4Channel FSRAd apt er User 6s Gu
[471]

For theoutdoor test the data from the sensor (EMG, gyroscope and accelerometer) were
streamed, as presented in the EMG sed8enton 5.3.1.9), through the ISM frequency

band and recorded usindg-abVIEW (National Instrument, Austin, USA) bespoke
programméc.f. Annex G for more detail on program interfesc@nd echnical

+Z
543 ,
_ 5

developments

N\ +Y

Y

Accelerometer + Gyroscope Axes Magnetometer Axes

Figure 5.7: Delsys Trigno IMU sensors' axdsrom Delsys Inc, (2019%73]
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5.3.1.4. Treadmill system

Thetreadmill walkingtrials ugd theMotek CAREN Extended system. The MotEktended

CAREN systenmMotek Medical BV, Amsterdam, Netherland$he MotekExtended

CAREN systentombines motion capture with a treadmill equipped of two force plates and
embedded on a platforthatallows six degrees of fram. This type of platform has been

used for application such as gait analy®&0], [431], [474] gait stability[425], balance

[475], andwith diverse pathologies or health condition such as multgkeasis[427],

stroke [476], [477] lowerlimb amputatiorf478], [479] cerebral palsj480] as well as abled

bodied This system is complemented by amersve audio andrvisual experiencdelivered

through the projection ofdrtual realityontoa 18 0A screen facing the |
see figureFigure4.1 for illustration

5.3.2. Procedure

Once the anthropometrics measurements were recagda@etailed in s¢ion5.2.1, the EMG
electrodegrecording EMG signal onlyyvere attached to the legs of thetjmdpants

according tadhe proceduregpresented isecton 5.3.1.1 The EMG sensonsere attached to

theskin with allergyfree doubles i ded t ape. The EMG sensoro6s pl
using the SENIAM method847] (see sensor locatian Figure 5.8). The FSR sensors were
attachedusing adhesive bandage tapeer the socks on the feet of the participant in the

locations detailed previssly (seeFigure 5.5) and the shoes were put back on

Once theEMG onlysensors were attachdatle duaEMG/IMU sensorgwhich will be

referred as IMU sensors)ere attached to tHateral surfac®f the foot, shak, and thigh and

over the participantds sacr unFiguebhthEeaslEbh sor sd |
sensors were used for the only purposeafiecting movement information and no EMG

data was collected from thefhere & support in the literaturdetaiing on the use of

sagittal data of the IMldatafor movement analysig81]i [484].
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Figure 5.8: IMU sensorsif orangecircles) locationto collect data for kinematic measuremeaMG
sensors location (in blue rectangles) for muscle contraction measurement
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5.3.2.1. Outdoor walking

The firstdata colledbn session was thmutdoor walking. The reason for outdoor walking
being the first walking endition waso minimise thexumberof sensors attached time
participantwhen walking outdoorsThe outdoor walking was measd with minimal
equipment (theeflective markers were added aftéklso, starting by outdoor walking was a
measure to anticipa the possible changes of weather and ensure the recording of the
outdmr datawas successfuBeforethewalking wascommened each participant was asked
to stand stillwhile EMG reference data (to measure the backgranis was recorded.
Then the stright walking exercise was performedtiere the participant was asked to walk
straightfor about 20 meters over tlkencrete oudoor surfacgpavements (segure5.9),

turn around a cone and walk back to the starting pOimte hree repetitions were collected
of the straight walk the participant was invited to take a skettbefore proceeding to the
outdoor slope walkTheoutdoor slope walks took place in an area immediately adjacent to
the flat outdoor walks. The slope was ideters in distance withgradientthat ranged
betweerB and 6 degregseeFigure5.10).

Figure 5.9: Concrete pavement floor on which participants perforthedflatoutdoor waking.
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Figure5.10: Participant walking down the outdoor slape

Between the atdoor and indoor walkintials reflective markers (14mm in diameter)
requiredfor the motion captursession (seEigure4.2 andFigure4.3 in sectiond.4.2for
location detas) were applied to each participantsittingwhich provided an opportunity for
the participant toest. Theestingorder folloving outdoor walking trials (i.etreadmill or
overground) was randomised usengoin tosgo reduce the possibility of an edeffect

Between the two indoor walking test (indoor overground or treadmill) times, the MOCA test

was donewith the participats.
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5.3.2.2. Indoor overground walking

The indoor overground walking comprised straight wallking biomechanics lab on a flat

surfaceas can bsea in Figure5.11.

Figure 5.11: Emptygait laboratory where the indoor walking took place

5.3.2.3. Treadmill walking

The treadmill walkingrials consisted of 1) flat fixegace walking, 2jlat self-paced

walking, 3) uphill seHpaced and 4) downhill seffaced walking. This was also the order for
these conditions which was applied consistently for all particip@htssloped walking had
two gradients to reflect the outdoslope (3 degrees and 6 degrees).
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5.4. Data reduction and analysis

5.4.1. Determination of gait cycles

The determination of gait events important for processing cyclical data allowing multiple
cycles to be compared and averagkiesto becalculated. The datfromthe IMU sensor
attached to thiateral border of thehank vasused to detect these events. IMkhhve been
well used foigait event detectiof#84]i [486] in postprocessing but also quasal time
[486] including reailtime gait analysi§487]. Some of thalgorithmsusedcombine the
gyroscope data with the accelerometer or other sensors such §48AER488], [489]

which allowsthe event to beeteced bydifferent sensors and confirm the event by
informationredundancySome of these algdinims were designedtidentify pathologicdy
constrained gaj87], [490] The following section will describe these algorithms and

justify selection for this study.

Pappas et al. (2@0[484], developedn algorithm able to segment gatkitwo phases

(stance and swindjy detecting two gait eventsh at t h e yheel gife®andfinead a s
offo in reattime. The sensesiused as inpub their algorithm were a gyroscogdaced on

the lateral sidefahe foot,measuring the angular velocity of the foot and three FSR sensors
attached to the bottom side of an ins@@eatedunder the heel, #afirst metatarsal and the
fourth metatarsgi84]. This gaitphase detection system (GPDS), combined data of pressure
and angular Vecity allowed he detection of thewo phasesf gait (sedrigure 5.12). The

GPDS wagdested on a group of abbodied participarst(group A) and on a group of
participants with various gait impairments (groupi®)luding incomplete spinal cord injury
andstroke[484], [489] The reliability of the GPDS was tested on different walkasks

such asvalking up and down stairs, walking aneven ground (walk on and off pavement,
oversteppingbstacles, walk on grass, snow and earth), walking on levelled ground and
walking up and down a sloB0 m long,steep cobblestone road, 15% ination). The

reliability testing of the GPD8uringlevelledground, slopes, and irregular terrain walking

led to a success rate of 100% for the group A and 99% for the gripil89BThe steps

which failed to be identified werexplainedashesitant wallkng from group B members

when having to step on astacle, irregular walking and very low heel lifti@@9]. The
reliability testing of the GPDS dung stair walking led to a success rate of 99.788group

A (the missing steps occurred during stairs deseet)96% for grop B[489]. As the
participants did nolwayscontad the ground with all the sensdfe interpretation of the

signal recorded relieghoreon the gyroscope signgl89].
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GPDS measurements
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Figure5.12: Gaitphase detection system (GPDS) output data (middle sig&dl) designed from information
from FSR data (bottom signals) heef,ahd4™ metatarsal and gyroscope data (top signal). ST: Stance, HO: Heel
Off, SW: Swing, HS: Heel Strike.

Novak et al. (2012)491] and (2013]488], focussed on #hdetection of gait initiation and

gait terminatiorevents relying on similar sensors. Nine IMU sensors were placed on the
back,oneach upper arm, shartkjgh, and feet of the test subjectThey also used adt

insoles instrumented with 64 pressurassgs[488], [491] in order to monitor the

di stribution of the prEesucceseratfiabsbinggait at h t he
initiation was of over 97% and over 80% for gait terminat{d88].

Aminian et al(2002)[481], used three gyroscope sensors (one attached on each shank and

one attached on the rigthtigh) to measure the angular rate according to the axis

perpendicular to the sagittal plane (mediolateral aXish FSR sengrs wereplaced under

the feet, andwo under the big toe, directly on the sk#81]. Relying on thecharacteristic of

the shankdéds angul ar rate curve doffandimeg wal ki n
strike eventsvithin the gait cycle (seBigure 5.13 andFigure 5.14). Their algorithm for gait

detection relied on the use of the wavelet transformation to enhance tistrikeehnd te-

off events of the gait cycl@hey reported an error @t2%for the stride length estimation

(0.07 m) andhn error of 6.7% fothe estimated speed (0.06m/s).
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Figure5.13: The $rank’s characteristic angulvelocityduring gait displays the teaff and heel strike events
[481]
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Figure5.14: Gyroscope from the thighrft Shank (g8) and FSR data from the heel (R348 and the to€FSRoe)
with their correspondence during gait evgA®l]. Heel strike event are in cirdand te offs in squares.

Lee and Park (2011386] developed a quaseattime ambulatory method to determitveo
gait events (initial contact anddt off) using a gyoscope attached to the shank of the
participant. Their algorithm is based the interpretation of the characteristic of the angular

velocity from the medidateral axis of the gyroscope.
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Senanayakeral Senanayake (2012)90] developed a method usiagomputational
regulation method called fuzzy logic. They combined the information extrioted=SR
sensors placed under the heel, the big toe,the@d 3' metatarsal with IMU data attached
on the thigh and shank tife subjecf490]. The two IMUs were used to extract the knee
angle data. Their algorithm was intended to be used on bottbatled and patholacal

gait. Consequently, they redtred ablebodied participants who were asked to perform
normal ancsimulatedpathological gis (toe walking and toe drag). Their method was able
to detect abnormalities in g@it90]. Their system identified 100% of the gait phases durin
normal walking.

The development of methods relying on a single sensor has been explored-hyjldder

and Helbostad (2004485], who relied ora single accelerometer sensor attached to the back
of the participant. They based their algorithm on the periodicity of thiealeatceleration

of the trunk inorder to determine the gait eveM85].

Catalfamo et al. (201@%92] used a single gyroscope attached to the shank of the test
subjectsSubject also wore insoles ingtnented with up to 960 pressure si@gy locations as
a referenceThe subjects alked attheir self-selected normal speedstsideon levelled
ground(on pavementsand on a slope of about 9° angielination They developedn
eventbasedlgorithm ablgo detect two events of tlgait cycle (initial contact and foot off)
The detection of event during down slope walking wasesgful 98.9% of the casedp-
walking was detected 99.3% of the cases and levelled ground walking events were detected
99.5% ofthe casef92].

Gouwanda and Gopalai (201887] also used a single sensor method, relying on a
gyroscopeattached on each shankdentity the heel strike and tad#f events of gait in
reaktime. The following bespoke algorithm inspired by this single sensor method.

A summary of the paper afeper e sent ed paper 6s Tablestc.c o me i s
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Authors Sensors Walking Task | Test onable Success Ra
bodied(AB) and
impaired(l)
walkers
Pappas et al. | 1 Gyroscope Levelled Y All walk but
(2004)[484] | 3 FSR ground stairs:
Uneven 100% (AB)
ground Up 99% (1)
and down a For stair
slope walking:
Up and down 99.78% (AB)
stairs 96% (1)
Novak et al. | 9 IMUS Gait initiation | N Gait initiation
(2012)[491] | 64 Pressure Gait >97%
and 013) sensors termination Gait
[488] termination
>80%
Aminian et al.| 3 Gyroscopes | Levelled N
(2002)[481] | 2 FSRs ground
Lee and Park| 1 Gyroscope Levelled N 100%
(2011)[486] ground
Senanayake | 1 Gyroscop Levelled N 100%
and 4 FSRs ground
Senanayake
(2010)[490]
Moe-Nilssen | 1 Accelerometer| Levelled N Intraclass
and ground correlation
Helbostad Uneven .79
(2004)[485] ground (mat)
Catalfamo et | 1 Gyroscope Levelled N 99.5%
al. (2010) (2 Pressure ground, (Levelled)
[492] insolesfor Up and down g 98.9%(Down)
reference) slope 99.3%(Up)
Gouwanda 1 Gyroscope Levelled N 100%
and Gopalai ground w/o
(2015)[487] anklebrace
Treadmill w/o
ankle brace

Table5.5: Summary of test method angtsess rate on gait event algorithms using IMU sensors

While no testing was done with impaired participants, Gouwanda and G(38H8)[493]
attempted to mimic walking impairment through the use of abkézes. Their algorithm had
a 100% success rate and wasdusath overgound angdon a treadmillwhich are walking
scenariosttat will be used in this thesighis level of success, its use both overground and
on a treadmill, its potential both akbt@died and impaired walkers added to the fact that it

relies on a single sensor made it the most advantageous method to impldimsrihésis,
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compared to the algorithm dfoe-Nilssen and Helbostad (2004)85] who while it had a

single sensor method, did not test on impagedonstrained walking

5.4.2. Gait events detection algorithm from single axis groscope

The algorithm for gait event detectiased in this studysedthe signal frorma single
gyroscopéo detecbothinitial contact and toeff events The IMU containing tle
gyroscopewas attached to botbhanis of the participant on the lateral border side (see
Figure 5.8). A distinctive[481], [482], [484],494], repetitive shankrotationpatternwas
apparent (seEigure 5.15). This wassimilar toreportsin the literaturd481], [482], [484,
[494], and formed the basis of tigait eventdetection algorithniseeFigure 5.15). Because
of the repetition of the pattern and becatii® workfocuseson the analysis on the ongoing

walk even if walkdoes ot start with a cleaheel strike it was possible to extract gait event
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Figure5.15: The shank gyrecope signal on the sagittal plane of one gait cygioited in blue in the graph in

deg/s. The blue dashed line is the vertical axis. 1) The valley corresponds to TO event, 2) Initiation of swing, 3)
peak rotatiorduringthe swing phase, 4) HS valley), shank perturbations peldiS, 6) shank perturbation on
mid-stance Adapted from Patterson et al. 20/494]

OnFigure 5.15 The negative values indicdteatthe shank is rotating in artigonometric
(clockwise) direction a positive value indicates the shank is rotating in trigonoaettiic
clockwise) directionn reference to axis (vertical blue dashed lines on the upper half of
Figure5.15).
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The shank gyroscope signal is composed of charactd48tig, [484], [494]peaks and
valleys corresponding to miglving, Initial Contact(IC) and Toe off (TO) events. Eh
prominent positive peak correspianto the migswing(see 3) inFigure 5.15) [494]. The
negative valley following the swing peak corresponds tdGhevent(see 4) inFigure 5.15)
and the negative valley precedithe swing peak corresponds to the toe off e{gad 1) in
Figure 5.15) [494] [481], [486], [487], [495] It is theefore possible to deduce from the

location of the swing peak when tl@and TO occur.

An algaithm was then designed from one signal S(t) (green sigiagime 5.16) from the
gyroscoped6s s agxis.tThesteps pftha algeritremeillusirated offfigure
5.16to Figure 5.21.

Gyroscope
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Figureb5.16: Gyroscopesignal S(t) (greemnd FSR (Heel in red and Toe in purple)

In Figure 5.16, the FSRignalsfrom the heel and the big toe are superimposed to the
gyroscope signaln this way, itwas possible to adirm which point of the gyroscope signal
correspondso thefoot cortactevents The firstfinding is that the foot contact$® and TO)

occur for negative gyroscope angles.
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542.1. Al gori thmdés design

The algorithm presented ihis thesis is based on the design of two functiafty &d $(t)
from the signal Sjtof the gyroscpe, presented iaquation(5.1).
YO QYo ©e¥ro QYo
(5.2)
The two functions &t) and $(t) arebuilt so that they are orthogonal to one anothgt) S
and $(t) are orthogonal to one another if their scaladuct is null, <S;, $>=0. The scalar
product of $(t) and (t) is expressed iaquation(5.2).
“YRY Y 08Y 0Q0
(5.2)
Scalar product of thauhctions gt) et $(t)
Since 3(t) and $(t) are orthogonal, they will eacontain complementary information
which are independent to one another. It is also easier to extract the information contained in
the gyroscope signal S(t) when they are affebiedistinct functions, which are in this case,
Si(t) and $(t).
Si(t) and S(t) will be designed as binary signadsfocus on specific events of the gait cycle.

The steps of design of the functiongtBand $(t) are described in the diagramHRigure
5.17.
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Gyroscope signalS(t)

Turn to zero all
positive data

Turn to zero all
negative data

Take Absolute
value

Threshold2= 2
time Mean of new
data

Threshold1= Half
of standard
deviation

Put to zero all dat
<Threshold2ELSE
put to 100

Put to zero all dat
<Threshold1ELSE
put to 100

Gait swing signal

FS(0)

J

Foot contact with
ground signal

S

Figure5.17: Flow chart of desigof theorthogonal functions &) and S(t)f r om S ( t )
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Gyroscope

S$1 signal ]
signal S(t)
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Time (s)

Figure5.18: Signal S1 from negative S(t) data

In Figure 5.18 we can observe that §ellow signal inFigure 5.18) matches the
occurrences of the contact of the foot on the floor. The functiamdly on when the et

FSR and the toe FSR are on.
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Figure5.19: Signal S2 from positive S(t) data

In Figure 5.19 we can observe that §lue signal inFigure 5.19) is on dumg the swing
stage of the gait cycle. & on when the gyroscope data is positive and the heel FSR and toe

FSR areoff.

194



These two signals (S1 and S2) are then used to idémgifwo critical evens of the gait

cycle i.e.IC and TO. The steps of thisgalrithm are described in the diagranfFigure
5.20.

Si(1) & Si(1)

FindS;(t) Peaks and Valleys FindS,(t) Peaks

The Rise of firsg,(t) peak

The valley (fall) of the las$(t)
(furthest awggz)ii?efore (1) peak (closest) before &,(t) peak

End of contact events

Initial contact Events

Figure5.20: Flow chart description of thgait events detectioalgorithm
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Initial contact End of contact
(1st S1 peak rise) (last S1 peak fall)

300-
250~
200~
150~
100-— »
0-
-50- /A
-100- / \
-150- [ A<
-200- ‘
-250- /
_Sm-l"';"‘I"'l"'l“""l'"I"'I"'l"'l"'l"'l“’l"'I"'l"'l"'l"'l"'l
32 34 36 38 - 42 44 46 48 5 52 54 56 58 6 62 64 66 68

]
)

N

Amplitude

-:'::f__:
N

|

/

Heel FSR Toe FSR

Figure5.21: Initial Contact(IC) andEnd of Contact(EC) detection

We can observe iRigure 5.21 that the signal £t) (in blue inFigure 5.21) is a succession of
square signal correspdng to the stpping duration. The curve:d) presents a firstgak
after the stance phase (p&st) and falls to zero before the next step {i2¢ ThelC event

is therefore the firstSeak following a valley (drop to 0) of the Signal and th&C event

is the laswalley of S before the peak of;S

5.4.3. Calculation of temporal variables

The characterisation of gait typically includes temporal varigdg| including, step and
strideduration swing time, stance time, double support time andtigaét Out ofall these

the calculabn of the following variable wasmade possible in the current work

In this work,gait initiation is defined ashte initial contact of the footQ). IC is identified
as the first valley following the positive peak of the gyroscope s{geaFigure5.22). It is
also thefirst event of thestance phase

Stride time is calculatedas the timadlifference between two consecutiveeventsand is
equal to the gait cycle time

Theinitiation the swing phaseis defined by the end of contact of the f@typically the toe)

against the groundQC). It is identified as the point when tiggroscope sigal passes from
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negative to positive, towards a positive peak {ggare5.22). The start of theswing phase

was collected for each cycdad converted ta percentage of the gait cycle.

The positive pealof the gyroscope signalas identified asnid swing of the gait phasésee

Figure5.22).
Stancetime was defined as the time difference betweenl@and the consecutiieC.

Swingtime was defined as the time difference betweenBfieand the conseduk IC event.

T
| il ,-’J]

200- H‘

8

-100- i

Amplitude
=)
1
=R
,
T =

B T L
-250- .
0422414 1 2 3 4 5 6 6.42241
Time (s)

Figure 5.22: Gait event detecteflom the gyroscoges a n g u | signal(im lelde)oirgtial toptact (purpé x),

initiation of swing (orang®)
5.4.4. Extraction of the kinematic data

The setupf thestudy(including multiple IMU) allowed the observation of several
kinematicvariable The mainvariableof interest was the shank angular velocity (Siegire

5.22) as it waaused for the gait event algorithm described is work in Sectiorb.4.2

5.4.5. EMG signal processing

The EMG signa wereprocessedising the same procedupeesentedh the previous chapter
(seesectiond.4.4. The signal used for thenalysis was the RMS of ti@rmalisedo the

maximal amplitude detectedentred around O and rectified EMG signal
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5.4.6. Muscle activation pattern

5.4.6.1. Variance ratio

The VRis presented inletail insection4.5.2in the previous chaptewas used as a measure
of thevariability of the muscle activityAs a briefreminder,the VR compares the EMG
envelope ovesix gaitcycles and presents a measureyafie-to-cycle variability. Its value
equab 0 when the cycles areadtical andnoves close to 1as the cycles begin thffer.

The mathematical expression of the VR is presentetiapter 4sectiond.5.2 equation
(4.1)

5.4.6.2. Muscle contraction ON/OFF patternusing
threshaold detection

To add to the VR analysis, the muscle contradiiarationfor the different muscles and
paticipantswas calculated using a threshold detection prodéss method was applied to

the EMG signal to match the visual muscle contraction thrdgheéFigure 5.23).
70,0-m ] 3]

a
I 1 I I | 1 I I ] I I | I 1 | 1
00 25 50 75 100 125 150 17,5 20,0 22,5 25,0 27,5 30,0 32,5 350 37,5 40,0
Time (s)

Figure5.23: Noisy rectified EMG (blue) visual contraction threshold (red dashed line)

The importance of a reliable threshold measure is indispensable fod @éngerpretation of
the musclephasicactivity. Finding an optimahonvisual methodwhich isadaptable to
every muscle signal is of major importarjd86]. While several methods of threshold
detection rely on the amplitude oftkignalduringits baselingeference activitySome use
a threshold corresponding to two standard deviations from the baselin@®jse three
standard deviatiofi882], [383] or a percentage of the maximum value of the sifg&8].
Thevisualestimation of thehreshold, that we will callisual thresholgwas realised using

the cumulative distribution function of the signal F(x). The cumulatisteilolution function
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is the probability that X will be less than or equal sxpresented mathematically in

equation(5.3):

Ow LO W Q6 Q6

(5.3)

The cumulative distribution function can also be expressed as the integral of the probability

density functon.

ey
PLY=x)

Fx)

[

T bty SR P CEEErs

PLX<x)

0 T x
X

Figure5.24: Gaussian probability density function (blue) and its cumulative distribution function (giel)lue
crossis theabscissa of the intersection between the slope @tfteetion point F(x)=1Adapted fromHamburg
University of Technology2006-2010) [497]

The abscisaof theintersection between the slope at the inflection point and Fpdevdides
thethresholdas ilustrated byFigure 5.24.

Thethresholdalgorithm used for this studysipresented below in a flow chaFigure 5.25):
The inpu data used is the rectified EMG signal as presentétjure 5.23and it is the input
signal S(t) of the algorithm. The syl & is used taignify that the elementtdhe right of

the arrow is iputted ifot he el ement at the | eft of the
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Input Data

- 5(t), the rectified EMG signal

- Nb&teps, steps of data
exploration

- NbData, number of points of
EMG (size of 5(t))

= 5(t)max maximal value of S{t)

- Ko 1 value of X

¥

Compute F(X)

!

Hirit € 5{t)mae / NbSteps

e

False
i<= Nbsteps - 1

X1} € Xinie + increment™|

F(i) < [Mumber of 5(t) <X[i)] / NbData

¥
[ Compute f(x) ]. I
¥
flij=(d/dt)[F(i}]
¥
[ Find f{i]m:: J
¥
Find Xz, the abscissa of f{i)rsx value of
f(x} at the point of inflection of F{X)
¥
Find F(Xa), the point of inflection of
F(X)
¥
l Compute slope of the tangent at F(Xq) J
¥
[ Find thrashold J

Threshald € Intersection of [F{X}=1; straight-line tangent at F{Xs)]

Y

Qutput Data

- Threshold value

Figure5.25: Threshold detection Algorithm Floghat

The following figure Figure 5.26) represents the results of the algorithm.
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Figure5.26: Threshold algorithm result€umulative Distribution Function (F(X) in dark blue), Pabidity
density function (f(x) in light blue), straight line tangemthe inflection point of F(X¥Orange), Threshold value
(red)is the abscise of the intersection between the straight lineriaagd F(x)=1.

In Figure 5.23, the visual threshold is of a value close towémle remaining under teand

in Figure 5.26 the threshold value found is 8.81.

The advantages of this algorithm are that it provides a threshold close to the visual threshold
and it las more mathematicatticulationthan a method base on statistical ealsuch as the
standard deviationt, therefore, removes the uncertainty due to human dae through

visual estimationMoreover, it adapts its value to the signal since it i=ddpnt of the

signal.

This new algorithm that works for unfiltered EM@ntraction detectiowas combined with

thegait cycle detectioprogram and allows automatic ON/OFF threshold collection by
counting thenumberof contractions per cycles, the duratiof eachcontraction and when

they occur during the different cycles.

To this threshold method a temporal condition was added. It operated so that any contraction
below the value of 25msas considered an artefgciise)[382] and ignored and

consecutive contractions separated by less than @&mesconsideretb be asingle

contraction. The 25ms criterion has been used by Bennell et al. (282%and was applied

to this method. After this addition the amount of observed contraction matched better the
literature[339], [498] being comprised betweeneadto four (per cycle)in the mostcases.
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