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CHAPTERL

(GENERALNTRODUCTION



Introduction
Stroke or cerebrovascular accident (CVA) is a central neurological deficit with

an abrupt onset that lasts over 24 hoyig. Stroke is common and the
incidence increases with ad]. Based on demographic characteristics in
Europe, incidence of stroke is expected to [Ble A stroke can lead to long
term disability[3], depressiorj4], reduction in quality of lif¢5] and death[6].
Moreover a large proportion of all stroke survivors report fills These falls
can have devastating results such as hip fract{8gswvhich result even more
often in long term disability in stroke survivors than in older adults and death
rate three months post hifracture is doubled in stroke survivai3).

Adequate identification of falbrone stroke survivors and preventing falls is of

paramount importance and therefore the central goal in this thesis.

A promising aga of fall risk assessment is the study of gait analysis. Gait can
be assessed in a laboratory setting, but novel techniques allow us to analyze
gait in daily life and in (standardized) challenging conditions (i.e. after
perturbations). This thesis aims éxplore a variety of gait assessments for fall
risk in stroke survivors, and explores the potential for improving gait stability
using perturbation based gait training. Ultimately, this work could give
guidance on how to identify individuals at elevatéskrfor falls and on how to

improve their gait stability and prevent falls.

Gait in stroke survivors
In order to achieve a level of community involvement and physical
independencebeing able to walk is the primary aim of many stroke survivors

[10]. It is therefore one of thenost important goals during rehabilitation. Lord



et al. (2004) reported that around 75% of the stroke survivors found it very
AYLRNIFY (G 2N S@Sy Saaly Odtdrtdnatakyjiater 3 S
having a stroke only 60% of survivors reach some level of community walking
again[11]. Those who managed to start kang again, still suffer from the
consequences of a stroke, as gait deficits are still present. Common gait
deficits are a more asymmetrical gait pattddr?] and a slower gaspeed

[13]. Also trunkpelvis coordination in gaisioften impaired, generally with

more inphase rather than anfphase transverse plane rotatiofis4] and the
amplitude of the center of mass in vertical direction is increased up to three
times relative to normal gait, probably as a consequence of a compensatory
strategy to lift the paretic limb into swind5, 16] These gait deficits explain

to some extent the increased energy cost of locomotion in stroke survivors
[16, 17] Moreover, considering the high fall rates inoste survivorg7],

stability of gait is affected. Here, we define stable gait as gait that does not
result into a fal[18]. Finally, the quantity of gait in stroke survivors is reduced
and below physical activity recommendatigi®], which may result in further
deconditioning and cause a further decline in functioning and increased risk of

falls in the long term.

Falls

2 dzi

In this thesis, we defined afall 8 y& dzy I yGAOALI G§SR S@Syi
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that had a clearly different cause than a loss of balasgeh as fainting or an

epileptic seizure.



Falls are commmoin all stages after stro&]. Reported fall rates in the

chronic stage after stroke range from 43 to 70% during one year follow up.
Moreover, stroke survivors are more likely to become repeated fallers as
compared to healthy older adul{3]. Consequences of a fall can be
devastating, including serious injuries such as hip fracti®jsnd even death
[9]. In addition, hip fractures as a result of a fall more often lead to immobility
in stroke survivor§8], as compared to age matched controls. Other
consequences of falls are loss of independence, social iso[8liand as a

consequence a further decline in physical fumaing.

Falls in stroke survivors occur during different activities, such as gait,
transferring, reaching and bendifigl]. However, the literature consistently
states that most falls occur during gait followed by transfer{Riy;23].

Stroke survivors report that they fall during walking due to a trip or d28p

but also due to a loss of balance, a misjudgment of the environment, a lack of
concentration and foot draggin@Z2]. Finally, the direction of falls is more

often towards the paretic sidR21] indicating a reduced ability to maintain
balance or restore balance after a perturbation te tharetic sideThis

suggests that falls in stroke survivors have multiple causes, which suggests

that multiple types of assessments are required to indicate fall risk.

Fall risk assessments

Considering the devastating effects of falls in stroke survjaatequate fall

risk assessment is of paramount importance, as it is a first step in targeted fall
prevention. Accurate identification of fall risk helps to assign the actual fallers

to fall prevention programs, comprising exercise and or other intervestio



which may reduce the risk of falls. Moreover, with accurate identification of
fallers, time and money can be spent on those who could actually benefit from
a fall prevention program, and thereby enhance the esf§¢ctiveness of such

a program. Finall discovering differences between fallers and fialfers

could potentially function as a starting point for tailored fall prevention

programs.

Previous attempts to assess fall risk have focused on balance and transfer
related tasks such as the Berg Bala score (BBf4], Time Up and Go Test
(TUGT])25] or Performance Oriented Mobility Assessment (POR2A). Other
studies focused on psycha@al factors such as the fear of fall{i2g] or
depressior]28, 29]to determine risk of falls. Although it seems that those
assessments have some ability to indicate fall risk, results are often
inconsistent with other studieR24] which renders the use of these

assessments questionable.

Assessment of gait
As the majority of all falls occur during dynamic activities such as wiqg
23] fall risk could be assessednrg gait analysis. To this end several gait

assessment methods are available.

First, gait can be assessed in a controlled set up, thereby minintiieng
influence of disturbing factors that could affect gait characteristics. Usually a
treadmill or an oveground pathway is used, while motion capture cameras or

accelerometers and force plates are used to collect kinematics and kinetics.
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Gait characteristics collected using such a set up will be further referred to as

steadystate gait characteristics.

Secoml, gait can be assessed in a daily life setting using wearable technology
like for instance accelerometers. An advantage is that gait is captured at the
location were the actual falls occur. Therefore, this approach is more
ecologically valid. Gait charaeistics captured using such a set up will be

further referred to as dailife gait characteristics.

The third and final gait assessment method applied in this dissertation is the
assessment of perturbed gait. After gait is perturbed, ultimately, the tgpd
quality of the responses will be decisive in whether someone will fall or not.
As fallers frequently report that they fell due to misjudgment of a situation,
slips and trips[22] it intuitively makes sense to measure the responses of
stroke survivors to gait perturbations. Assessing responsgaito

perturbations requires a set up to perturb gait, preferably at a fixed moment

in the gait cycle and with a fixed perturbation magnitude.

Steady-state gait and fall risk

Steadya G I S 3L AG OKIF NI OGSNRAUA CsliateBa8a ONR 0 S
characteristics are often collected while walking on a treadmill at preferred

JFAG aLISSRP ¢2 20GFAY NBfAFOES SAGAYLE G
important to collect and analyze a sufficient number of strif88. Some

examples of gait charaatstics are: gait speed, step length, swing time, gait

variability, local dynamic stability and sample entropy.

11



Interestingly, previous studies have indicated that gait characteristics can
predict fall ris31¢37]. Most of these studies are based on data derived from
older adults[31¢35]6 dzii LIS2 LI S GAGK t I NJAYyazyQa
well [36, 37]

Steadystate gait characteristics inreke survivors are different from older
adults. For instance, variability of gait in stroke survivors appears to be higher
than in age matched contrd38]. Due to differences in gait, it is questionable

if similar, aml to what extent gait characteristics predict fall risk in stroke
survivors. Only one recent study found an association between gait
characteristics and falls in stroke patiefi3®]. Therefore, chapter 4 of this
dissertation examines if and how steashate gait characterists predict falls

in stroke survivors.

Daily -life gait and fall risk
It is only recent that technology enables us to monitor gait over several

consecutive days, thereby allowing us to assess quality of gait in daily life.

An essential step prior to studying the association between falls andldaily
gait characteristics is selecting episodes of gait activity, because only the
selected gait episodes should be processed to determine the quality of daily
life gait. Misclasfication of episodes could lead to random errors and
potentially bias in estimates of quality of dalife gait. Chapter 2 addresses
the topic of selection of gait episodes in terms of validity and-tetast

reliability.

12
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In regard to dailylife gaitcharacteristics, it is important to note that dadije

gait characteristics are derived from lower back acceleration signals alone

rather than determining the location of each body segment as is the case in
steadystate gait. Therefore, most gait charadstics that are determined in

steadystate gait cannot be reliably estimated during ddifg gait. Thus,

Ff GSNYIFGAGS YSIadaNBa KIS 0SSy | LI ASR
life. Some measurefke the index of harmonicitj40] and harmonic ratio

[41], are derived from the power spectruf2]. Other measures based on

time-domain analysis are stride regular[3] and movement intensity, which

is defined as the standard deviation of the acceleration sigg!

An example of a three dimensional acceleration time series obtained from a
trunk mounted accelerometer on a walking participant is given in the upper
panel offigure1.1. The red line represénthe acceleration in the vertical

(VT) direction, the blue line the anteriposterior (AP) acceleration and the
green line the medidateral (ML) acceleratiof.he lower panel of figure 1.1
illustrates the power spectrum of an acceleration time seriesoltiple

walking episodes and indicates the location of the dominant and subsequent
harmonics used to calculate the index of harmonifdy] and harmonic ratio

[41].

Recent studies explored daiije gait characteristics and found that indeed
quality of gait contains valuable information regarding fall risk in older adults
[44¢47]. Additionally,by estimating the number of strides taken and or the
total minutes walked during a day, accelerometry can be used to determine
the amount of physical activity. Interestingly, it was recently found that after

correcting for the quality of gait, increasedaquity of gait increased the risk

13



of falls[47]. This highlights the potential of accelerometry to gain information
about which factors contribute to falls. Nevertheless this research areatss in
infancy, and the currently available prediction models require further
validation[48].

Acceleration time serie

05

Acceleration

Power spectrum of multiple gait episodes

Daominant harmonic

Power spectrum

Frequency

Figure 1.1: The upper panel illustrates a threl@mensional acceleration time sergof a
walking participant The lower panel illustrates the power speetof the AP acceleration time

seriesof multiple gait episodes and indates the dominant and subsequent harmonics.
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unknown whether dailife gait characteristics reveal valuable information
regarding fall risk in stroke survivors. The presentedlitssat this point are
based on healthy older adults. Chapters 3 and 4 determine whetherldaily
gait characteristics predict falls in stroke survivors and how this is different

from a general, healthy older population.

Perturbed gait and fall risk

Gaitperturbations can be separated into two types. The first type are
unexpected perturbations such as trips and slips. The second type of
perturbations are expected perturbations like stepping over a curb, or
avoiding a puddle. Both perturbation types requpartly different skills which
are affected in stroke survivof49¢51]. The work performed in this research
area is limited, probably due to the expensivetinsentation neededo
systematically perturb gait and measure responses. Moreover, performing
such a perturbation experiment is labintensive, because measurement of
kinematic responses requires placement of many markers, data collection
often requiresrepeated trials and data analysis is not yet standardized and

consequently time consuming.

Responses to gait perturbations are usually explored by simulating trips or
slips[52, 53]or by pulls applied to the upper bodly4]. There is a large

number of measures thaim to characterize the responses after a
perturbation[55]. Most commonly used measures are Base of Support (BoS)
measures: step length and width and measures that relate the Center of Mass

(CoM) to the BOS, such as the Margin of Stability (V&85567]

15



XCoM and BoS in ML direction

XCol
Left foot
— Right foot

ML position

Time

Figure 1.2: The extrapolated center of mass (XCoM) (blue Jindunction of CoM position
and velocity,and foot positioning (red lines)i medic-lateral direction. Halfvay thistime

seriesthe treadmill was translated which resultedin deviating foot placements.

Figurel.2 illustratesthe BoS together with the extrapolated center of mass
(XCoM), which equals the center of mass position plus its velocity times the
square root of the center of mass height divided by the gravitational
acceleration[56, 57]during a walking trail with med#ateral perturbations.

See chapter 5 for a more detailed explanation.

To our knowledge, no studies explored differencesaiih gesponses after
perturbations between fallers and nefallers neither in healthy older adults

nor in stroke survivors. Nevertheless, a few studies have compared responses
after perturbations between older adults and stroke survividk, 53, 58]

While Krasovsky et al (2013) found a larger response in terms ofgtiofiigait
rhythm (i.e. larger deviations of gait events like heel strike as compared to
steadystate) after perturbations in stroke survivors compared to healthy

older adultg[58], Kajrolkar et al (2014) conded that stroke survivors have a
preserved ability to adjust gait characteristics and maintain dynamic stability

[51]. Inchapter 5, we determined whether gait responses in unexpected gait

16



perturbations are different between fallers and néallers among stroke

survivors.

Expected gait perturbations are usually explored by setting up a pathway with
an obstacld49, 59;63]. Participants are asked to step over such an obstacle
and obstacle crossing characteristiike: success rate, prrossing obstacle
distance, toe clearance during crossing, crossing step length andmssing
obstacle distance are examined. At present, interestingly, one study found
that fall-prone stroke survivors were less successfalistacle negotiation as
compared to noHAall-prone stroke survivof§4]. In addition, stroke survivors
had an impaired ability to cross obstacles compared to a general older adult
population[62, 63, 65, 66]Yet, whether expected gait perturbations have
added value in identifying falirone stroke survivors remains largely
unknown. Therefore, we studied in chapter 6 whether gait responses to

expected perturbations are different between fallers and ffalters.

Interventions to improve gait stability

Effective fall prevention programs ekfsr older adultg67] although frail

elderly seem not to benefit from such prografg8]. According to a fairly

recent Cochrane review, no effective programs are availablstfoke
survivorg[69]. Fall prevention programs generally aim to improve physical
activity, thereby improving physical functioning and reducerédéls. Yet, falls

are potentially influenced by many factors, such as for instance, the amount of
gait activity[47]. Thus, although stroke survivors might improve their physical
functioning tosome extent, this could be outweighed by the increased

exposure to fall hazards caused by the increased physical activity.
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A recent review identified only unsuccessful intervention studies aiming to
reduce fall rates in stroke survivd@9]. Thus, as most falls occur during gait,
perhaps, we should first explore whether it is possible to improve gait stability
in fall prone stroke survivors, whigh at present unknown. An interesting

novel intervention has emerged over the past several yg&iF Perturbation
Based Training (PBT), which aims to increase the resistance against
perturbations and thereby improve stability. There appears to be converging
evidence that PB can reduce fall rates in older adults and people with

t I NJ Ay &2 y70L.4n cliapter B of thiSthesis, we studied whether this

intervention improves gait stability in stroke survivors.

Aims and Outline of this dissertation.

The aim of this thesis was twofold. Fjrgiis thesis studied a variety of gait
assessments with respect to their ability to assess fall risk in ambulatory
chronic stroke survivors. Second, this thesis explored whether stroke survivors

can improve their gait stability through PBT.

In chapter 2 the validity and reliability of an accelerometry based gait
recognition algorithm was examined by comparing quantitative gait
characteristics against video observation in a repeated measures design.
Chapter 3determined whether the same accelerometpasel fall prediction
models used in older adults can be applied in stroke survivors, or whether
modifications are needed either in the selection of gait characteristics or the
coefficients of such a model. ttapter 4 a comparison between
conventional, cliital assessments, dailife gait characteristics and steady

state gait characteristics regarding their ability to predict fall risk was made. In

18



chapter 5 responses after unexpected gait perturbations were compared
between fallprone and norall-prone droke survivorsChapter éexplored
whether negotiation of obstacles during gait, thus responses to expected
perturbations, are affected in fafirone stroke survivors in comparison to
non-fall-prone stroke survivors. Additionally, testtest reliabilityof obstacle
crossing gait characteristics was examineatHapter 7, a pilot PBT was
designed and applied to explore whether gait characteristics improved and
consequently predicted decreased fall risk in a group opfalhe chronic

stroke survivors. Rally, in chapter 8 overall conclusions are drawn regarding
fall risk assessment and fall risk reductiorstroke survivors. Moreover, a
general discussion addresses the applied methods, clinical implications and

future work.
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CHAPTERZ2

QUANTIFYING GH BY
ACCELEROMETRY

Clinimetric properties of a novel feedback device for assessing gait
parameters in stroke survivorMichiel PuntBelinda van Alpherngrid G van
de Port,Jaap H van Dieén, Kathleen Michdakqueline Outermans, Harriet
Wittink, Journal of NeuroEngineering and Rehabilitation,2014.
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Abstract

Background Communitydwelling stroke survivors tend to become less

physically active over timg&. KSNE Aa y2 W3I2fR adl yRIFNRQ
activity in this population. Assessmesftwalking activity generally involves

subjective or observerated instruments. Objective measuring with an activity

monitor, however, gives more insight into the actual walking activity.

Although several activity monitors have been used in stroke pegigrone of

these include feedback about the actual walking activity. FEFEHédback to

Stimulate Activitydetermines number of steps, number of walking bouts,

covered distance and ambulatory activity profiles over time and also provides
feedback abouthie walking activity to the user and the therapist.

Objective To examine the criterion validity and testest-reliability of the

FESTA as a measure of walking activity in chronic stroke patients. To target the
properties of the measurement device itself and thus exclude effects of
behavioral variability as much psssible evaluation was performed in
standardized activities.

Methods. Communitydwelling individuals with chronic stroke were tested
twice with a testretest interval varying from two days to two weeks. They
performed a sixminute walk test and a standdized treadmill test at different
speeds on both testing days. Walking activity was expressed in gait
parameters: steps, meastep-length and walking distance. Output data of the
FESTA was compared with video analysis as the criterion measurement.
Intraclass Correlations Coefficients (ICCs) and Mean Relative Root Squared
Error (MRRSE) were calculated.

Results Thirty-three patients were tested to determine criterion validity, 27
patients of this group were tested twice for testest reliability. ICC vads
for validity and reliability were high, ranging from .841 to .972.

ConclusionThis study demonstrated good criterion validity and testest-
reliability of FESTA for measuring specific gait parameters in chronic stroke
patients. FESTA is a validdaeliable tool for capturing walking activity
measurements in stroke, and has applicability to both clinical practice and
research.
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Introduction

In many Western nations, stroke is a leading cause of death and serious long
term disability[71].

A frequent consequence of stroke is unilateral loss or limitation of muscle
function, leading to a loss of mobility, movenmend functional ability72,
73]. Van de Port et al.(2006) showed that a substantial proportion of
community-dwelling stroke survivors becomes less physically active over
time[74]. Poststroke physical inactivity may produce physical deconditioning,
and as a consequence a decline in fundi@h A decline in function reduces
participation in the community and quality of Iff&6] and decreases
independence of the stroke survij@b]. Furthermore, physical inactivity
increases the riskfaleveloping cemorbidities and having a recurrent
strokg75]. Accurate measurement of real life walking activity could be
beneficial in tailoring rehabilitation. Using actuakrfmemance data and
providing feedback might support setfanagement strategiet® prevent

physical and functional decline and subsequent consequences.

Currently assessment of walking activity generally involves subjective or
observerrated instrument$77]. These instrumentlave disadvantages such

as the risk of recall bias, social desirability of answers, and poor
generalisatiofi77]. Objective assessment of the number of steps can be done
with pedometers. Roos et.al.(2012) demonstrated the disadvantage of
measuring only the total number of stepaken[78]. They found differences

in walking bouts and timediween older adults and stroke survivors and that

it varied based on functional ability. This relevant variation could not have
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been identified when measuring only steps per {ié8]. Measuring gait
parameters with accelerometers overcomes the limitation of measuring only
the number of steps. To measure gait parametgysaccelerometry in this
population specific algorithms are required since stroke survivors are slow
walkerg79] and accuracy of detecting steps decreases when gait speed and
step frequency decread@0].To date, several motion sensors have been used
[81, 82] such as the accelerometer based StepWatch Activitgitdo(SAM)
which had good validity in measuring gait parameters in stroke survivors.
However, current devices are not capable of providing feedback to the stroke
survivor about their walking activity. Providing feedback about their walking
activity mightprevent physical inactivity, and as a consequence a decline in
function[75]. To monitor walking and to investigate potential beneficial

effects of feedback in stroke survivors we developed FESTA.

FESTA (FEedback to STimulate Activity) is a telemetric system that includes a
tri-axial piezo capacitive accelerometer which candepéed toa docking

station. Thestation is capable of; calculating gait parameters, evaluating
whether the amount of walking activity during the day was sufficient

according to the goal set by the physical therapist, providing the feedback at a
screen vile for the stroke patient, sending an email towards the physical
therapist with the calculated gait parameters and recharging the battery of

the accelerometer to continue monitoring the next day.

As measuring gait parameters is more challenging irketsurvivors, the first
step in this developing process was to examine the criterion validity and test

retest reliability of FESTA at gait parameter recognition in chronic stroke
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survivors using a stroke specific developed algorithm. We examined gait
paranmeters; steps, meastep-length with a standardized treadmill test and
walking distance with an over ground 6 minute walk test. Furthermore FESTA

calculates walking time and walking bouts as a derivative from g8ps

Methods
Participants

A convenience sample of communityvelling, chronic stroke survivors was
recruited from ten private physical therapy practices, the daycare center of
W2 NHALISOGINHZYQ YR GKS LI GASydaQ | a

Q.
Q)¢
N
O
~

Netherlands and the University of Mdayd in the United States of America.
Stroke was defined according to the World Health Organization definition.
Participants were able to walk independently without physical assistance
6Cdzy QG A2yt ! YO dzt I ([94fand were ai I8a3tznNd S& & O2 NX
months post strokdRarticipants were excluded if they had seveognitive
disorders (MiniMental State Examination <78p], severe communicative
disorders (Utrechts Communicatie Onderke&!)[86]or acute disorders
impairing gaitAll participants gave written inforngeconsent prior to
participation in the study. The research protocol and all informational material
were approved by the Medical Ethical Committee (MEC) of the University
Medical Center Utrecht and the Institutional Review Board of the University of
Maryland, BaltimoreTreatment of the participants was according to the

Helsinki declaratiof87].

Equipment & experimental protocol
procedure
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Participants were tested twice with a tesgtest interval of a minimum of two
days and a maximum of two weeks using thersirute walk test (6MWT) and
a standardized treadmill test. At baseline, inclusion measurements and
collection of personal and anthropometric data were performed prior to the

physical tests.
FESTA monitor

During both tests the FESTA was worn around the back site of the waist,
betweenthe spina iliaca posterior superiors. The FESTA cordam$ri-axial,
piezocapacitive accelerometer (70*80*25mm, 150 grams, range * 2.5q).
Based on sensor alignment, acceleration signals were identified as anterior
posterior (AP), meditateral (ML) ad vertical (VT)Output is in mV, a change
of 1mV corresponded to a change of 0.08 hifesolution). Acceleration
signals were digitally stored on a memory card with a sampling rate of 25

samples/s.
6MWT

The 6MWT was performed to assess over growatking distance. The 6MWT
was performed according to the American Thoracic Society Guid@Bjes
Walked distance was determgd by counting the number of walked laps (20
meters) and adding any final fraction of laps, measured by a measuring wheel.
Results were used to calculate the comfortable walking speeds for the
treadmill test (CWT) and to assess the over ground walkingndis validity

and reliability of the FESTA.

Standardized treadmill test

25



Gait parameters, number of steps and mestep-length were determined

using a standardized treadmill test. Because accuracy of the gait parameter;
steps recognition depends on gajpeed and gait speed may vary during a day
and is low in this populatiofy9] we executed a treadmill test at three

different gait speeds within each subject. Gait speeds were established at 15%
below, equally to and 15% above comfortable gait speed. Each speed
condition lasted for two minutes. The mean walking speed meashydtie
6MWT-10% was used to define the comfortable walking speed. Fingertip
handrail support was allowed during testing. The treadmills (En Mill treadmill,
9YNI} F b2yAdaz GKS bSGUKSNIIFIYR& FyR DI A
calibrated prior to the studyA camera was placed 1.2 meter behind the

treadmill (Panasonic type RN70, 50 samples/s)
Data processing and algorithms

From every block of two minutes at different speeds, only the last 90 seconds
were analysed. The researcher counted the number gistéuring these

blocks of 90 seconds from the video afterwards and was blinded from the
results of FESTA. Distances from the treadmill test were determined by using
the treadmill speed and the testing time of the treadmill test. The average
step length foboth legs, the measstep-length was derived from the distance

and divided by the steps taken by both legs.

From the same blocks of 90 seconds, the gait parameters (number of steps
and meanstep-length) from FESTA were analysed using Matlab (Matlab
7.10.1,The MathWorks Inc, USA).For the step detection we used spectral

analysis derived from the AP acceleration sigiaking the individual variety
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of the distanceacceleration relationship into account, we used an individual
calibration procedure for distaoe measures to determine the acceleration
distance relatiofB9]. Firstly we calculated the root mean square of the AP
acceleration signal, secondly conducted a linear fit (first order polynomial)
between the different gait speeds and thiferent root mean square values
thirdly we used the polynomial function to predict the walking speed and
subsequently walking distance in the treadmill test and 6MWT.This distance
prediction derived from a single acceleration signal and the individual

calibration procedure is descripted by Schutz et al. (2082)in more detail.

To assess the validity and reliability of FESTA, we compared the gait
parameters derived from FESTA with the golden standard. Comparisons for
the gaitparameters steps and mesastep-length were performed by using the
data from the treadmill test. The comparison of the gait parameter walking
distance was performed using the data derived from the 6MWT. The steps
counted from the video analysis and the agltdistance walked calculated by
multiplying speed and time. This procedure is consistent with procedures from
similar validation studig90, 91] [92, 93] and video analysis seems to be the
most appropriate criterion standard for the assessment of plafsic

activity[93].
Statistics

Descriptive statistics were performed for all variables and normality was
assessed by vialiinspection of histograms and quantdg@antile plots. An

ICG:2F X ®Tp 613 RSTAYSR Fa KAJW. Fa &adza3
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All calculations were performed using SPSS (IBM Software, SPSS Statistics 20,
USA) or MatlalfMatlab 7.10.1, The MathWorks Inc, USA).

Validity

To assess the level of agreement between FESTA and the golden standard, and
thus the criterion validity, single measures intraclass correlation
coefficientggreement(ICG 1, TWwoway mixed model) were calculated for the

different gait parameters; number ateps and meaistep-length obtained

from the treadmill test and over ground walked distance in the 6MWT.
Furthermore the Mean Relative Root Square Error (MRRSE) was calculated for
each parameter. The MRRSE is a measure of the differences between the
values of FESTA and the observed values, relative to the unit of measurement
(see Formula). The MRRSE gives an indication of the mean error of FESTA per

step or number of steps as a percentage of the measurement unit.

B h h
0 'YY'YO — Zpmm

X obs

Xobs = mean of the observed values, criterion measurement, video analysis

X = values obtained by FESTA

model,i

Reliability

Single measures intraclass correlation coefficigigenc(ICG 1, Twoway
mixed model) was calculated to analyse the testest reliability of FESTA.
Additionally, the Minimal Detectable Change (ME)@as calculated from the

Standard Error of Measurement (SEM) as MB(1.96*SEMnsisiencf KH 8 I Y R
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SEM=[@* p 1 ], wherer is the testretest reliability coefficient

ICGgreement 3,12Nd sdis the standard deviation of the scores at the first test
occasion (T0). The SEM is multiplied by 1.96 to determine the 95% confidence
interval and multiplied by the square root of 2 to account for the additional
error associated with repeated measuremd®5]. The MDgz is the minimal
amount of change that must be observed before the change can be
considered to exceed the variation and measurement error at the 95%

confidence level.

Results
A total 0f33 participants (17 men and 16 women) were tested and their data

were used o determine the criterion validity of FESTA. Twesgyen
participants were tested twice. The other giarticipants did not perform a
second test, due to motivational problems to perform a second test or being
unable to perform a second test within thetgame limit of two weeks after

the first test. The mean age of {83 participants was 61.8 + 8y@ars, time
since stroke was 5.6 yeats3.8 yearsand the functional ambulation category
(FAC) scores ranged from 3 to 5 (mdah = 0.7)The average distece walked

in the BMWT wag817.3 meters, which is 0.88 m/s, ranging from 36 to 580
meters.For the treadmill testing, the different walking speeds varied from
0.08 to 1.5 m/s

Validity
For steps and meastep-length at the three different gait speed€; Ggreement
3.9 NASR 0SG6SSYy nodynm YR nddptm 0LIK
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Root Squared Errors (MRRSE) ranged between 3.4 andAll Hgreement

parameters are presented table2.1.

Table 2.1 Criterion \alidity results FESTA

Video MRRSE
Speed Parameter  Analysis FESTA (%) ICC
fip;)ed 1= CWT Mean +SD Mean +SC
Mean + SD: 2.4
1.1 km/h Step Count 129+25 135+21 5.8 .841
Range: 0.34.4 Mean step 0.43 x
km/h length (m) 0.45+0.14 0.16 9.1 .910

Speed 2 = CWT
Mean = SD: 2.8:

1.2 km/h Step Count 138+27 141+23 35 .964
Range: 0.45.2 Mean step 0.48 =

km/h length (m) 0.50+0.15 0.16 6.2 .964
Speed 3 = CWT -

15%

Mean = SD: 3.2 4

1.4 km/h Step Count 145+28 146+25 34 .964
Range0.5-5.6 Mean step 0.52

km/h length (m) 0.54+0.17 0.18 53 971

MRRSE = Mean Relative Root Squared Error; percentage mean absolute deviation,
Intraclass Correlation Coefficient, CWT = Comfortable Walking Speed for Treadmill.

Figure=2.1 illustrates the differences between the golden standard and FESTA

for the gait parameters steps and meatep-length, with thedifference in

steps (top panel) and meastep-length (bottom panel).
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Figure 2.1FESTA estimates of steps minus golden standard (top paR&BTA estimates of
meanstep-length minus golden standard (bottom panel). At 15% below comfortable walking
speed (CWTE15%) equal to (CWT) and 15% above.

Criterion validity for over ground walldgrdistance during the 6MWT is

presented in table 2. Difference between measured and estimateder

ground walking distancie meters averageeR0.1 meters see figure.2

Table 2.2: Criterion validity of distance measure for over groL

walking: 6MWT
6MWT (m) 6MWT (m) MRRSE
measured FESTA (%) ICC
Mean£SD  317.3% 134.7 337.4+136.3 12.1 937
Range 36.0-580.0 44-581.5

31



200

100

1] o) SIS 0e® o o

0 g oo ¢ o
o

-100

-200

FESTA estimates against golden standard

0 100 200 300 400 500 600
covered distance (M)

Figure 2.2FESTA estimates of covered distance (M) minus
golden standard at the 6MWT.

Reliability

Table2.3 presents the testetest reliability for the gait parameters steps and
meanstep-length, including ICC values and MDC,lG&ency 3, SCOres ranged

from 0.876 to 0.972nd were all significantd&thk n dnn m o

Table 2.3: Testetest reliability of gaitparameters obtained by FESTA
TO Mean T1 Mean

Speed Parameter + SD) + SD) ICC MDGs

Speed 1 = CWT 136 + 135+

15% Step Count (steps) 21.0 20.4 938 14.3
Mean step length  0.44 £ 0.42 +

(m) 0.15 0.14 .876 0.14
141 + 140 +

Speed 2 = CWT Step Counfsteps) 22.5 22.6 949 141
Mean step length  0.48 £ 0.48 +

(m) 0.14 0.15 942 0.10
Speed 3 = CWT 145 + 144, +

15% Step Count (steps) 23.9 25.6 972 114
Mean step length  0.52 £ 0.53+

(m) 0.16 0.16 944  0.10
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Figure2 3 illustrates the differences between the first and second test
occasion, reliability of the gait parameters; steps (top panel) and rsésm

length (bottom panel).
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Figure2.3: FESTA estimates, difference between steps at the first and second test occasion
(top panel).FESTA estimates, differenbetween meanstep-length at the first and second
test occasion (bottom panel).

Testretest reliability for over ground distance covered during the 6MWT for

ICGgreement 3.1,1S .97 Mean difference in meters was 8.1 meter, see figre
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Figure2. 4: FESTA estimates difference in covered walking distance (M) between the first and
second test occasion.
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Discussion
The objective of this study was to examine the criterion validity andregeist

reliability of the novel telemetric system, FESTA, in measuring walking activity
in stroke survivors. To this end, we tested gait parameters; steps, 1steqn
length and wallng distance in chronic stroke survivors. Results of criterion
validity and testretest reliability indicate good validity and reliability as all ICC
values were between .841 and .972. These results are similar to the most
commonly used accelerometer indtstroke populatiorj80] [82] [96].

Moreover the results present higher accuracy in comparison algorithms not

specifically developed for the stroke populatif@®].

No clear trend can be seen between ICC values and MRRSE and the three gait
speed conditions. This indicates that the validity of the FESTA is not affected
by gait speed. Although the latter finding demonstrates the possible
robustness ofhe FESTA for reéfe use, we have to take into account that

gait parameters differ for treadmill walking and over ground wall@i)

When walking on a treadmill, the gait patterns of chronic stroke survivors are
more symmetrical and stable compared to over ground walking. Furthermore
in reatlife gait speed may vary duringday and even within a walking bout.
Therefore the gait parameters steps and mestap-length have to be
interpreted with caution since these parameters were only tested at the
treadmill and might not be generalizable to walking over ground. Further
reseach is needed to determine these outcomes in over ground walking.
Another limitation of the study was the tesgtest reliability design. Although

all conditions were similar in the first and second test occasion, subjects did

perform slightly different irthe first and second test. In example subjects took

34



slightly fewer steps at the treadmill test or walked a few meters further in the
second 6MWT compared to the first test occasion. This affected the reliability
results of FESTA.

For specific measurementdices, measurement errors should be smaller

than the Minimal Clinically Important Difference (MCID) to detect a valuable
effect for individuals. For the treadmill tests, no MCIDs have been defined.
The MDG; score of the FESTA for over ground walked distaat the 6MWT

was 62.2 meters. Although we used for the distance parameter an individual
calibration, which appears to be more accurate than a general estimpgfjn
MDC of 62.2 meters is still slightly greater than the MDC of 541&ns[98]

for the 6BMWT. Herein we assumed that 54.1 was the optimum MDC value, as
we used the same 6MWT with similar subjects. €hae distance measures

still have to be interpreted with caution.
Statistical considerations

Previous studies with a similar design and aim as weg8mbdB2][99¢101]

expressed accuracy performance in ICC values and Limits of Agreement. In this
study, we added a new measure for validity; the Mean Relative Root Squared
Error (MRRSE). It is known that ICC values are stronglgrioéd by the

magnitude of the variance within the study sample. Furthermore, other than

the name ICLemeniSUGQESLS, the ratio of variances is calculated, rather than

the absolute agreement scof&02]. When taking a closer look at the ICC

formula, it is clear that a large varianicesubject scores, as is the case in this
study, will lead to a higher IG002]. Studies with different variances in their

study populations can therefore not be compared directly. To get a better
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AYyaArakKa Ay GKS (GNHzS F3INBSYSyid o06SaegS
a i y Rl NIRlimhate the Bffeat & the high variance in our study
population, we calculated the MRRSE for each gait parameter. The MRRSE
represents the mean absolute percentage difference between the two
measurement devices, expressed in the percentage of unit opénameter.

This score is easy to use in daily practice, easy to interpret and not dependent
of variance between patients. Therefore, we hereby suggest using the MRRSE
in future research, as it provides a more direct comparison between studies

and betweemmeasurement devices.
FESTA

FESTA (FEedbaokSTimulate Activilyis a newly developed telemetric

system and validity and reliability were shown to be good in the present
analysis. It is designed to monitor and stimulate stroke survivors with respect
to their daily walking activity. The physical therapist is able to interact by
setting walking activity goals based on walking time and walking bouts. FESTA
has several advantages over other methods for assessing walking activity; it
can measure different gaftarameters such as number of steps, mesiap-
length, distance and as derivatives walking time and the number of walking
boutg83], whereas a stejgounter can only determine the number of steps.
Roos et. al.(2012) clearly stated that stegene is not sufficient to

characterize physical inactivity in stroke surviyé83.Due to the docking

station FESTA is not limited by battery life and data capacity. Therefore it is
able to monitor for a long time period without recharging or removing data.
Furthermore FESTA provides the researcher and physical ibeeaya stroke

survivor with reallife walking activity information. Future research will involve
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studying the effect of giving feedback using this device. The aim will be to
increase walking activity by providing feedback to the user and providing
information of actual walking activity and the daily pattern of walking activity
to the physical therapist. Using FESTA provides new possibilities to measure
walking activity of chronic stroke survivors in a valid and reliable way and
thereby offers a variety gierspectives for research and treatment in this

population.

Conclusion
Based on ICC values and MRRSE, this study demonstrated good criterion

validity and testretest reliability of the telemetric system FESTA for measuring
gait parameters in chronic strolgirvivors. FESTA provides the possibility to
measure gait parameters in a valid and reliable manner and can be used, in

both clinical practice and academic research.
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CHAPTER3

STROKE SURVIVORS GBDER
ADULTS

Characteristics of daily lifgait in fall and non falprone stroke survivors and
controls Michiel Punt, Sjoerd M. Bruijn, Kimberley S. van Schooten, Mirjam
Pijnappels, Ingrid G. van de Pgrarriet Wittink, Jaap H. van Dieédournal

of NeuroEngineering and Rehabilitation, 2016.
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Abstract

BackgroundFalls in stroke survivors can lead to serious injuries and medical
costs. Fall risk in older adults can be predicted based on gait characteristics
measured in daily life. Given the different gait patterns that stroke survivors
exhibit it is unclear whethea similar falprediction model could be used in

this group.

Objective.Therefore the main purpose of this study was to examine whether
fall-prediction models that have been used in older adults can also be used in
a population of stroke survivors, drmhodifications are needed, either in the
cut-off values of such models, or in the gait characteristics of interest.

Methods. This study investigated gait characteristics by assessing
accelerations of the lower back measured during seven consecutivardags
non falkprone stroke survivors, 25 fglrone stroke survivors,20
neurologically intact falprone older adults and 30 non fadtone older adults.
We created a binary logistic regression model to assess the ability of
predicting falls for each gatharacteristic. We included health status and the
interaction between health status (stroke survivors versus older adults) and
gait characteristic in the model.

Results We found four significant interactions between gait characteristics
and health stats. Furthermore we found another four gait characteristics that
had similar predictive capacity in both stroke survivors and older adults.

ConclusionThe interactions between gait characteristics and health status
indicate that gait characteristics areffdirently associated with fall history
between stroke survivors and older adults. Thus specific models are needed to
predict fall risk in stroke survivors.
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Introduction
Falls are a major problem in the growing older population. Falls can result in

seriows injuries leading to considerable medical cf#i8]. In stroke survivors,
fall rates are higher in comparison to healthy older adult404] Falls may
increase the fear of falling and may subsequently reduce physical
activity{105],which can result in physical deconditioning and may further

increase fall risk in the long term.

Objective fall risk assessment often involves assessment of balance control,
for example with the Berg Balance Sdak]. However, the relation between
deficits in balance control and fall rates in stroke survivors is inconsjgient
24]. It has been suggested that this might be due to fact that most balance
tests are static in natuf@06],while most falls occur during dynamic tasks such
as walking and transfefg. Interestingly, several characteristics of gait quality
have been shown to differentiate fallers from néallers among older

adultd44, 46, 47] These characteristics can be measured in daily life by
accelerometry, and reflect aspects such as stability, symmetry, smoothness
and variability. van Schooten elt[d7] demonstrated the added value of such

gait characteristics to conventional clinical predictors of fall risk.

A similar approach may be useful for stroke survivors, and could add value to
existing clinical tests. However, quantity and quality of gait are different in
stroke survivorfl 2, 38, 78than in healthy individuals, and it is therefore
unclear whether a fall risk prediction model as used by van Schoote[## al
can be used in stroke survivors. For example, stroke survivors have a more
asymmetricdll 2] and unstable gajB8] compared to age matched controls.

Furthermore stroke survivors are physically less aftRjand physical

40



activity has been associated to falls as {#&l]. Thus, even if the same gait
quality characteristics predict falling in stroke survivors ancealthy

controls, it may be that regression coefficients for these characteristics are
markedly different in a prediction model for stroke survivors compared to

models developed for healthy older adults.

To this date, exploring the potential of fall predast models based on gait
characteristics has been limited to older adults; however, gait in stroke
survivors is remarkably different and fall incidences are a frequent problem in
stroke survivors. To explore the potential of using daily life gait assesdmen
predict falls in stroke survivors, the main purpose of the current study was to
examine whether falprediction models that have been used in healthy older
adultd44, 46, 47kan also be used in a population of stroke survivors, or if
modifications are needed, either in the regression coefficients of such models,

or in the gait characteristics of interest.

Methods

Participants

We tested communitydwellingstroke survivors as well as healthy older

adults. Stroke survivors were recruited via local physical therapy centers and

through national peer group meetings. Stroke survivors were above the age of

18, at least one year post stroke and were living indbemunity

independently. Stroke survivors were excluded from the study if they had a

functional ambulation category of two or less. Data for the healthy older

I Rdzf §a 3INRdzLJ 6 SNE RSNAYGSR FTNBY | RFOI 2

assessment in older aflul & Q 6[4B! 4%])!We only included participants
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from who we were cedin that they were free of any neurological damage,

adzOK a | KA&AG2NER 2F A0NRB1S 2Nt NJAY
study were recruited via general practitioners, pharmacies and residential

care facilities in the area of Amsterdam, Thetidrlands. Participants were

excluded from the study if they had severe cognitive disorders, as indicated by

a minimal mental state examination score of 24 or[[8S§ All participants

were able to walk independently for at least 20 meters, if necessary with a

walking aid. The research protocol was approved by the medical ethical
committees of the University Medical Centdtrecht and the VU medical

center Amsterdam, The Netherlands. All participants signed informed consent

and treatment of the participants was according to Good Clinical Practice.
Data collection

Fall status was determined using a selported questionnaireasking about

falls in the last twelve months prior to determining gait characteristics. A fall
gta RSFAYSR AT Wlye dzyl yaiAOALN GSR
GKS 3ANRdzy REZ T (28] ZdlastEnste duanstlivelarid §ualtative

(7))
()

gait characteristics, participants were asked to wear-atial accelerometer

(55 grams), (McRoberts, Den Haag, The Netherlands) at the middle of the
lower back using an elastielt{107]. The accelerometer was aligned to
coincide with the anterioposterior (AP), meditateral (ML) and vertical (VT)
body-axis. Participants were instructed to realign the accelerometer during
the monitoring period if necessary. Data were sampled at 100 samples/s with
a range + 6g and digitally stored on a mini SD card. Participants were
instructed to wear the accelerometer for seven consecutive days, preferably

during day and night, but were allowed to take it off when going to bed. The
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accelerometer was removed during showering and other wagémted

activities to prevent damage.
Data analysis

Based on health status and fall history of at least one fall in the previous year,
we classified participants into four groups: non-faibne stroke survivors (NF
SS), falprone stroke survivors (6S) and a control (CON) group of older adults
thus fallprone older adults F£ON) and non fafirone older adults (NlEON)

and used these groups for further analyses.

Gait activity was identified from the weekly time series using a validated
algorithm for gait detection and gait quantificatid®8]. The algorithm

searches for gait activity based on the spectral content of the AP acceleration
and discards periods of activity shorter than eight secofidgéal monitoring

time was defined as the time between the first and last gait episode of each
participant over the seven days. Prior to estimating gait characteristics,
potential accelerometer misalignment was corrected according to the method

describedby Rispens et §107].

Gait quantity was expressed as the duration of gait activity per 24 houwrs an
the number of walking bouts per 24 hours. We classified walking bouts of 24
seconds or shorter as short walking bouts. Short walking bouts are likely to be
executed predominantly in dtome settings, which might affect gait
characteristics (for instancéyrning affects step length symmetry, and usually
in-home walking coincides with more turning as compared to walking
outdoors). All walking bouts were divided into eigdgiconds epochs for

further analysis. We calculated the number of eight seconds epibetisvere
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part of the short walking bouts and divided this by the total number of
epochs. Thus we were able to determine whether the characteristics of gait

guality were derived under similar circumstances between groups.

We estimated gait quality chartagistics that have shown promise in
differentiating between fallers and nefallers among older adulf46].
Specifically, we calculated gait spgé@9], gait symmetry determined by the
harmonic ratio (HR$1]. This HR measure divides the sum of the first ten
even harmonics through the sum of the first ten odd harmonics. Symmetrical
gait in the VT and AP direction will predominantly contain even harmonics
which will result in a higheHR. The smoothness of gait was determined by
dividing the ground frequency (first harmonic) of the time series by the first
six harmonics of the time series, the index of harmonicity[d6]) A

complete smooth gait can be described by one sinusoidal function and no
higher harmonics would be necessary to describe the signal. Subsequently this
would result in a higher IH value. Several inicaof gait variability were
determined. Firstly the amplitude of the dominant peak which represents the
WAIGNBY3IOGKQ 2F GKS R2YAY Il yi[4Rpahd] NBE I A ¢
hence a high value represents a low variability. Secondly the width of peak of
the power spectrum reflects the dispersion oktdominant pea42] and

hence a higher value represisma higher variability. Thirdly stride frequency
variability, and fourthly local dynamic stability expressed as the local
divergence exponent (LDE), which quantifies the exponential rate of
divergence from initially nearby kinematics states as a funciicstride

time[46]. A higher LDE indicates a faster diverging acceleration signal and

indicates a moe unstable gait pattern. Except for gait speed and stride time
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all these characteristics were determined in three directions using algorithms
previously described by Rispens ef48]. Estimation of gait quality
characteristics was performed on each epoch-se8onds length, which was
sufficient long for estimating spectral featurfs0]. For each characteristic,

the median value over all gait epochs of a participant was used for statistical
evaluation. We took the median value as the median is less sensitive in

comparison to the mean for outliera the estimated gait characteristic.
Statistics

For each group, means and standard deviations are reported. Participant
characteristics and monitoring duration were compared between groups using
health status (stroke survivor or healthy older adult) andltisstory as two
categorical factors in an analysis of variance (ANOVA).When these analyses
revealed differences between groups, the variable concerned was used as a
covariate to control for its effects in subsequent analyJesfacilitate

objective comprison between independent variables we z transformed
continues variables prior to performing the logistic regression. We developed
a fall prediction model per gait characteristic using binary logistic regression.
Fall history was used as dependent vagalvhile the gait characteristic and

the categorical variable health status (stroke survivors versus healthy older
adults, coded as 1 and 0 respectively) were the independent variables. The
interaction between health status and the gait characteristic alas included

in the model, but if the interaction did not reach apl f dzS 2 F X ndnp A
removed from the model and a new model with health status and the gait
characteristic only was created. The odds ratio (OR)is a number indicating the

amount of inceased fall risk per unit increase of the independent variable. If a
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significant OR is found for a specific gait characteristic only, this implies that it
is associated with fall history and that this association does not depend on
health status (controlsylder adults and stroke survivors). If in addition a
significant OR is found for health status, but no interaction, this implies that

fall risk is dependent on health status, but that the change in risk with a unit
change in the gait characteristic is e@eéndent of health status. If an

interaction effect is found, this implies that the relation of the gait

characteristic with fall history is different between health status groups,
suggesting that a specific model is needed for stroke survivors. Altisiltis
analyses were performed using SPSS software version 20.0,a@d-afpdzS 2 T

0.05 was considered statistically significant.

Results
A total of 106 participants volunteered for the study. Of the 56 participating

stroke survivors 25 (45%) had experiethed least one fall in the previous
year. A total of 50 control older adults participated of whom 20 (40%) had
experienced at least one fall in the previous year. Participant characteristics
and monitoring duration resultof each group are presented iahile3.1.

Tables 3.2 and3.3 provide an overview of which gait characteristics show
promise in regard to predicting fall risk in stroke survivors and older adults.
More precise, tabl&.2 provides an overview of quantitative and qualitative
gait charactestic values between stroke survivors and older adults and is as
well subdivided in fallers and non fallers. An overview of the corresponding
Odds ratios (OR) between all four groups andajues derived from the binary

logistic regression models are presed in table3.3.
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Table 3.1:Participant characteristics for the four groups.

NFSS FSS NFCON FCON
Mean+ SD Mean+ SD Meanx SD Meanx SD
Female/male 15/16 15/10 13/17 14/6
Age (years) 64.1+11.6 69.0+£9.2 719141 749+8
Height (m) 171.4 48.8 172.3+9.3 169.4+£9.2 170.4+7.7
Weight (kg) 79.7£14.7 82.9+16.5 75.1+£10.5 75.3+13.7
BMI (kg/m2) 27.0+3.8 28.1+6.5 25.8+2.5 26.1+£3.7
Monitoring(days) 6.5+0.5 6.5+04 6.4+0.7 6.5+0.6
Health status Fall history Health *Fall history
FValue / Pvalue F P F P F P
Age (years) 14.98 <0.001 0.29 0.59 5.21 0.024
Height (m) 1.37 0.244 0.01 0.99 0.33 0.564
Weight (kg) 3.87 0.051 3.89 0.534 0.34 0.561
BMI (kg/m2) 3.52 0.063 0.71 0.400 0.21 0.645
Monitoring(days) 0.85 0.771 0.48 0.827 0.945 0.333

Main effects for health status and fall history and their interaction are presented. Signifisedties are printed in
bold. non-fallers, stroke survivors (NFS), faller, stroke survivor-@S) nosfaller control group ofolder adults (NF
CON, fallercontrol group of older adult (EON.

Twoway ANOVAs for participant characteristics revealed no differences in
monitoring duration and anthropometrics between groups, but showed a
significant interaction effect on age, with ttN~SS group being significantly
younger than the other three groups. Further results were corrected for this

difference by using age as covariate.
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No associations with a history of falls were found for gait quantity
characteristics (see table3. Fourgait quality characteristics were found to

be associated with a history of falls independent of health status (see table
3.3). Areduced gait symmetry (HR) in the VT and AP direction and decreased
gait smoothness (IH) in the VT direction were associatéd avhistory of falls

in both groups. Moreover an increase in the dominant amplitude of the power
spectrum in the ML direction was associated with an increased fall risk in both
groups. Increased stride time and reduced gait speed showed a trend of
incressed fall risk in both groups, respectively (p=.06 and p=I0&ddition

for four gait quality characteristics a significant interaction term between
health status and gait characteristic, was predictive for fall history (see table
3.3). For gaismoothness (IH) in the ML direction, this indicated that a higher
IH increased fall risk, but less so in stroke patients, although stroke increased
the fall risk. Moreover an larger width of the dominant peak of the power
spectrum in VT direction higherlfaisk in stroke survivors but lower in older
adults. A higher amplitude of the dominant peak in VT was associated with a
lower fall risk in stroke survivors but not in older adults, with stroke increasing
fall risk as well. Finally, an increase in thealadivergence exponent (decrease

in local dynamic stability) in the ML direction, increased fall risk in stroke

survivors, but not in healthy older adults.
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Table 3.2:Quantitative and qualitative gait characteristics for the four groups.

NFSS -SB NFCON FCON

Quantitative measures Mean + SD Mean £ SD Mean £ SD Mean = SD
Gait activity (min/day) 35.9 £ 20.1 344+24 475+21.8 50+19.8
WB/day 127 £ 64.5 125+77.3 158+54.4 152+499
Short WB (%) 91.6 4.8 924+£6.2 89.7+6 90.2+3.9
Short WB epochs(%) 27.8+18.4 43.3+285 255+159 23.8+10.1
Qualitative measures

Gait speed (m/s) 0.74+0.14 0.67£0.17 0.93+0.30 0.90+0.21
Stride time (seconds) 1.26 +0.20 1.44+0.40 1.14+0.13 1.15+0.08
Harmonic Ratio VT 1.31+£0.20 1.20+0.20 1.92+0.31 1.67+0.32
Harmonic Ratio ML 1.33+0.13 1.35+0.22 1.45+0.15 1.51+0.26
Harmonic Ratio AP 1.17+£0.20 1.07+£0.20 1.71+£0.19 1.39+0.24
Freq. Variability VT 0.15 £ 0.05 0.14+£0.03 0.14+0.20 0.14 +0.02
Freq. Variability ML 0.18 £0.04 0.21+£0.05 0.16+0.40 0.17+0.04
Freq. Variability AP 0.17 £0.04 0.19+£0.05 0.14+0.30 0.15+0.04
IH VT 0.48 £0.18 0.39+£0.16 0.64+0.12 0.56 +0.13
IH ML 0.38+0.21 0.50+0.25 0.34+0.13 0.25+0.15
IH AP 0.51+0.15 0.52+0.15 0.57+0.11 0.52 +0.09
Amplitude (psd) VT 0.47 £0.12 0.40+0.09 0.56+0.09 0.58+0.11
Amplitude (psd) ML 0.40£0.15 0.50+0.19 0.36 +0.08 0.36 +0.08
Amplitude (psd) AP 0.42+0.11 0.46 £0.17 0.42+0.09 0.41+0.08
Width (psd) VT 0.98 £0.01 0.99+0.02 0.95+0.01 0.94+0.01
Width (psd) ML  0.95%0.02 0.95+0.03 0.95+0.01 0.95+0.01
Width (psd) AP 0.95+0.02 0.95+0.01 0.94+0.01 0.93+0.01
LDE/stride VT 0.98+0.19 1.02+0.19 092+0.15 0.94+0.16
LDE/stride ML 0.89+0.18 0.90+£0.20 0.71+0.08 0.78 +0.11
LDE/stride AP 0.87 £0.19 0.90+£0.21 0.72+0.10 0.78+0.11

Table3.2, Quantitative and qualitative gait characteristics for all four groups expressed as means
standard deviations. Abbreviations: WB is walking bouts, Freq. Variability is the stride frequency
variability, IH is the Index ¢farmonicity, Amplitude (psd) is the amplitude of the dominant peak in
the power spectral density, Width (psd) is the width of the dominant peak in the power spectral
density, LDE/stride is the local divergence exponent per stride. VT is the verticsibdiydIL is the
medio-lateral direction and AP is the anteriposterior direction. Significant associations derived frc
logic regression (tabld.3) are printed in bold.
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Table 3.3Binary logistic regression.

Gait characteristic Health status Interaction

Quantitative measures OR (p) OR (p) OR (p)
Gait activity (min/day) 1.01 (.94) 0.82 (.63)

WB/day 0.94 (.74) 0.85 (.69)

Short WB (%) 1.17 (.43) 0.88 (.76)

Short WB epochs(%) 1.48(.06) 0.99 (.99)

Qualitative measures

Gait speedm/s) 0.64 (.06) 1.17 (.71)

Stride time (seconds) 1.71 (.07) 1.19 (.68)

Harmonic Ratio VT 0.54(.02) 1.61 (.33)

Harmonic Ratio ML 1.23 (.31) 0.71 (.41)

Harmonic Ratio AP 0.34(<.01) 2.72 (.06)

Freq. Variability VT 0.81 (.34) 0.81 (.59)

Freq. Variability ML 1.45(.08) 1.01 (.94)

Freq. Variability AP 1.41 (.12) 1.08 (.86)

IH VT 0.46 (<.0) 1.81(.23)

IH ML 1.64(.05) 0.65 (.37) 0.22(<.01)
IH AP 0.84 (.40) 0.87 (.73

Amplitude (psd) VT 0.44(.02) 1.21 (.70) 2.76(.04)
Amplitude (psd) ML 1.54 (.03 1.05 (.91)

Amplitude (psd) AP 1.04 (.83) 0.90 (.81)

Width (psd) VT  1.11(.63) 0.09 (.04 0.01 (.02)
Width (psd) ML  0.98 (.94) 0.82 (.62

Width (psd) AP 0.87(.51) 0.81(.61)

LDE/stride VT  1.31(.21) 1.02 (.97)

LDE/stride M 1.16 (.54) 2.23(.13)  4.86(.03)
LDE/stride AP  1.54 (.0 1.31 (.59

Quantitative and qualitative gait characteristics association witlistory of falls. Health
status includes stroke survivors versus older adlit#ta was Zransformed prior to logistic
regressionSignificant associations are printed in bold.
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Discussion
The main purpose of the study was to test whether fall-prediction

models that have been used in healthy older adults can also be used in
a population of stroke survivors, or if modifications are needed, either in

the regression coefficients, or in the gait characteristics of interest.

Previous studies assessing gait in older adults have shown that gait
speed[111], gait variability[32], local dynamic stability [35, 46, 47] and
symmetry[45] provide valuable information concerning fall risk in older
adults. Our results are partly in line with these findings as we found
several similar gait characteristics that were able to predict falls in both
groups. However the limited number of participants in our study reduced
statistical power in comparison to previous work [46, 47], which could
explain that not all findings are reproduced in this study. For instance
gait speed and stride time showed only a trend of predictive ability in

both groups, respectively (p=.06 and p=.07).

Interestingly, we found four interactions indicating a different relation
between gait quality and fall history in stroke survivors compared to the
group of healthy older adults. In addition gait symmetry in the AP
direction was predictive for falls in both groups, but health status
showed a trend (p=.06) indicating a different cut off value in the
regression. Thus, since we found gait characteristics that were
predictive for falls in both groups but we also found gait characteristics
with a interaction or different cut off value the overall results indicate
that predicting falls in stroke survivors based on daily-life gait
characteristics is possible but requires a stroke specific fall-prediction

model.
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Surprising results were found for the index of harmonicity, which is
calculated by dividing the power of the fundamental frequency by the
power of the first six harmonics. This measure is thought to reflect the
smoothness of gait. Interestingly, based on mean and standard
deviations between groups the F-SS group had the highest index of
harmonicity in the ML direction but the lowest in the AP and VT
directions. This different relation between ML and AP, VT direction for
the index of harmonicity can possibly be explained by a more
pronounced and rapid shift of the center of mass between both legs in
this group, to reduce the time standing on the paretic leg. Such fast
movement results in a high peak in the acceleration signal at the stride
frequency. Therefore the index of harmonicity in the ML direction,
measured at the pelvis might reflect more a rigid gait pattern and loss of
control in the paretic leg rather than smoothness of gait. Considering the
present differences between groups, it is a gait characteristic of interest
in the stroke population. Moreover, this opposite relation between ML
and AP, VT direction for the index of harmonicity was confirmed by our
findings on the amplitude of the dominant peak in the power spectrum.
The amplitude of the dominant peak was highest for the F-SS group in
the ML direction but lowest in the VT direction, which is in line with the
findings by Weiss et al [44].

Although none of the gait quantity characteristics were associated with a
history of falls, gait activity and the number of walking bouts seems to
be reduced in stroke survivors, see also table 3.2. Since most falls
occur during gait[21], this reduced gait activity could be a fall risk
avoidance strategy. However reduced gait activity may cause further

deconditioning and subsequently increased fall risk in the long-term.
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Study limitations

To divide our groups of interest into fallers and non-fallers we have used
self-reported retrospective fall incidents. Retrospective fall reports can
be influenced by recall bias and their relation with gait quality may
slightly differ from prospective fall reports[47]. These differences may
have influenced our classification. Second, the identification of gait
epochs for estimating gait characteristics was accomplished by a gait
detection algorithm[108]. Although validity and reliability was good for
slow and fast walking, it still remains unknown to what extent the
algorithm identified other forms of cyclic movements such as biking.
Misclassifications of gait activity or for instance wearing the
accelerometer away from the midline of the lower back will result in
deviating estimations of gait characteristics for those epochs. Yet the
error in our final estimating gait characteristics is limited by taking the
median value over all epochs rather than the mean. Third, the results
showed differences in percentages of short walking bouts between
groups. This suggests that the median value for the qualitative gait
characteristics were estimated based on slightly different environmental
circumstances. This is an important finding, because for example gait
symmetry may be affected by bends and shorter walking bouts are
probably performed in a more complex setting, which contains more
bends. To examine whether this finding influenced our results we
compared gait characteristics between groups including only walking
bouts lasting 16 seconds or more. Mean values were somewhat
different but no consistent changes were found and the main findings
would have been the same as presented here. In addition we

reanalyzed our statistical models taking weight and BMI as covariates,
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since both variables were nearly significant different between groups.

OR were slightly different yet the same interactions were still present.

Conclusion
In conclusion, due to the present interactions found, several gait

characteristics are differently associated with a history of falls in stroke
survivors as in older adults. This suggests that specific models are

needed to predict fall risk in stroke survivors.
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CHAPTER4

PREDICTING FALLS

Do clinical assessments, steadyate or dailylife gait characteristics predict
falls in ambulatory chronic stroke survivord@ichiel Punt, Sjoerd M. Bruijn,
Harriet Wittink, Ingrid G. van de Port, Jaap H. van Dig&ournal of
Rehabilitation Mediaie, 2017

55



Abstract

BackgroundAt present it remains unknown if gait characteristics predict falls
in stroke survivors and whether they perform better than existing, current
used fall risk assessments.

Objective.This exploratory study investigated to whattent gait
characteristics and clinical physical therapy assessments predict falls in
chronic stroke survivors.

Methods. Gait characteristics were collected from 40 participants. Participants

walked on a treadmill with motion capture, to collect steathts gait

characteristics, such as spatiEmporal, variability, and stability measures.

Moreover, we used an accelerometer to collect ddifly gait characteristics

during seven days. Six physical and psychological assessments were

administered. Falleyei & 6 SNB RSGSN¥YAYSR dzaAy3a I Wi
phone calls over a sionths period. After data reduction through principal

component analysis, the predictive capacity of each method was determined

by a logistic regression.

Results.38% of the pdicipants were classified as fallers. Laboratory based
and dailylife gait characteristics predicted falls acceptable well, with an area
under the curve (AUC) of respectively 0.73 and 0.72, while fall predictions
from clinical assessments were limited @).6

Conclusionindependent of the type of gait assessment, qualitative gait
characteristics are better fall predictors than clinical assessments. Therefore
clinicians should consider gait analyses as a alternative to identify fall prone
stroke survivors.
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Introduction
Falls are common among chronic stroke surviy@gs 28]and can lead to

injuries[112, 113] Predicting falls may help in assignit@ke survivors to fall
prevention interventions, and may aid in the development of tailored fall
prevention. Clinically, physical performance tests have been used to assess fall
risk in stroke survivorR9, 97, 114, 115While some studies reported that

these tests were assmted with fall{114, 115]Jother studies did not confirm
such an associatidi29, 116] In addition, several studies attempted to predict
falls based on psychological factors such as deprefa&m29] Again, some
studies did28], while others did nof29] find an association between

depression and falls in stroke survivors. Since most falls occur during dynamic
activities such as walking or transf¢22, 29]and current used fall risk
assessmets lack in consistency, it has been suggested to explore gait

characteristics in relation to fall risk in stroke surviVails

Interestingly, in healthy older adults several studies were successful in
predicting falls by estimating gait characteristics in a labmy setting[35,
117] In addition, severaltgdies were able to predict falls based on gait
characteristics determined from dailife accelerometnj44, 47] Despite the
different approaches in estimating gait characteristics, both methods
demonstrated that gait characteristics like gait spg&tl7], variability of gait
[35, 47]and local divergence exponents (LI3E) 47]of gait kinematics

predict falls in healthy older adults.

Gait characteristics in stroke survivors differ from those in healthy older
adults. For instance, gait speed is reduced, and gait is neyramaetrical

[118]in stroke survivors. Nevertheless, gait characteristics of stroke survivors
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have also been shown to predict fgl89]. Moreover, with regard to gait

stability, it has been shown that the local divergence expoiieBE) was

larger in stroke survivors than in age matched healthy pf&8}§ indicating

less stable gait. Still, stroke survivors had equal Margins of Stability (88}S)
probablyaccomplished by a larger step widttb]. Although there are

profound differences in gait between stroke survivors and healthy older
adults, a recent study indicated that the same gait characteristics measured in
daily-life are related withfall history in stroke survivofd 19]. However, this

study also found that several gait characteristics had different associations

with fall history than in healthy older adulf$19].

It is currently unknown whether gait characteristics yield better fall
predictions than current clinical assessments in stroke survivors. It is also not
known which method of gait characteristic estimation, i.e., from difgyor
laboratory measurementgjields the most meaningful information regarding
fall predictions, or whether these two methods are even complementary in
this regard. Therefore, the aim of this exploratory study was-teld. Firstly,

we examined whether gait characteristics predict fiatidences in chronic
stroke survivors better than current clinical assessments. Secondly, we
examined how well both gait characteristic estimation methods predict falls
and if a combination of both gait characteristic estimations yield better

predictiors of falls.
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Methods

Participants

Stroke survivors were recruited Miigers in hospitals, general practitioners

and physical therapy practices and through varinagonal peer group

meetingsin the Netherlands. We included participants with a self mepd

stroke who were at least six months pestroke, were living independently in

the community and were older than 18 years of age. Stroke survivors were

excluded from the study if they were institutionalized in, for instance, a

nursing home, if they had functional ambulation category (FAC) of 2 or less

[84], a mini mental stte examination (MMSE) of 24 or lowj&5] and or

severe cardiovascular, respiratory, musculoskeletal or neurologic disorde

other than stroke that affected gait performance. The research protocol

Ob[nipMHCc PanHy dmMn U gl a | LILIINPOSR o6& (GKS Y
NIFolFyidés ¢KS bSUKSNIIFYRaAD ! ff LI NIAOAL

testing and treatment of the paicipants was according to Good Clinical

Practice.

Measurement protocol

Twentyfour hours prior to clinical and laboratory testing, participants were
asked not to drink any alcoholic beverages and to avoid any other activities
that could affect physicalral psychological performance during testing. All
measurements were performed during a single visit at the rehabilitation
center Revant, Breda, The Netherlands. Depending on the number and length
of the breaks that a participant needed, the measurement poot took from

two up to three and a half hours. Demographic and stroke specific

characteristics were obtained including; sex, age, body length and weight,
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time since stroke, hemiparetic side, daily useavalking aid for inside arat

outside use and wsof prescribed medication.
Clinical assessments

Participants were asked to perform several physical performance assessments
and questionnaires commonly used in rehabilitation practice. First, over
ground preferred gait speed was assessed with a 10 nveadk test (10MWT,
performed twice and mean was calculatg¢@i?0]. Second the ability to make a
transfer was measured in seconds by the Time Up and Go Test ([IQHET)

the test was repeated three times and mean was calculated. Third, static and
dynamic balance was measured with theifem Berg Balance Scale (BBS)
[122]. In addition, the 3@tem Yesavage Geriatric Depression Scale ((ARF)

, the Fall Efficacy Scale (FE8%]and the Longitudinal Aging Study

Amsterdam questionnaire (LASA, a questionnaire aimed to identify subgroups
with highest fall risk)125]were administered. See tab#e2 for an overview

of all physical and psychological assessments.
Laboratory gait assessment

Laboratorybased gait analysis was conducted usiiggit Reatime Analysis
Interactive Lab (GRAIL, Motekforce LinkAmsterdam). The GRAIL consists of
a dualbelt treadmill with two embedded force platforms (Motekforce Link bv,
the Netherlands), a moticoapture system (Vicon, Vicon Motion Systems,
Oxford, UK) with ten infrared cameras (Bonita B10, Vicon Motion Systems,
Oxford, UK) and synchronized virtual environments. Time series of ground
reaction forces were sampled at 1000 samples/s and the infrared cameras

were sampled, synchronized at a frame rate of 100 samples/s, both using
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Vicon Nexus Software 1.8.5. The GRAI& eontrolled by a custom designed

application in Bflow (Motekforce Link b.v. the Netherlands).

Each participant wore black tight fitting clothes provided by the researcher
and any jewelry was removed. We used 47 reflective passive markers (15 mm)
[126] placed on anatomical points. Markers were placed by the same

investigator to maxinze consistency between participants.

During treadmill testing, participants wore a safety harness at all times. This
harness was attached to the ceiling and prevented falls, while participants
were still able to move freely on the treadmill. Participawalked without

the use of a walking aid, except for anklefoot orthosis ororthopedicshoes
After familiarization to the treadmill steady state, gait characteristics were
obtained at preferred gait speed. Preferred gait speed was determined by
slowly hcreasing the treadmill speed until the participant reported a
comfortable gait speed. If necessary, participants were allowed to hold on to
the handrail for the first minute. As soon as handrail support was no longer
needed and participants were familiagd with the treadmill, data recording
started. A minimum of 60 consecutive strides was recorded and used for

further analysis.

The gait data were recorded in Vicon Nexus and transferréddatbab 2013B
(The MathWorks Inc., Natick, M#o extract gait characteristicT he gait

events foot contact (FC) and foot off (FO) were determined using the Center
of Pressure (CofP)27]. Briefly force plate data were first converted to
centerof-pressure data i.e. time series of the point of application of the

resultant ground reaction force, which shows a characteristic butterfly pattern
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over time. Then FC and FO were detected from this profilegyssak
detection. The left and right upper angles of the butterfly corresponded with
right and left FO respectively and the left and right lower angles of the

butterfly corresponded with the left and right FC.

All steady state gait characteristics duringferred gait speed were
determined over 60 consecutive strides. Spdémporal gait characteristics
included gait speed, stride time, step width, paretic and #panetic step

length, and step time.

Spatictemporal gait symmetry index (SI) was determireged on
difference in step length and step time between paretic and non paretic limb

using equation 1.

YO & Q0 DO p pEB  ——

Where PL is the step length / time of the paretic limb and NPL is the step
length / time of the non paretic limb, determined and averaged avirn

strides. An Sl deviating from 1 reflects a more asymmetrical gait.

Gait smoothness was based on theogity time series of the three averaged
sacrum markers. Subsequently the index of harmonicity (IH) was determined
by dividing the power of the spectral analysis of the ground frequency by the
power of the sum of the first six harmonitD]. Variability of gait was
determined by calculating the standard deviation of stride time and of step

time and step length for the paretic and ngaretic limbseparately.

Two types of gait stability characteristics were determined. First, local

dynamic stability, expressed as the local divergence exponent (LDE) was
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calculated from the velocity time series of the averaged three sacrum
markers. Time series wetigne normalized towards, on average, 100 samples
per stride, so that timenormalized timeseries had a length of 6000 samples.
Each timenormalized time series was reconstructed in a 5 dimensional state
space by using a fixed delay of 10 samples. Seernfmra detailed

explanation Bruijn et a[18]. Finally, the maximum local divergence exponent
was determined for the rate of divergence frorlGtep[18]. Second Margins
of Stability (MoS) were estimated by estimating the Center of Mass (CoM)
using a 14 body segment mod&R8]. In short, CoM location and mass of
each sement were estimated based on gender and body segment
circumferences as well as length of the segm¢h®8]. The extrapolated

center of mass (XCoM) was determined by the CoM plus the velocity of the
center of mass times the Eigenfrequency of a pendulum with limb length as
length[56]. To determine the MoS in both mediateral (ML) and anterier
posterior (AP) directions, the marker position of the lateral malleolus in ML
and the toe marker in AP direction at FC were subtraftech the XCoM in

ML and AP direction respectively. See tabh®for an overview of steady state

gait characteristics.
Daily life gait characteristics

The day after the laboratory testsll participants started wearing a 4aixial
accelerometer (McRobert3 he Hague, The Netherlands) during seven
consecutive days. The accelerometer was located at the lower back so as to
collect information of both limbs. Previous studies have clearly indicated that
this location provides valuable information regarding sk [44, 47] The

accelerometer measured at a sample rate of 100 samples/s and was aligned in
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the vertical (VT), ML and AP direction. The data were analyzed with a gait
recognition algorithnj108]. The algorithm searched each second for gait
activity with a minimum length of eight seconds or a multiple of eight
seconds. Gait characteristics were estimated for each eight second walking
bout, longer walking bats were subdivided in multiple eight second parts.
Subsequently for each characteristic the median of all bouts value was taken
to reduce the influence of outliers, further data analysis was similar to earlier
studies by our research grog7]. We determined daily life gait

characteristics that have been shown to be promising in regard to predicting
falls in healthy older adultgl7] and or in stroke survivorgd19]. Sedable4.4

for an overview of the dail{ife gait characteristics.
Fall status

Crfta 6SNBE RSGUSNNYAYSR LINRPALISOGAQGSt & dza?
telephone calls over a simonth period, which is sufficiently long to identify

recurrent fallerd114]. Participants were asked to report any falls and related

(medical) consequences and circuarstes on the calendar. During the

monthly telephone calls the researcher decided whether reported falls

YFG§OKSR GKS F2tf2¢gAy3 RSTFAYAGAZ2YY Wlye
LI NOHAOALI yia O2YAy3a (2 [0KBeeNRdHRE Ff 2z
that had a clearly different cause than a loss of balance such as fainting or an

epileptic seizure.
Statistics

Participants that experienced no falls during the six montlovollip were

classified as not fall prone stroke survivors (NF), the participants who
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experienced at least one fall were classified as fall prone stroke survivors (F).
For each variable in both groups mean and standard deviations were
determined. We used amdependent sample-test or ManrWhitney or chi

square test to examine differences in participant demographics.

Fall status (NF/F) was used as independent variable in our logistic regression
models, gait characteristics and clinical measures were usediapendent
variables. To facilitate comparison of the results of univariate logistic
regressions between variables, we firgransformed all continuous variables.
Subsequently, to determine the predictive capacity of clinical assessments and
gait charateristics, we performed univariate logistic regression for each
potential predictor variable. The resulting odd ratios (OR) for each
independent variable represent the increased fall risk per unit standard

deviation increase. OR higher than one indicatéracreased fall risk.
Predicting falls

We created four fall prediction models, which were based on; (1) clinical
physical and psychological assessments, (2) laboratory derived steddy
gait characteristics (3) accelerometry derived défly gait claracteristics (4)

accelerometry and laboratory derived gait characteristics.

To reduce the number of independent variables and avoid the risk of

multicollinearity we created new latent variables by performing a principal

component analyses (PCA). PCA oeduhigh dimensional data to new

dzy O2 NNBf I GSR t 1 GSyld OFINAIFIOotSa ot/ Qauv ac
maximized129]® t / Qa4 @ SNB Sy SsebRftePC G KS 234 4
discriminated between both groups with a@l £ dzS X®np o6F &SR 2y
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independent sample-test. All independent variables that were significantly
associated with fall risk were per prediction model entered into the PCA and
loading factors pemdependent variable and per model for PC1 are reported.
We conducted the PCA and the logistic regression modeling withidfi@d.0
cross validation method, thereby taking into account the variability caused by
performing the component analysis on diffettetraining sets on the

robustness of the final model. The loading factor of each independent
variable on the first principal component was averaged over the 10 folds.
Validated model performances are reflected by the error rateafturacy),
sensitivity specificity and the area under the receiver operating curve (AUC).
Prediction models were compared by determining the confidence intervals

(CI) off the AUC using a previous described meftdd].

All statistical analyses were performed usMgtlab 2013B(The MathWorks
Inc., Natick, MA Statistical significance was established a priori at a level of p
gL tdzS X dnpd ''a GKAA A& |y SELX 2Nl GAODS

promising fall prediction models, we did not correct for multiple comparisons.

Results
A total of 47 stroke suivors participated in the study. After testing we

excluded five participants due to their inability to walk without the use of the

handrail during the laboratory gait assessment.
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Table4.1: Demographic and stroke specific characteristics.NF is nolerfa| F is fallers.

NF (N=25) F (N=15) P-value

Age(y) 58.4(x14.3) 64.6 (+8.5) .09
Gender (female/male) 14711 10/5 .33
Time since stroke (months) 71.8 (x65) 113(x109) A1
Hemiparetic side (right/left) 16/9 10/5 .98
Number of strokes>1 3 0 49
Weight (kg) 88.0 (x17.4) 79.2 (¥17.2) A3
Length (cm) 173.8 (x10.8) 171.8 (¥9.9) .55
BMI (kg/nf) 29.1 (£5.5) 26.7 (£5.5) 19
Use of walking aid (no / yes) 17 /8 3/13 <.01
Use of medicines (no/yes) 2/23 2/13 1
MMSE (max 30) 27.7 (£2.8) 27.5 (£2.2) .78

Mean + standard deviation from demographic and stroke specific characteristredu€s are
based on independent sampledst, MannWithney U test or chéquare tests. Significant
differences are printed in bold.

One participant was excluded from the analysis due to a technical failure of
the accelerometer and one participant refused to wear the accelerometer. To
avoid potential bias of having different participants for different independent
variables, only the 46troke survivors that performed all tests were included

in all further analyses. During six months follaw, fifteen (38%) stroke
survivors experienced at least one fall and were classified gsréaie stroke
survivors (F). All reported falls were dwed loss of balance, no falls were
excluded. The remaining twenfive (62%) stroke survivors were classified as
not-fall-prone stroke survivors (NF). Between group demographics and stroke
specific characteristics results are presented in tahle Chi sgare test

revealed a statistically significant difference in using a walking aid, where a

greater percentage of the F used a walking aid.
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For clinical assessments, laboratory based steady state gait characteristics and
daily-life gait characteristics mearand standard deviations are reported per
group respectively in tablé.2, 4.3 and4 4. In addition, predictive capacity of

each independent variable, expressed as odds ratio (OR) determined by
univariate logistic regression, is reported in the talles4.3 and4.4. Of the

clinical assessments, LASA was able to predict falls as indicated by a significant
OR, see tabld.2.

Table4.2: Clinical assessments: physical performance and psychological tests. NF is none
fallers, F is fallers, OR is odds ratio.

NF (N=25) F(N=15)  OR (Cl) P-value

BBS 50.2 (+8.0) 47.5(x5.9) 0.69 (0.3% 1.33) .27
TUGT (sec) 10.9 (¢+6.9) 15.3(+6.8) 1.92(0.9%3.79) .06
10MWT(sec) 10.4 (+4.8) 14.9 (+7.6) 2.28 (0.945.18) .07

GDS 8.4 (+5.8)  10.1(x7.4) 1.02(0.9%1.12) .56
LASA 4.4 (+36)  6.7(x4.1)  1.23(1.0%1.46) .02
FES 29.6(x10.8) 32.7 (+10.8) 1.02(0.97 1.09) .36

Mean + standard deviation for physical performance and psychological tests. OR/ahete
are based on univariategistic regression. TUGT,10MWT and BBS variablesamsformed.
Significant differences are printed in bold.

Of the laboratory based steady state gait characteristics, smaller step length
for the paretic and non paretic limb, lower preferred gaieed and lower gait
smoothness (IH) in VT and AP direction increased the odds of becoming a
faller, see also tabléd.3. Furthermore, a larger stride time variability and step
length variability of the paretic limb increased the odds of becoming a faller. A
larger LDE, indicating a lower local dynamic stability, and smaller MoS in AP
direction increased the odds of becoming a faller. Several-tilgait

characteristics were significantly associated with falls.
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Table4.3: Laboratory based steady state gait characteristics.
NF is none fallers, F is fallers, OR is odds ratio.

NF (N=25) F (N=15) OR(Cl) P-value
Spatio temporal gait characteristics
Step length PL (mm) 474 +116 369 +119 0.30(0.110.78) .01

Step lengttNPL (mm) 450 + 127 316 + 142 0.27 (0.160.72) <.01
Step time PL (sec)  0.58 +.08 0.58+.05 1.07 (0.53 2.16) 85

Step time NPL (sec) 0.65+.12 0.72+.17 1.81(0.873.81) A1
Gait speed (m/s) 0.74+ .27 058+ .22 0.37(0.1%0.91) .03
Stridetime (sec) 1.23+.19 1.29+.20 1.62(0.7% 3.30) .18

Step width (mm) 155+41 170+55 1.41(0.70;2.82) .33
Symmetry gait characteristics

Step length SI 0.91+.09 0.77+.25 0.28(0.07¢1.07) .06
Step time Sl 0.85+.16 0.76 £.21 0.59 (0.2% 1.22) 15
Smoothness gait characteristics

IHVT 0.78+ .20 0.57+.31 0.38(0.17¢ 0.85) .02
IH ML 0.93+.06 0.95+.02 1.89 (0.70;5.13) 21
IH AP 0.84+.16 0.67+.29 0.43(0.1%0.97) .04
Variability gait characteristics

Stride time 4.49 +2.56 7.46 +£5.52 3.08 (1.05 8.99) .04
Step length PL 324+11.1 45.0+22.4 3.76 (1.14¢ 12.41) .03
Step length NPL 35.1+13.4 40.7+18.4 1.52 (0.76;3.11) 23
Step time PL 21.3+7.94 23.7+7.4 1.47(0.74 2.94) 27
Step time NPL 21.6+7.2 23.1+45 1.48(0.73%2.99) .28
Stepwidth 22.3+7.6 23.7+6.6 1.31(0.66;2.58) 44
Stability gait characteristics

LDE VT 157+£.25 161+£.25 1.17 (0.5& 2.37) .65
LDE ML 1.62+.24 1.89+.32 3.46(1.31¢9.12) .01
LDE AP 2.04+.30 2.21+33 1.92(0.9%3.98) .07
MoSML PL 0.18+.04 0.19+.04 1.94(0.90;4.16) .09
MoSAP PL -0.44 £.08 -0.38 +.07 2.56 (1.07¢ 6.12) .03
MoSML NPL 0.18+.02 0.19+.03 1.56 (0.76; 3.23) 22
MoSAP NPL -0.44 £.08 -0.37+.07 2.74 (1.13 6.69) .02

Mean + standard deviation for steady state gait characteristics. Odd ratio (OR)

and pvalues are based on univariate logistic regression. All variablestamesformed. Significant
differences are printed in bold. Abbreviations: (N)

PL is (non) paretiamb, Sl is symmetry index, IH is index of harmonicity, LDE is

the local divergence exponent, VT is vertical, ML is miedéal and AP is anteriggosterior
direction.
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Table4.4: Daily life gait characteristics. NF is none fallers, F is fallers,

OR isndds ratio.

NF (N=25) F (N=15) OR(CI) P-value
Gait speed (m/s) 0.73+0.16 0.62 +0.12 0.32 (0.13¢ 0.79) .01
Stride time (s) 1.34+£0.31 1.42+£0.45 1.27 (0.66; 2.46) .47
SD VT 1.63+0.52 1.23 +0.39 0.23 (0.08 0.69) .01
SD ML 1.37 £0.27 1.22+0.27 0.49 (0.24;1.02) .06
SD AP 1.38+£0.33 1.16 £ 0.23 0.36 (0.16c 0.84) .02
HR VT 1.25+0.24 1.13+0.26 0.53 (0.2% 1.15) .10
HR ML 1.33+£0.17 1.39+£0.21 1.41 (0.74,2.71) .29
HR AP 1.13+0.19 1.00 £ 0.19 0.40 (0.18 0.90) .02
IHVT 0.44+£0.17 0.36 £ 0.17 0.55(0.27¢ 1.11) .09
IH ML 0.42 £0.20 0.57 £0.26 1.99 (1.02¢ 3.92) .04
IH AP 0.51+0.11 0.53+0.17 1.16 (0.6 2.13) .63
Amplitude (psd) VT 0.45+0.12 0.41 £0.11 0.68 (0.36;1.29) .24
Amplitude (psd) ML 0.44 £ 0.16 0.57 £0.24 1.92 (1.01¢ 3.75) .05
Amplitude (psd) AP 0.43 £0.14 0.52+0.20 1.71 (0.8& 3.34) .11
Width (psd) VT 1.0 £0.13 1.07+0.18 1.75(0.8% 3.75) .15
Width (psd) ML 0.95+0.02 0.95+0.04 1.08 (0.57¢2.05) .84
Width (psd) AP 0.95+0.02 0.95+0.02 1.16 (0.61¢2.21) .66
LDE/stride VT 1.06 £0.38 1.11+£0.39 1.17 (0.6, 2.20) .62
LDE/stride ML 0.94+0.31 1.01£0.37 1.24 (0.65 2.35) .51
LDE/stride AP 1.01£0.65 1.02+0.39 1.03 (0.55 1.93) .91

Mean + standard deviation for dailije gait characteristics. Odd ratio (OR)
and pvalues are based on univariate logistic regression. All continuous variables

are ztransformed. Significant differences are printed in bold. Abbreviations: SD is the
standard deviation, HR is the harmondtio, IH is index of harmonicity, VT is vertical,

ML is medidateral and AP is anterigrosterior direction, PSD is the power spectral densit
and LDE is the local divergence exponent.

A lower gait speed, smaller standard deviation (SD) in VT adéded®on of

the acceleration signal and lower harmonic ratio (HR) in AP direction
increased the odds of becoming a faller. Furthermore, a larger IH in ML
direction and a larger amplitude of the power of the dominant peak in the ML

direction increased thedds of becoming a faller, see also tablé. 4
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Independent sample-tests revealed that for all four created fall prediction
models only PC1 was significantly different between groups. The explained
variance by PC1 ranged from 53.8% for model 4 up to 7é&xplained

variance for model 2. The loading factors of all independent variables on PC1
for models 2,3 and 4 are presented in Figdre Fall predictions ability for all
four models are presented in tabte5. Model 1, based on clinical

assessments, yiged a limited ability in predicting falls, with an AUC of 0.64
and a lower CI below 0.5. Prediction models 2, 3 and 4 based on respectively
laboratory based steadgtate gait characteristics, dailife gait characteristics
and a combination of both gaisaessment methods, were able to predict

falls, with AUC ranging between 0.72 and 0.73 and a lower CI above 0.5.

Table4.5: Model performances

Model 1 Model 2 Model 3 Model 4

Sensitivity 0.62 0.85 0.80 0.80
Specificity 0.66 0.65 0.65 0.66
AUC 0.64 0.73 0.72 0.73
AUC(CI) (.46-.82) (.57-.89) (.56-.88) (.57-.89)
Error rate 0.32 0.28 0.28 0.28

Model 1 is based on clinical assessments, model 2 on laboratory based
gait characteristics, Model 3 on dallfe gait characteristics and model 4
combines gait characteristics from model 2 and 3. Cl are confidence intervals.
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Fig.4.1: Loading factors for prediction models 2, 3 and 4. SL: step length; PL: paretic limb;
NPL: norparetic limb; IH: index of harmonicity; ST:stride time; var: variability; LDE: local
divergence exponent; MoS FW: forward margin of stability; SD: standard déwigatHR:
harmonic ratio;

Discussion.
The main objective of the current study was to examine whether gait

characteristics might improve fall predictions over current clinical

assessments. We used two common methods of assessing gait characteristics,
namelya standardized laboratory gait assessment and a {ifglyait

assessment. In addition, we examined whether a combination of both

methods yielded better predictions.

Of the clinical assessments tests, neither the physical performance tests nor
the questicnaires were able to predict falls. The exception being the LASA

guestionnaire which did predict faJi25], which might be explained by the
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fact that LASA includes retrospective fall history in the final sum score while
the other tests did not. Our resultsr the clinical assessments are in line with
several other studieR29, 116]but not all[28, 114, 115]

Our results for model 8how that laboratory based steady state gait
characteristics can predict falls, as was expected based on studies in healthy
older adultg[35]. Dailylife gait characteristics (model 3) predicted prospective
falls as well as labased characteristics, which is also in line with earlier

resultsin healthy older adul§gl7] and stroke survivofd19].

Furthermore, despite a different methodological approach, both gait
assessment methods (model 2 and model 3) were equally well able to
discriminate between NF and F. Appargnthe disadvantages of dailife gait
assessment, such as more vulnerability to environmental circumstances and
walking behavior, are compensated by a longer assessment time, and/or the
more ecologically valid data. A combination of laboratory and difé\gait
assessments (model 4) did not result in a significantly more accurate fall
prediction model. Therefore, to identify fall prone stroke survivors, one can
choose between both gait assessment methods. Moreover, both gait
assessments methods were alib predict prospective falls (lower Cl above
0.5), while prediction performances by the conventional clinical assessments
was limited in predicting falls, (lower CI below 0.5). Thus, gait assessment can
be considered as a better alternative to identityoke survivors at risk for

falling. Additionally, to the best of our knowledge, this was the first study
comparing clinical assessments and gait characteristics in the same sample of
participants, which is the most objective comparison. For practicalaelee,

it is important to note that the gait characteristics significantly associated with
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falls are determined with just four markers located on the pelvic and one
marker on each foot, rather than the 47 markers used in this experiment.
Moreover, wearinghe accelerometer was considered as a relatively easy task
by the participants, making both methods applicable for practical use.
Furthermore, considering the increasing availability of sensors in for instance
smart phones and thereby relatively low cosfsaapplying such analysis it is

worth further investigation.

While we expected to find gait characteristics that were associated with falls
[35, 44] at present it was unknown to what extent the Margins of Stability
(MoS) in the ML direction were associated with falls in stroke survivors.
Although maintaining MoS in ML direction is critical with respect to
maintaining gait sibility [56] and is therefore essential in fall prevention

during gait, no differences were found between groups. This supports the
finding that stroke survivors are able to maintain MoS in ML dire¢88n

131], probably accomplished by increasing the step wjdt 131] While

MoS may not be an interesting gait characteristic for identifying F during
steady state gait, perhaps this may be different when gait is perturbed and an

adequate reaction is required in order to maaim the MoS.
Study limitations

Our inclusion and exclusion criteria were aimed at including all ambulatory
walkers who suffered from a stroke. Of the participants that met our inclusion
criteria, five participants were not able to perform the steastgte gait
assessment without the usef the handrail and were excluded from our

analysis. Therefore, our sample of stroke survivors is to some extent biased
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towards the higher functioning stroke survivors and will not reflect all

ambulatory walking stroke survivors.

Fall incidences were caped over a six month period. Although six months
appear to be sufficient to identify recurrent falldisl4], the extent to which
seasonal influences have affected fall incidences is unknown, and could have

affected our classification of groups.

Our sample of stroke survivors was relatively small, which may have affected
the stability of ouPCA, especially for model 4, containing 16 gait
characteristics. On the other hand, PCA was part of our cross validation
procedure and error rates between model 2,3 and 4 are similar, indicating
similar stable PC determinations in model 4 as in model Z3aiNevertheless,
the present findings need replication in larger cohorts. Also due to the
explorative nature of the study, we did not applied a correction for multiple

comparison, which increases the chance of a type 1 error.

We explored the value of gasharacteristics relative to clinical assessments

with respect to fall predictions. Our method covered a range of different
commonly used24] assessments, however, not all commonly used clinical
assessments were explored and thawg conclusion is restricted to the

examined assessments. Several other assessments such 8atties| Index,

the Postural Assessment Scale for Stroke Patients, Functional Reach Test and
the balance subscale of Fugkyer Assessment are highly correlateih the

Berg Balance Scale that we ug2d] and as such probably have limited added
value over the BBS in regard to fall prediction. Finally, please note that LASA

was developed on a general older population, not specificatlgtioke
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either.

Conclusions
This explorative study indicates that both laboratory based, as well aslifiaily

gait characteristics, showed some ability to predict prospective fialhigher
functioning chronic stroke survivors, whereas clinical assessments such as
physical and psychological assessments were more limited in predicting falls.
Therefore, further investigation of gait assessment over clinical tests is
justifiable as kinicians might enhance currently used fall prediction
assessments in ambulatory chronic stroke survivors by applying one of both

tested gait assessments.
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CHAPTERDS

UNEXPECTED GAIT PERRBATIONS

Responses to gait perturbations in strolervivors who prospectively
experienced falls or no falldMichiel Punt, Sjoerd M. Bruijn, Sanne Roeles,
Ingrid G. van de Port, Harriet Wittink, Jaap H. van Didéarnal of
Biomechanics, 2017.
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Abstract

Background Steadystate gait characteristics appear promising as predictors
of falls in stroke survivors. However, assessing how stroke survivors respond
to actual gait perturbations may result in better fall predictions. We
hypothesize that stroke survivors wholfdlave a diminished ability to
adequately adjust gait characteristics after gait is perturbed.

Objective.This study explored whether gait characteristics of perturbed gait
differ between fallers and non fallers.

Methods. Chronicstroke survivors wereeacruited by clinical therapy practices.
Prospective falls were monitored over a six months follow up peki¢el used
the Gait Reatime Analyss Interactive Lab (GRAIL, Motedde LinkB.V,
Amsterdam)o assess gait. First we assessed gait characteriktiiisg
steadystate gait and second we examined gait responses after six types of
gait perturbations. We assessed base of support gait characteristics and
margins of stability in the forward and mediateral direction.

Results.Thirty eightstroke surwors complete our gait protocoFifteen
stroke survivors experienced falls. All six gait perturbations resulted in a
significant gait deviation. Forward stability was reduced in the fall group
during the second step after a ipsilateral perturbation.

ConclusionAlthoughstability was different between groups during a

ipsilateral perturbation, it was caused by a secondary strategy to keep up with
the belt speed, therefore, contrary to our hypothesis fallers group of stroke
survivors have a preservehility to cope with external gait perturbations as
compared to norfallers. Yet, our sample size was limited and thereby,
perhaps minor group differences were not revealed in the present study.
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Introduction
Fall rates are high in the chronic stage afigpke[7] and higher than in

healthy older adult$7]. Most falls occur during gdit12] and consequently
assessment of gait could be useful in predicting fall risk. Assessing quality of
steadystate gait may quantify how the system handles small, internal
perturbations like neuromuscular noi#8, 132] Interestirgly, stroke

survivors have a more variable gait pattern and a reduced quality of gait as
compared to healthy control88, 119] Moreover, quality of gait shows

promise as a predictor of falls in stroke survivi@8, 119]

Other aspects than the quality of steadiate gait might contribute to the
prediction of fall risks in stroke as well. Large, external gait perturbations
experienced in everyday life, like trips and slips, may require a substantial
change of the gait pattern to overcome the perturbation and prevent a fall
[51, 53, 58] Thus, measures of how subjects react to larger perturbations are
interesting in relation to fall prevention. Stroke survivors appear to respond
less effetively to external gait perturbationfs8]. Thus external gait
perturbations may provide additive information with respect to fall risk in

stroke survivors.

It is currently unknown if, and how, gait recovetyaracteristics, after a gait
perturbation are associated with falls in stroke survivors. This study attempts
to discover the potential of using gait perturbations to predict falling in stroke
survivors. Therefore, our aim was to explore whether differeneeist in
responses to external gait perturbations between a group of stroke survivors

that experienced a fall in daily life, and a group that did not.
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We focused on gait recovery characteristics that reflect how and to what
extent stroke survivors arebte to cope with external gait perturbations.
Perturbations of gait require adequate base of support (BoS) adjustments
through adapting foot placement. Dynamic stability quantified by the margins
of stability (MoS}56, 57]provides additional information by relating the
kinematic state of the body center of mass (CoM) to the BoS. We
prospectively studied the relation between gait adaptations after a
perturbation and fall risk. Whypothesized that stroke survivors who fall
during followup have less effective adaptations of foot placement after gait
perturbations coinciding with smaller MoS than stroke survivors who do not

fall during followup.

Method
We recruited stroke survivs through flyers in physical therapy practices and

various national peer group meetings in the Netherland®k® survivors
were recruited if they were at least six months pstitoke, aged at least
eighteen and lived independently in the communiye excluded stroke
survivors with dunctional ambulation category lower than[84], a minimal
mental state examination(MMSE) lower than [85] and or other disorders
such asheurologic, musculoskelel, respiratory or severe cardiovascular
disorders that affected gait performance. The medical ethics committee
Whb22NR . NIoltyidz ¢KS bSGKSNIFYRaQ I LILINE
treatment of the participants was according to good clinical practice. Rrior
the gait analysis, demographic and stroke specific characteristics were
collected such as; sex, age, body length and weight, time since stroke,

hemiparetic side, use of a walking aid, use of medication.
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Experimental set up

All participants walked orhe Gait Realime Analysis Interactive Lab (GRAIL,
Motekforce Link B.V., The Netherlands). The GRAIL consiatmofion

capture system (Vicon, Vicon Motion Systems, UK) with ten infrared cameras
(Bonita B10, Vicon Motion Systems, UK), a-thedtltreadnill with two

embedded force platforms and synchronized virtual environment (Motekforce
Link b.v. The Netherlands). A custom written application-flo® software

(Motekforce Link b.v. The Netherlands) controlled the GRAIL.

Participants wore tight fittindplack clothes. In order to collect full body
kinematics we used a the human body model based on 47 passive markers
[126] These were placed before the gait analysis by the same investigator
throughout the study to maximize consistency between participants.

Furthermore participants wore a safety harness which prevented actual falls.
Gaitprotocol

Twentyfour hours prior to clinical and laboratory testing participants were
asked not to drink any alcoholic beverages and to avoid any other activities
that could affect physical performances. All measurements were performed
during a single wgit at the rehabilitation center Revant, Breda, The
Netherlands After participants became familiarized to walking on the
treadmill, we first assessed steadiate gait characteristics during sixty
consecutive strides at a gait speed of 0.41m/s. Subsedyeadt perturbations
were executed at the same gait speed of 0.41m/s. In pilot experiments, this
gait speed in combination with perturbations was found to be feasible for

most community walking stroke survivors.
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The perturbation protocol consisted olb separate trials; each trial

comprised 16 perturbations; each perturbation was followed by a wagh

period of on average 15 seconds. Perturbations were triggered by foot contact
(FC). The sequence of the perturbations was semi random as the perturbatio
type was fixed but the triggering at the left or right foot placement was
random. Participants were allowed to hold the handrail during the first four
perturbations, those perturbations were not included in the analysis. Each

trial lasted for four minute. Between trials breaks were taken to avoid fatigue

as much as possible.

The first perturbation trial contained mediateral (ML) perturbations. More
specifically, the walking surface of the treadmill moved either to the left or
right side at FC of the participant (see figbr#é for an illustration and figure

5.2, ML Perturbtion for the perturbation intensity). Depending on whether
right or left FC was followed by a right or left walking surface translation, the
LISNI dzNB I GA2ya ¢SNB Of FaaAFASR & GALBAAC
perturbations. From a static perspective wey expect that during ipsilateral
perturbations participants respond quickly, because the supporting limb shifts
away from the vertical projection of the CoM, (see figbre ipsilateral
perturbation), which requires an immediate response to maintain ifitgbln
contralateral perturbations (see figusel contralateral perturbation), the
supporting limb shifts towards the vertical projection of the CoM, which may
not require an immediate response. However, it should be noted that this

explanation holds fostatic situations while gait is a dynamic activity.

The second perturbation trial comprised anteroosterior (AP) decelerating

perturbations. At either right or left FC the belt speed on the side of the FC
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decelerated towards 0 m/s and subsequentlyelecated towards 0.41m/s

(see figureb.2, AP Perturbation for an illustration).

Steadystate Contralateral Ipsilateral

|

E Treadmill j E Treadmill _ ._[ Treadmill j

N —>

Figure5.1: Backward perspective at right foot contact during mediateral treadmill
displacements. &ft panel represents steady state gait, mid panel represents a contralateral
perturbation and the right panel represets an ipsilateral perturbation. Horizontal arrows
show the direction of the treadmill displacement. Due to the mediateral treadmill
displacement in the mid panel, the right foot shifts towards the projected CoM (vertical
arrow).In the right panel the ight foot shifts away from the projected CoM. The shaded limb
represents the limb that was perturbed.

As a response with either the paretic leg or Fuaretic leg could make a

substantial difference, we subdivided the two perturbations types into
GNBaAL2Wa 3 NBGAO £S3¢ o6bt[0 YR GNBaALRY
perturbation types started 80 to 90 milliseconds after FC was detected. The

maximum ML displacement was 0.045 meter and the maximum peak

deceleration of the belt speed was 3.9fy/see figures .2 for an illustration.
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To summarize, we explored a total of six different gait perturbations. Four ML

gait perturbations divided into contralateral and ipsilateral and response with

either NPL or PL. The final two AP decelerating gait perturbations vigded

Ayili2 aNBaLRyasS y2y LINBGAO t£S3¢ o6bt[ 0 |

ML Perturbation AP (decslerating) Perturbation

0.04

Gait speed [mis]

0 . . . . . . . . 0 . . . . . . L . .
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 0 014 028 042 05 070 084 098 112 126 140
Percentage gait cycle Time of gait cycle [sec]

Figure5.2: Left panelgait perturbation in mediolateral direction relative to the gait cycleand
anterior-posterior direction, righ panelin absolute time

Data analysis

Discrete gait events like FC were detected using a center of pressure method
[127]. Based on these FC events and markers placed at the heel, lateral
malleolusand toe on both feet, we calculated step time and the BoS gait
characteristics: step length and step width. The whole body CoM was
determined using a 14 body segment mof8]. Subsequently, dynamic
stability expressed as the MoS in forward (FW) and ML direction was

determinedat FJ56]. A larger MoS indicates a increased dynamic stability.
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For steadystate gait, the average of these parameters was calculated over 60
strides. The final two perturbations were free of hantigipport and were

used for further evaluation. Response characteristics were determined at FC
of up to six steps after the perturbation. All analyses were performed using

custom written Matlab programdJatlab 2013B).
Fall status

Falls were detected using W¥ It f OFf SYRINR YR Y2y (KTt

months followdzLJ® ! FlLtf sFa RSTAYSR Fa WhHyeé dz
AY LI NIGAOALI yG O2YAy3 [@@ FallskvBre 3 NR dzy RS

excluded if the cause was clearly different from a loss of balance, such as

when fainting or experiencing an epileptic seizure.
Statistics

Participants were assigned to the fallers group of stroke survivors if they had
experenced at least one fall during folleup and otherwise in the non fallers
group of stroke survivors. Demographic and stroke specific characteristics
were compared using an independent sampksst or for not normally
distributed variables a Mann Whitney test. Dichotomous variables such as

use of a walking aid and sex were examined using a chi square test.

Steadystate gait characteristics were compared between groups using an
independent samples t test. Next, we examined the perturbed gait
characteristts. We first assessed if and how many steps the characteristics
after perturbation deviated from state steady gait. We used a dependent

samples t test to compare each step after the perturbation, with stesteye
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gait. Results indicated that at least ooet of five examined gait
characteristics significantly deviated up to six steps after the perturbation (see
appendix A). For further analysis, we therefore included 6 steps. We
performed a mixed model ANOVA with steps as our within factor, and fall
statusas our between subjects factor. The dependent variable was the
characteristic of interest. If a main effect of group or interaction effect with
group was found, independent samples t tests per step were performed to
determine in which step(s) groups diféal from each other. Similar analysis
were performed with preferred steadgtate gait speed as covariate, to test
for a possible confounding effect, results are shown in Appendix B.afup

of <.05 was considered significant; all statistical analysis werformed in

SPSS version 23.

Results
A total of38 stroke survivorsuccessfully completed the gait assessments.

Ffteen (39%) stroksurvivors reported at least one fall. Demographic and
stroke specific characteristics did not differ between both g®of stroke
survivors, except for the use of a walking aid which was more often used in

the fallers group, see also taliel.
Steadystate gait

Gait characteristicef the groups were similar during steadtate gait at a
fixed speed, except for step time of the paretic leg and step length of the non

paretic leg, which were significantly lower in the F group, see appendix A.
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Table 5.1: Demographic and stroke spécitharacteristics.

NFSS (23) FSS (15)

Mean (sd) Mean (sd) P-value

Age(y) 55.0+12.2 65.4+6.7 .02
Gender (female / male) 13/10 718 74
Hemiparetic side (right / left, 16 /7 10/5 1
Time since stroke (months) 73.8+53 104+89 .25
Number of strokes >1 3 0 .53
Weight (kg) 87+19 83+20.1 .67
Length (cm) 172+10 171+13 .73
BMI (kg/nf) 29.5+6.5 28.7+6.1 .78
FAC score 46+1.1 41+09 .04
Use of walking aid (no/yes 19/4 10/5 <.01
Use of medicines (no/yes) 2/21 2/13 1
MMSE (max 30) 28.3t2.1 27.6x2.0 .41

Preferred gait speed (m/s) 0.72+0.3 0.5+0.28 .02

Mean * standard deviation from demographic and stroke specific
characteristics.Ralues are based on independent samptedt,
Mann-WithneyU test or chisquare tests. Significant differences
are printed in bold.

Perturbations
Medio-lateral contralateral perturbations

Overall, ontralateral gait perturbations when responding with the noaretic

leg (figure5.3 contralateral NPL) reseld in similar gait characteristics to
steadystate gait in the first step, but step length was increased during the
second and third step. In addition, step width increased from the second step
onwards. MoS ML increased in the first step, (figewecontralateral NPL, for
statistics see appendix A). No main effects of group or interaction effects with
group were found for any of the five gait characteristics, for this perturbation

type (table5.2).
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Contralateralgait perturbations when responding with the paretic leg (figure
5.3, contralateral PL) showed increased step times for the first step after
perturbation, and increased stepidths from the secondtep onward. MoS
values in the ML direction differed frorhé second step onwards except for
the fifth step after gait waperturbed (figure5.4 contralateral PL and
appendix A). No main effects of group or signifidatgraction effects with
group were found for any of the five gait characteristics, for thigysbation

type, see tabld.2.
Medio-lateral ipsilateral perturbations

Both ipsilateral gait perturbations, (figuke3, ipsilateral) caused a similar
change in Bo&nd step time characteristics for both legs. We found
significantly reduced step times in comparison to steathite step times. Step
lengths were reduced for the first two steps and step width increased for all
steps after the ipsilateral gait perturbatis. When the NPL responded
retributions resulted in an increased MoS in ML direction in the first, third and
fifth step, moreover FW MoS was reduced in the second step compared to
steadystatevalues (see figurb.4 ipsilateral NPL and appendix A). Wities

PL responded ipsilateral perturbations resulted in a increased MoS in ML
direction for the second, fourth and sixth step after gait was perturbed.
Furthermore MoS in FW direction was reduced in the second and third step

compared to steadgtate valuegsee figures 4 ipsilateral PL and appendix A).

A main effect of group was found for step time when the NPL responded. Post
hoc analyses revealed a significant by (p<.01) shorter step time in the F group

in the first step after perturbation. In additiomhen the PL responded, main
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effects for group were found for step time and step length (see taldg
Posthoc analyses revealed a shorter step time, thus quicker response for the
F group during the first and second step after perturbation (p=.03 arfellp-=.
Moreover step length was reduced in the F group during the first step after
perturbation (p<.01). Furthermore, significanteractions between group and
step were found for step width and MoS in FW direction when the PL
responded, tablé.2. Posthocanalysis revealedo significant differences
between groups in step width, but did reveal a significantly lower MoS in FW
direction in the second step in the group of fallers compared to group of non

fallers, indicating a reduced dynamic stability (p<)001

Finally for all perturbation types and responding gait characteristics, results
were the same when preferred steadyate gait speed was includeds a

covariate, see appendix B.
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Figure 5.3 Step time and base of support (Bo$) gait characteristics during steadystate (55) and after gait was medio-lateral
perturbed for the paretic leg (PL) and non paretic leg (NPL).
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Figure 5.4. Margins of Stability (Mo$) in the forward (FW) and medio-lateral (ML) direction during
steady state (55) and after gait was medio-lateral perturbed for the paretic leg (PL) and non paretic
leg (NPL).
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Table5.2: Mixed model ANOVA for ML gait perturbations. With theaig
characteristic as dependent variable. Number of steps as within factor and
group as between effect. Significant group and interaction effects are printt
in bold.

Contralateralperturbation First responsBlonParetic kg

Gait characteristic Effect F P-value
Step time Steps 5.21 .01
Group 0.35 .56
Steps*Group 0.73 .45
Step length Steps 2.33 A1
Group 2.12 .15
Steps*Group 0.17 .83
Step width Steps 8.94 <.01
Group 0.01 .96
Steps*Group 0.25 .69
MoSFW Steps 4.64 .02
Group 0.21 .65
Steps*Group .792 43
MoS ML Steps 1.20 .29
Group 1.45 .24
Steps*Group 0.94 .36
Contralateralperturbation Firstresponse Bretic leg
Step time Steps 30.6 <.01
Group 0.15 .69
Steps*Group 0.37 .63
Step length Steps 4.89 .02
Group 0.14 .70
Steps*Group .61 51
Step width Steps 3.95 .04
Group 0.11 73
Steps*Group 1.48 .23
MoS FW Steps .59 .45
Group 0.08 a7
Steps*Group .26 .62
MoS ML Steps 6.45 <.01
Group 1.61 .21
Steps*Group 000 .99

Ipsilateralperturbation First response Non Paretic Leg

Step time Steps 24.3 <.01



Group 7.34 .01

Steps*Group .022 .96
Step length Steps 27.2 <.01
Group 3.61 .07
Steps*Group .212 .76
Step width Steps 25.3 <.01
Group 0.11 .73
Steps*Group .03 .96
MoS FW Steps 28.6 <.01
Group 3.06 .09
Steps*Group 0.87 .39
MoS ML Steps 8.10 <.01
Group 3.01 .09
Steps*Group 3.0 .08
Ipsilateral perturbation First response Paretic Leg
Step time Steps 10.8 <.01
Group 4.35 .05
Steps*Group 2.84 .07
Step length Steps 34.9 <.01
Group 4.35 .04
Steps*Group 1.35 .26
Step width Steps 17.3 <.01
Group 0.60 44
Steps*Group 5.54 <.01
MoS FW Steps 19.3 <.01
Group 3.01 .09
Steps*Group 5.98 <.01
MoS ML Steps 5.26 <.01
Group 0.13 71
Steps*Group 1.41 .25

GG is Greenhouse Geiser correction. MoS is margin of stabiliglu® for
main effect of steps and interaction (Steps*Group) is Greenhd@iesiser
corrected.

Anterior-posterior decelerating gait perturbations

After gait was perturbed with a deceleration of the split belt, (fighi®)
independent from which leg responded, the first step response was a shorter

step (both in terms of time and length). Moreover step width was increased
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for all consecutive stepstafr the perturbation. MoS did not differ compared

to steadystate values when the NPL responded. MoS in the ML direction
increased for the first and second step if the PL responded and MoS in FW was
reduced in thethird step (figures.6 decelerating PL arappendix A). No main
effect of group was found for neither responding leg. Two significant

interaction effects between steps and group on step width were found for

both perturbation types (see tabk.3). However post hoc analysis revealed

no differencesn step widths between groups.

Decelerating PL Decelerating NPL
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Figure5.5: Step time and base of support (BoS) gait characteristinsng steady state (SS)
and after gait was anterioposterior perturbed for the paretic leg (PL) and non paretic leg
(NPL).
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Figure 5.6: Margins oBtability (MoS) in the forward (FW) and medlateral (ML) direction
during steady state (SS) and after gait was antersterior perturbed for the paretic leg (PL)
and non paretic leg (NPL).

Table5.3: Mixed model ANOVA for AP gait perturbations. Witle tgait
characteristic as dependent variable. Number of steps as within factor
and group as between effect. Significant group and interaction effects &
printed in bold.

Decelerating=Wperturbation First responsBlonParetic kg

Gait characteristic Effect F P-value
Step time Steps 0.86 40
Group 0.77 .39
Steps*Group .026 .94
Step length Steps 5.04 .02
Group .08 .79
Steps*Group 1.91 A7
Step width Steps .383 .61
Group .001 .99
Steps*Group 3.88 .04
MoS FW Steps 4.81 .01
Group .406 .53
Steps*Group .704 .49
MoS ML Steps 2.60 .10
Group 1.02 .33
Steps*Group 2.07 .15
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Decelerating FVgerturbation Firsresponse Bretic leg

Step time Steps 6.18 .01
Group 0.48 .49
Steps*Group .26 .69
Step length Steps 8.53 <.01
Group 2.01 A7
Steps*Group .08 .86
Step width Steps .55 .55
Group .06 .80
Steps*Group 6.15 <.01
MoS FW Steps .75 44
Group .02 .88
Steps*Group .48 .55
MoS ML Steps A7 .55
Group 2.73 A1
Steps*Group .48 .54

GG is Greenhouse Geiser correction. MoS is margin of stabigiu@
for main effect of steps and interaction (Steps*Group) is Greenhous:
Geiser corrected.

Discussion
Our aim was to explore whether differences exist in responses to external gait

perturbations between a group of stroke survivors that experienced a fall in
daily life, and a group that did nothe gait perturbations resulted in

significant deviations inait characteristics, which indicates that gait
adjustments were made. We found that both groups of stroke survivors react
largely similar to the gait perturbations. More specifically, the strategy of
reacting with longer/shorter steps to certain gait pemations was similar, as
step times did not differ between groups. In addition, those responses were
similar to what we expected for ML perturbations illustrated in figbie
Furthermore, BoS characteristics showed similar decreasing trends over

consecuive steps between groups. However, for ipsilateral ML perturbations
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the F group reacted quicker and with a reduced step length in the first step.
Nevertheless, MoS values between groups were similar and MoS values did
not deviate from steadystate MoS valas (table5.2 and figures.4 and5.6).
Therefore, it seems that both groups of stroke survivors were able to
adequately respond to the gait perturbations. However, after gait was
perturbed with an ipsilateral perturbation and the paretic leg (PL) responded
fallers showed a significantly lower MoS in FW direction during the second
step, suggesting lower stability. This is somewhat puzzling, because this
perturbation disturbs gait in the ML direction. Possibly, widening the step
while maintaining FW MoS whestepping with the paretic leg was challenging

for this group.

To better understand this finding, we extended our analysis by studying the
velocity of the center of mass in FW direction and the trunk angle for this
particular gait perturbation in the FWrdiction. While the fallers group were
able to increase their step width sufficiently and thereby restoring ML MoS,
this came at the expense of a reduced step length, due to constant treadmill
speed. This led to a more rearward position on the treadmilcdrapensate

for this change in position on the treadmill, fallers group attempt to regain
speed by creating a larger forward momentum by a more forward shifted
trunk during the second step, which then led to a smaller FW MoS. Although
MoS in FW direction as decreased in the F group it may not be
representative for everyday life situations where we would expect that one
would try to slow down or even stop during the second step rather than trying

to speed up. Thus, gait characteristic responses from thergkstep onward
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when the perturbations are applied on a treadmill with a constant belt speed

may not be representative for redife situations.

At present, only a few studies have applied larger external gait perturbations
in stroke survivorgsl, 53, 58] While Krasovskgt al (2013) found a larger
global response in terms of strategy and timing of gait rhythm after gait was
perturbed in stroke survivors compared to healthy older ad[ig, Kajrolkar

et al (2014) concludedat stroke survivors have a preserved ability to adjust
gait characteristics and maintain dynamic stabit¥]. Our ARlecelerating
perturbations tended to cause a backward fall, however, contrary to the
studies of Kajrolkar et al. (2014) and Kajrolkar and Bhatt (2016) our
participants did not make a backward step, instead all participants were able
to continue to move faward. It is interesting to see that apparently small
differences in onset and magnitude of the perturbation can result in such

different responses.

Our study is not comparable to any previous study executed in stroke
survivors, since to the best of our kntedge this was the first study assessing
differences in responses to larger external gait perturbations between fallers
and non fallers in stroke. Our results indicate that perturbation responses are
not useful as predictors of fall risk, which is difieréom perturbations

during standing39]. This suggests that priority should be given the study of
steadystate gait characteristics in stroke survivors are more promising
regarding predicting fall rigl89, 119] Nevertheless, gait perturbations might
be useful in fall prevention programs, as perturbation based gait training
appears to be effective in fall prewéon in older adults and in people with

t I NJAyaz2yaa RA&ASFAS
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There is a number of possibilities that might explain our limited findings. First,
perturbations applied might lack ecological validity. Second, the perturbation
magnitude may have been too small. MoS ia fiist step after gait
perturbations were equal or even slightly increased in comparison to steady
state values, which may indicate that the perturbation magnitude was not
challenging enough to differentiate between groups. Each perturbation type
was repated four (ML perturbations ) and eight (decelerating perturbations)
times, however due to handrail grasping we analyzed only the final two
perturbations and thereby gathering the average response. From a different
perspective, we may argue that perhapdythe response to the first gait
perturbation is relevant for fall risk, as during a perturbation in daily life,
people have only one chance to respond adequately and thereby prevent an
actual fall incidence. Finally, it may be that small differences/beh groups

are present, yet not found in this study due to the limited sample size.

Another methodological consideration is the gait speed during the

perturbations. We used a fixed speed thereby making sure that the applied
perturbations were similar acss participants. Changing the treadmill speed

G2 a2YSo02ReQa LINBFTSNNBR &LISSR YStya GKI
executed over another percentage of the gait cycle as the duration of the gait

cycle will change with speed while the duration of the ML ldispment does

not. Adjusting gait speeds would thus actually result in different gait

perturbations, which makes it unfair to compare between participants.

However, perturbing gait at preferred speed is more ecologically valid, since

most perturbations exerienced during gait in daily life will occur at preferred

speed. Nevertheless, in this case it would remain unclear whether differences
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between groups would be due to how they respond or due the fact that

perturbations were different. However, given thegblems associated with
RSaAIAYAYy3I aYlI GOKSRE LISNIdzNBF A2y a +Fd &c
to perturb subjects at a fixed speed. Finally our sample of stroke survivors may

not be representative of the entire population based on the ratio male/female

participants.

Conclusion
In conclusion, this study found limited differences in gait perturbation

responses between stroke survivors that fell and that did not fall during
follow-up. Although step length after an ipsilateral perturbation when the
paretic leg responded was reduced in our group of fallers, this did not result in
smaller MoS values than in ndallers. Furthermore the FW MoS during the
second step after a mediateral ipsilateral gait perturbation where the

paretic leg responded differeloetween fallers and noffallers, but this was

most likely not directly caused by the perturbation itself but rather by the

need to keep up with the belt speed. Our results do not support the use of
gait characteristic responses to predict fall risk. Howewar sample size was
limited, and a larger cohort might reveal differences which were not found in

the present study.
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Appendix A. Between group comparison

Steady state gait characteristic

T value P value

Step time non paretic leg 14 .16
Step timeparetic leg 3.8 <.01
Step length non paretic leg 2.5 .02
Step length paretic leg 1.2 .25
Step width -0.8 43
MoS FW non paretic leg 0.3 .78
MoS FW paretic leg -0.1 91
MoS ML non paretic leg -0.8 42
MoS ML paretic leg -1.7 .09
Variability ofsteadystate gait characteristic:

Step time non paretic leg -1.8 .07
Step time paretic leg -2.5 .02
Step length non paretic leg -1 31
Step length paretic leg 2.1 .04
Step width -1.7 A1
MoS FW non paretic leg -1.9 .07
MoS FW paretic leg 2.1 .04
MoS ML non paretic leg -3.2 <.01
MoS ML paretic leg 2.4 .02

Comparison of steady state gait characteristics and variability

of steadystate gait characteristics between groups.
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Appendix B. Mixed model ANCOVA for ML gait perturbations. Similar to ta
5.2 in the manuscript the effect of ML gait perturbations on gait with the ga
characteristic as dependent variable, number of steps as within factor and
group as between effect. lirthermore, steadystate gait speed was insert as
a covariate to adjust for differences in preferred steadyate gait speed.
Significant group and interaction effects are printed in bold.

Contralateralperturbation First responsBlonParetic kg

Gaitcharacteristic Effect F P-value
Step time Steps 5.46 <.01
Group 0.25 .62
Steps*Group 0.96 44
Step length Steps 1.22 .27
Group 0.56 45
Steps*Group 0.10 .99
Step width Steps 0.34 .88
Group 1.27 .26
Steps*Group 0.60 .70
MoSFW Steps 0.70 .62
Group 0.01 .99
Steps*Group 0.32 .89
MoS ML Steps 3.85 <.01
Group 0.16 .70
Steps*Group 0.40 .85
Contralateralperturbation Firstresponse Bretic leg
Step time Steps 5.55 <.01
Group 0.01 91
Steps*Group 0.73 .59
Step length Steps 3.24 <.01
Group 0.03 .88
Steps*Group 0.17 97
Step width Steps 0.83 .53
Group 0.81 37
Steps*Group 0.76 .58
MoS FW Steps 1.19 .32
Group 0.01 .99
Steps*Group 0.32 .89
MoS ML Steps 5.91 <.01
Group 1.12 .29
Steps*Group 1.31 .26
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Ipsilateralperturbation First response Non Paretic Leg

Step time Steps 8.28
Group 1.96
Steps*Group 0.51
Step length Steps 243
Group 0.93
Steps*Group 0.09
Step width Steps 2.71
Group 0.03
Steps*Group 0.17
MoS FW Steps 1.56
Group 0.79
Steps*Group 0.67
MoS ML Steps 9.60
Group 1.32

Steps*Group 0.26

<.01
17
.76
.04
.34
.99
.02
.85
.97
17
.38
.64

<.01
.26
.93

Ipsilateral perturbation First response Paretic Leg

Step time Steps 15.0
Group 2.1
Steps*Group 0.62
Step length Steps 7.04
Group 0.96
Steps*Group 0.73
Step width Steps 1.11
Group 0.06
Steps*Group 3.4
MoS FW Steps 114
Group 0.19
Steps*Group 1.62
MoS ML Steps 3.20
Group 1.20

Steps*Group 1.10

<.01
.16
.68
<.01
.33
.61
.36
.79
<.01
<.01
.67
<.20
<.01
.28
.36

GG is Greenhouse Geiser correction. MoS is margin of stabiliyal®e for
main effect of steps and interaction (Steps*Group) is Greenhouaeiser

corrected.
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CHAPTERG

EXPECTED GAIT PERTURBIONS

Virtual obstacle crossing in chronic strolgurvivors: reliability and
association with fall riskMichiel Punt, Sjoerd M. Bruijn, Harriet Wittink,

Ingrid G. van de Port, Gijs Wubbels, Jaap H. van Di&ait & Posture (under
review)
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Abstract

BackgroundSroke survivoroften fall during walkingTo reduce fall risk, gait
testing and training with avoidance of virtual obstacles is gaining popularity.
However, it is unknown whether and how virtual obstacle crossing is
associated with fall risk.

Objective.The present study assessed whether obstactessing
characteristics are reliable and associated with fall risk in community dwelling
chronic stroke survivors.

Method. We recruitedtwenty-nine community dwelling chronic stroke

survivors Participants crossed five virtual obstacles with increasngths.

After a break, the test was repeated to assess-tegtst reliability. For each
obstacle length and trial, we determined; success rate, leading limb
preference, pre and post obstacle distance, margins of stability, toe clearance,
and crossing stefength and speedSubsequentlyfall incidenceavas

monitored using a fall calendar and monthly phone calls over-msixh

period.

Results.Testretest reliability was poor, but improved with increasing
obstaclewidth. Twelveparticipantsreported at least one falNo association
of fall incidence with any of the obstaclessing characteristiosas found

Conclusion Gven theabsence of height of the virtual obstac|edbstacle
avoidancamay have beemelatively easyallowing participantsto cross
obstacles in multiple ways, increasing variabiitrossing characteristiend
reducing theassociation with fall riskrhese finding cast some doubt on
current protocols for testing and training of obstacle avoidance in stroke
rehabilitation.
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Introduction
About 30 to 50% percent of all chronic stroke survivors report at least one fall

each yeaf7] and these falls often result in injuries and medical dds$t3].
One of the causes of a fall may be unsuccessful negotiation of an obstacle,
resulting in a trip. Indeed, it has been found that obstacle crossing is
challenging for elderly and for stroke survivors, as it often results in tripping

[23, 133]

Crossing obstacles demands adequate gait adjustments. Several gait
adjustments duing obstacle crossing in a over ground setting were found to

be different in stroke survivors compared to age matched confi8s63,

65]. For instance, stroke survivors showed a reduced toe clearance of the
affected limb whilecrossing the obstacle and they also placed their foot at a
less favorable position behind the obstd&@]. Moreover, during over ground
obstacle crossing, the peak velocity of the center of mass (CoM) in the medio
lateral (ML) direction was higher in st®kurvivors as compared to

controld63, 65] These gait changes may reduce safety, and it has been shown
that the ability to negotiate obstacles successfully is reduced in stroke
survivors comparetb age matched control groug60, 62, 65, 134]Although
these differences in over ground obstacle crossing may to some extent explain
the higher fall rates in stroke survivwcompared to the general older
population[62, 63, 65, 66]at present it remains largely unknown whether
measure derived from over ground obstacle crossing are associated with
falls in stroke survivors. Only one study did find that fall prone stroke survivors
were indeed less successful in obstacle crossing as compared-falies

[64].
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In recent years, obstacle crossing using a virtual environment has gained
popularity for testing and training during rehabilitation after a str¢ka5,

136]. Training generally aims to enhance the ability to perform stepping
adjustments and thereby the ability to walk safely through more complex
environments and as such perhaps prevent falls. However, little is known
aboutthe reliability and validity of virtual obstacle crossing as a diagnostic tool
for fall risk, or as a model for daily life gait. Finally, results found in over
ground obstacle crossing may be not transferable to virtual obstacle crossing
due to the differances in the experimental set up. For instance, virtual
obstacles are two dimensional, and there is no penalty when hitting the
obstacle whereas hitting a real obstacle will result in a trip. Therefore, the
main aims of the present experiment were to assess$-retest reliability of
characteristics of virtual obstacle crossing and their association with fall risk.
We note here that the data reported were obtained from participants of a
previous study that found that steaestate gait characteristics were

associated with fall risk137].

Methods

Participants were community dwelling persons after stroke in the chronic

phase, recruited via flyers in hospitals, physical therapy practices, general

practitioners and national peer group meetings. Prior to the study, all

participants gave writtefinformed consent and the medical ethical committee
Whb22NR . NI olydQr ¢KS bSGKSNIFYRA | LILINE ¢
(NL49126.028.14).
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Participants were excluded if their Functional Ambulation Category (FAC) was
lower than three[84], Mini Mental State Examination (MMSE) was lower than
24[85] and if they had severe cardiovascular, respiratory, musculoskeletal or
other neurological disorders that could affect gait performance. Furthermore,
stroke suvivors who were institutionalized in for instance a nursing home
were excluded as well. The measurements were performed during a single

visit at the rehabilitation center Revant, Breda, The Netherlands.

Experimental set up

Data collection was performedsing the Gait Redime Analysis Interactive

Lab (GRAIL, Motekforce Link b.v., The Netherlands). The GRAIL is equipped
with ten infrared cameras (Bonita B10, Vicon Motion Systems, Oxford, UK), a
dual belt treadmill with two embedded force platforms (Motekée Link b.v.,

The Netherlands) and a synchronized virtual environment. A custom
developed application to control the GRAIL was written in DFlow software
(Motekforce Link b.v., The Netherlands). Light planes projected on the
treadmill, created with the DBw software, functioned as obstacles to be
crossed. Fulbody kinematics were collected by tracking foesgven markers

on anatomical landmark{d.26].

Obstacle crossing protocol

For safety reasons, participants wore a fall harness that did not restrict
motion, nor provided body weight support. All participants first familiarized
themseles with treadmill walking, andere instructed to walk without

support of the treadmill sidebars and a walking aid. The obstacle crossing task
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was executed at a gait speed of 0.41m/s (1.5km/h) to make sure that the
perturbation size was the same amongarticipants, moreover, 0.41m/s

was feasible for all participants.

The obstacle crossing task contained five virtual obstacles. The virtual
obstacles were twalimensional, and had no height. The width of the obstacle
was equal to the width of the treadith the length of the first out of five
obstacles was 7cm, each of the subsequent obstacles increased in steps of 7
cm towards 35 cm. The appearance of the obstacle (in both time and position)
was determined by the midwing phase position of the rightrb, plus three
times the stride time and stride length based on three previously performed
strides, see figuré.1A. Given the provided time and space between obstacle
appearance and actual obstacle crossing, participants were free to decide
whether to crass the obstacle with their paretic or ngparetic limb. To

improve the ecological validity of our experiment, the only instruction given
was to cross the obstacle, no instruction was given on how to cross the
obstacle. Finally, after a break of ten minuthe experiment was repeated to
assess testetest reliability. To assess associations with fall risk, we used data

from the first set of 5 obstacles.

Data analysis

Gait events (foot contacts (FC), foot off) were detected based on the
trajectory of the cater of pressurg127]. The whole body CoM was
determined using a 14 body segment mof8]. Subsequently dynamic
stability expressed as the Margin of Stability (MoS) in forward (FW) and

mediolateral (ML) diretions, was determined at HB6]. All crossing attempts
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were included for all analysis regardless of whether the attempt was

successful or not.

We calculated several measures that reflect how, ang kaeell, participants
performed the obstacle crossing tasks, further referred to as crossing
characteristics. First, we determined two dichotomous variables; 1) lead limb,
i.e. the limb which first crossed the obstacle (paretic or-panetic limb)

further NEBFSNNBR (2 & W[ SIRAYy3I [AYO t NBTSNJ
some participants placed their foot in the middle of the obstacle, it was not
always clear whether an unsuccessful foot placement was intended as a
crossing step, or a last step bedocrossing. We defined a crossing step, as a
step wherein the anterioposterior (AP) position of the toe marker was
beyond the midine of the obstacle. A crossing step was defined unsuccessful
if the position of the virtual obstacle in the progressioredtion overlapped

with the position of the foot during the stance phase. Both dichotomous
variables were determined for each obstacle length. Second, we determined
seven continuous crossing characteristics, (FiguB): (1) toe clearance (i.e.
verticaldistance between lead limb toe and the ground halfway crossing the
obstacle), (2) prebstacledistance (i.e. the distance between the toe marker
of the final foot placement prior to obstacle crossing and the beginning of the
obstacle), (3) posbbstacledistance (i.e. the distance between the end of the
obstacle and the heel marker of the leading limb). (4) crossing length (i.e. the
step length of the lead limb, when crossing the obstacle) (5) crossing speed
(i.e. the crossing step length divided by thegstime of the leading limb), (6

and 7) MoS in ML and FW direction at FC directly after obstacle crossing.
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Figure 6.1A: Time and place of the appearance of the obstacle. SL is stride length. Figure6. 1B:
spatial crossing characteristics.

Fall status

For six months after the lab visit, fall status was determined by monthly phone
calls, and a fall diary was used to report when, and how the fall occurred. We
defined afalla’l y& dzyl yGAOALI 6SR S@Syid GKIFG NB
to the ground, 2 2 NJ 2 NJ f [20p WeNaxduded falls Mat had a clearly
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different cause than a loss of balance, such as fainting or an epileptic seizure.
Participants that experienced atdst one fall were classified as fall prone
stroke survivors.

Statistics

For all crossing characteristics, we determined the-teggst reliability. For
both dichotomous crossing characteristics, Kappa statistics were used.
Reliability of continuous crosgl characteristics was determined through
intra-class correlation (ICC), absolute agreenij&f®], single measures.
Reliability of dichotomous crossing characteristics was defined as moderate
for kappa between 0.4{, 0.6, substantial for kappa between 0.60.8, or
almost perfect for kapa between 0.8% 1 [138]and relability for continuous

ONRAa&dAY3I OKENI OGSNRAGAOE 6 BH39P2yaARSNEBI

Demographic and stroke specific characteristics betwfallers and non

fallers were compared using a Mann Whitney U test. Between group
differences for the dichotomous variables LLP and success rate were examined
using a Chi square test. Normality of the continuous variables was examined
using a Kolmogore®8mirnov test. We used a mixed model ANOVA with group
as between and obstacle length as within factors. If an interaction with group
was found, independent samples t tests were used to determine which

condition(s) differed between groups.

Results
A group oftwenty-nine stroke survivors derived from a larger cohdd7]

participated in the obstacle crossing task. After ansonth follow up, twelve

stroke survivors (41%) reported at least one fall, and were classified as fall
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prone stroke survivors (F). The remaining seventeen stroke susuiu6%0o)

were classified as nefall prone stroke survivors (NF). None of the reported
falls were excluded due to the fall exclusion criteria. The participants in the fall
prone group were significantly older and used a walking aid more often, see
table 6.1 for statistics. Due to missing marker data, we were not able to
estimate center of mass position for all participants, therefore results
regarding the MoS are based on twesitur participants, including nine
participants with prospective falls.

Table6.1: Mean and SD and between group differences in

demographic and stroke specific characteristics. Significant
between group differences are printed in bold.

Demographic characteristic NFSS (17) FSS (12) p-value

Age (years) 55.5 (12.3) 64.6 (8.2) .03
Length (cm) 171.8 (10) 169.9 (11) .64
Weight (kg) 90.2 (20) 76.9(16) .07
Male (%) 50% 66% .39
Use walking aid (%) 25% 66% .03
Use of medication (%) 87% 83% 75

Reliability of crossing characteristics

Dichotomous crossing characteristics LLP and success rate were not reliable
(Table6.2). Testretest reliability of preand postobstacle distance was
inadequate for the smaller obstacles but was adequate (068B) for

obstacles with a length of 21cnr bigher. Reliability of crossing step length,
and crossing speed was inadequate with ¥@l0es around 0.4. Tesgtest
reliability of toe clearance was around 0.7 across the obstacle lengths.
Reliability of MoS in the ML direction ranged between 0.6 @& while

reliability for MoS in FW direction was inadequate.
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Association with falls

Dichotomous crossing characteristics LLP and success rate were not different
between groups (see tab&3 for percentages and tab&4 for pvalues per
obstacle length)No interaction effect with group or main effect of group was
found for any of the crossing characteristics.-Bbstacledistance decreased

and step length and FW MoS increased when obstacle length increased (main

effect of obstacle length, Tab&4).

Table 6.2: Testetest reliability for dichotomous and continuous obstacle crossing
characteristics for all five obstaclliengths. MoS is margins of stability, FW is forward, ML is
medio-lateral.

Obstacle 7cm 1l4cm 21cm 28cm 35cm
obstacle obstacle obstacle obstacle obstacle
Crossing Kappa Kappa Kappa Kappa Kappa
characteristics
Success rate .32 b1 .81 b1 31
Leading limb .40 17 .26 .51 24
Crossing ICC(CI) ICC(CI) Icc(clh lcc(ch Icccn
characteristics
Pre obstacle 41 .57 .70 .65 72
distance (0-.71) (.24-.79) (.41-.86) (.33-.84) (.42-87)
Post obstacle .39 .48 .67 .79 .78
distance (0-.69) (.12-.74) (.36-85) (.57-.91) (.57-90)
Step length .39 .16 .28 .16 .36
(-.01-.69) (-.26-.5) (-.15.62) (-.24-52) (0-.66)
Crossing speed .46 .21 .26 .21 .63
(.06-.73) (-.2-.55) (-.1-.6) (.01-.54) (.3-.82)
Toe clearance .74 71 74 .62 .76
(.45-.88) (.43-.86) (.49-.88) (.30-.82) (.52-.89)
MoS ML .59 .80 .63 .62 .66
(.21-.81) (.56-.91) (.24-.84) (.25-.83) (.29-.85)
MoS FW .45 .14 .22 .26 40

(05-.73) (-25.52) (-19-58) (-.22-.62) (-05.72)
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Table 6.3. Mean and standard deviation (SD) from continuous crossing characteristics for both groups. Succ
rate as percentage of successful crossings attempts per group for each LPO size. In addition Leading limb
preference (LLP) as percentage of crogsattempts leading with the paretic leg per group for each LPO size.
Significant differences for dichotomous crossing characteristics based on Chi Square statistics are printed ir
NF is the none fall prone group. F is the fall prone group. cm isirméter. Dis is distance.

Obstacle 7cm 14cm obstacle 21cm obstacle 28cm obstacle 35cm obstacle
obstacle
Group NF F NF F NF F NF F NF F
Success 50 50 62 41 68 50 68 41 68 41
rate (%)
LLP (%) 50 33 44 50 44 33 25 41 31 41
Crossing characteristic
Pre 33 291 233 212 177 211 145 118 12.7 10.7
obstacle +14 +13.7 #14.2 +9.1 6.7 142 7.7 +106 +6.3 9.1
Post -4 -2 45 3 5.1 -1 2.7 -3.0 1.4 -1.9
obstacle +7.2 +89 +76 9 +6.2 +12.9 16 +129 +7.0 115
Step 593 468 603 512 652 531 67.7 578 707 605
length +10 152 +7.7 +143 12 +17.1 +8.2 15 +9.6 134
Crossing 63.4 63.7 727 595 76 60.7 70.2 69.1 717 66.6
speed +18.9 +33.8 +22.8 +22.3 +13.8 +245 +145 +258 16 +24.1
Toe 11.9 123 11.3 11.3 11.5 12.1 11 10.7 12 11.1
clearanc #4.1 43 43 29 +39 +39 135 24 437 3.1
e
MoSML 0.19 020 019 0.22 0418 0.21 0.19 0.20 0.19 0.20
+0.05 +0.04 +0.04 +0.05 +0.04 +0.05 +0.03 +0.05 +0.03 +0.05
MoSFW 053 044 051 051 054 057 053 048 056 0.50
+0.07 +0.09 +0.04 +0.11 +0.05 +0.11 +0.04 +0.10 #0.05 =+0.07
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Table6.4. Chi square fvalues per obstacle length for success rate and leading limb preference. Main and
interaction effects for continuous crossing characteristics. Significant
Values are printed irbold.

Obstacle length 7cm 14 cm 21cm 28 cm 35cm
Success rate {fPalue) .87 .22 .26 A2 A2
LLP (Rralue) 46 .64 .18 .30 49
Main effects Obstacle length group Interaction
Crossing characteristic Fvalue  P-value Fvalue P-value Fvalue P-value
Preobstacledistance  29.2 <.001 0.19 .66 0.97 41
Postobstacledistance 2.80 .04 1.79 19 2.47 .07
Step length 16.3 <.001 0.15 .69 0.35 .79
Crossing speed .95 A2 0.99 .33 1.87 14
Toe clearance 1.59 .20 0.0 .99 0.65 .58
MoS ML 0.54 .65 151 .23 1.08 .36
MoS FW 3.47 .03 1.48 .23 2.84 .07
Discussion

As virtual obstacle crossing has gained popularity in strekabilitation for
training and testing, and since falls occur during obstacle negotiation in daily
life[23, 133] we explored whether a virtual obstacle crossing task can function
as a diagnostic tool for fall risk. Specifically, the main purpose of the present
experiment was to determine tesetest reliability of obstacle crossing
characteristts and their association with fall risk in community dwelling
chronic stroke survivors. Contrary to our expectations, the results indicated no
differences between groups, neither for the dichotomous, nor for the more
reliable continuous crossing charac#its. This is in contrast with results

from an previous study which found that fall prone stroke survivors were
more likely to fail an over ground obstacle crossing {&gk Addtionally,

previous studies found a greater ML velocity of the CoM during over ground

obstacle crossing in fallers than in ntallers[63, 65] This greater velocity
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requires a greater deceleraticafter obstacle crossing, which may hamper
safety. However, we found that despite this greater velocity, fall prone stroke
survivors were equally able to regulate their MoS in ML direction compared to
non-fallers. While stroke survivors generally compenghgsr increased ML

trunk displacement by an increased step width compared to a general older
population[15, 131] these differences were not found between fallers and

non fallers, neither during steaeltate gait [Punt 2017B], nor during obstacle
crossing tasks as stepidth after obstacle was similar between both groups

(17.4cm versus 17.5cm for ndallers versus fallers).

Interestingly, testretest reliability for pre and post obstacle distance

improved when obstacle length increased from 21cm onwards, and these ICC
values areimilar to earlier finding$61]. Furthermore, poor reliability of

leading limb preference and success rate has also been reported previously
[60]. Reliability of toe clearance was lower in our study as compared to a
previous report61], where ICCs were around 0.8. Previous studies assessed
real obstacle crossing in over ground walking, we assessed cro$siingial
obstacles on a treadmill. There are several differences between virtual and
actual obstacle crossing which have to be taken into account when
interpreting the results. While over ground obstacle crossing of a real obstacle
can actually result ia trip, which may result in some degree of fear, this is not
the case when using a virtual obstacle. Another important limitation of a
virtual obstacle is the absence of height of the obstacles. This latter difference
may explain the limited testetestreliability of toe clearance in our study. It

may also be that obstacle crossing was relatively easy due to the absence of

obstacle height. Such a relatively easy task may not perturb gait enough, so
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that participants maintain their regular gait patterfio successfully overcome
more challenging obstacles, participants are forced to optimizeopistacle
distance, which will limit the possibility of varying crossing characteristics. This
may lead to smaller variation within participants, and thus morealééi
crossing characteristics. Note that in our experiment, the obstacles with
greater length resulted in more reliable crossing characteristics. Obviously,
more reliable crossing characteristics can be more sensitive to differentiate
between fallers and on-fallers, because true differences do not get buried in
noise. Moreover, our results support this suggestion as we did find a nearly
significant interaction between group and obstacle length on judstacle
distance (see table 4, p=.07). We highly reotend future studies to carefully
read these recommendations and follow along as we still think that this
paradigm can reveal relevant information for evaluation and diagnostic
purposes during rehabilitation, especially because we are not the first to

report large variance in obstacle crossing behd\i4@].

In contrast to previous studies, we did not separately analyze obstacle
crossing with the affected and unaffected limb as leading limising a pilot
experiment, we discovered that not all stroke survivors were able to follow
instructions on which limb should be leading during obstacle crossing. This
may be related to constraints imposed by the treadmill, as this requires the
participant b maintain gait speed in contrast to over ground walking.
Although this may appear to be a disadvantage, it may more realistically
reflect dailylife situations, where time to adapt may be limited and may not
allow crossing an obstacle with the preferréalb. Furthermore, a previous

study indicated that obstacle crossing characteristics between affected and
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unaffected limb appear to be small, and thus there may be no or very limited
information to be obtained with respect to fall rig&l]. Yet, at present it
remains unknown if a separation of paretic and non paretic limb on obstacle
crossing characteristics revealed other insights in regard to evaluation and

diagnostic assessments in stroke survivors.

Despite the fact that training whtvirtual obstacles holds promise as a few
pilot studies did find improvements in the ability to adjust step placements
[135, 136] our findings suggest that caution may be needeghrding
implementation of these interventions. More successful virtual obstacle
avoidance or improved avoidance characteristics on the treadmill may not

reflect reduced fall risk in daily life.

A limitation in our study design was that we explored testest reliability of
crossing characteristics during a single visit rather than two separate visits. On
average, participants improved their success rate by 20% during the second
trial. Although this improvement was not significant, a learning effect may
have affected our reliability results. Another limitation is that our study did

not explore variability of pr@bstacle distance over multiple trials, a variable
that was recently reported to discriminate older from younger ad[il#l].

Finally, our limited sample size might have not revealed small between group
differences. However, for thpurpose of fall prediction at an individual level,

such small group differences are not meaningful.

Conclusion
In conclusion, obstacle crossing characteristics in chronic stroke survivors, as

determined in our protocol, are neither suitable for evaluatmfrthe ability to
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make step adjustments nor for the prediction of fall risk among stroke
survivors, because tesetest reliability was poor and no differences in
obstacle crossing characteristics were found between fallers anefadtans.
However, it isvorth to explore reliability of crossing characteristics and their
association with fall risk for a set of more challenging obstacles, as more
challenging obstacles may improve reliability and sensitivity of the crossing

characteristics.
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CHAPTER/

IMPROVING GAIT STABILITY

Does a perturbation based gait intervention enhance gait stability in fall
prone stroke survivors?A pilot study.Michiel Pum, Sjoerd M. Bruijn, Ingrid G.
van de Port, llona J.M. de Rooij, Harriet Wittidkap H. van Dieg@linical
Biomechanicgunder review)
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Abstract

BackgroundFalls are a common problem among stroke survivors. Fall

prevention training programs that have been shown to be effective for

healthy older adults are not effective and consequences of falls are more

severe in stroke survivors. A recent review indicateat perturbation based

training (PBT) interventions are effective in reducing falls in older adults and

LIS2LX S SAGK tIFN]JAyazyQa RAaASFaSe® ! i LINE
of intervention is effective in stroke survivors.

Objective.We determined whether PBT can enhance gait stability in stroke
survivors.

Methods. Ten chronic stroke survivors who experienced falls in the past six
months participated in the PBT. Participants performed 10 training sessions
over a sixweek period. Theajt training protocol was progressive and each
training contained, unexpected gait perturbations and expected gait
perturbations. Evaluation of gait stability was performed by determining
steadystate gait characteristics and dallfe gait characteristis. We

previously developed fall prediction models for both gait assessment
methods. Here, we evaluated whether predicted fall risk was reduced after
PBT according to both models.

Results Several steadgtate gait characteristics significantly improvedian
consequently predicted fall risk was reduced after the PBT. Difailgait
characteristics, however, did not change and thus predicted fall risk based on
daily-life gait remained unchanged after the PBT.

ConclusionA six week PBT resulted in more stabdit on a treadmill and
thus lower predicted fall risk. However, the more stable gait on the treadmill
did not transfer to a more stable gait in daily life.
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Introduction

Falls are common in community dwelling stroke surviy@2§ and patients

after stroke are more often frequent fallers than oldedults[7]. In addition,

hip fractures resulting from a fall more often lead to immobility in stroke
survivorg[8]. Other consequences of falls are loss of independence and social
isolation[8]. These consequences underline the importance of developing

effective fall prevention programs for stroke survivors.

While a recently updated review indicated that efiige fall prevention

programs exist for older adul{&42], a review on fall prevention in stroke
survivors found no effective progran®9]. Fall prevention programs generally
aim to improve physical activity and thereby physical functioning. By
participating in fall prevention programs, fall prone stroke survivors may be
able to improve their physical activity level to some extent. Howevés, th
improvement in physical activity might lead to more falls, due to an increase
in exposure. This may explain the ineffectiveness of fall prevention programs
for stroke survivors. Training may need to improve gait stability in fall prone
stroke survivordefore exposure is increased by stimulating daily walking

activities.

In comparison to conventional treadmill training of gait stability, perturbation
based training (PBT) may offer a more ecologically valid training approach.
PBT has shown promise in teging the numbers of falls in older adults and
LIS2LX S 6 AGK t [701AApyesentyit@ ainkidwranwddthir$his

type of intervention is effective for decreasing falls in stroke survivors.
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Most falls occur during walkif2g, 29]and we receniy found that gait
characteristics either derived from daily life gait or from a laboratory gait
assessment are the predictors of fall risk in stroke survi¥8@ . Therefore,

as a first step in the development of an effective fall prevention program, we
studied whether PBT enhances gstability in ambulatory chronic stroke

survivors who are prone to falls.

We assessed the effect of a perturbation based gait training on three
outcomes. We assessed whether steatgte and daibfife gait
characteristics improved, whether predicted faslk decreased and whether

participants were able to progressively increase training workload.

methods

participants

Participants were recruited from the rehabilitation centre Revant, Breda, The
Netherlands, through day care centers and by contactingigipents that

already participated in our previous studig€3]. Stroke survivors were

included if they were at least 12 months post stroke, ha@unctional

Ambulation Category score of 3 or higt@4], reported at leat one fall in the

six months prior to inclusion in the study, were free of other disorders which
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the treadmill without handrail support.

Intervention
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The intervention was exeted on theGait Reatime Analysidnteractive Lab
(GRAIL, Motekirce Link bv Amsterdam,The Netherlands For technical
details about the GRAIL and perturbation characteristics see our previous
studies[143]. The participants receiveign perturbation based gait training
sessions in a siweek period. Prior to each training session, four reflective
markers were placed on the pelvis, and one marker one each lateral
malleolus. The markers were use to collect gait kinematics. In addition,
participants wore aafetyharnesghat prevented falls but did not restrict
motion, nor provided body weight suppoiEach training session lasted at
least 30 minutes and could last up to 1 hour, depending on the physical
condition of the participantA aistomdesigned virtual reality application
allowed us to adjust eadhnaining session to the abilities of the participant.
Each training session started with a warming up trial without gait
perturbations, followed by multiple trials with unexpected gaitfpebations
and multiple trials with expected gait perturbations. The length of each trial
and the number of trials performed during a single training session depended

on the physical condition of the participant.
Unexpected gait perturbations

Unexpectedgait perturbations included simulated trips and slips (induced by
belt deceleration or acceleration) as well as melditeral (ML) belt

translations. The intensity of the perturbations was set at one of five different
levels[143]. The interval between perturbations ranged from 4 to 2 strides.
The perturbation was triggered at one of three moments in the gait cycle: foot
contact, mid stance or toeff. The perturbations were applied to both the

paretic and norparetic limb.
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Expected gait perturbations

Expected gait perturbations were created by virtual obstacles, which were
projected on the treadmill. The width of the obstacles ranged from 7 ctoup

49 cm in steps of 7 cm. The interval between presentation of obstacles ranged
from 4 to 2 strides. The obstacles could be targeted to one of the limbs by
projecting the virtual obstacle on only one side of the treadmill. In some cases
the virtual targeed both limbs, by projecting it on both sides of the treadmill,

forcing both limbs to cross the obstacle.
Progression of training load

The settings within each training session for both unexpected and expected
gait perturbations, were varied as much asspible such that participants

were exposed to a variety of different gait perturbations. Furthermaohne, t
default gait speed during the training sessions was comfortable gait speed.
From this comfortable gait speed, gait speed was frequently increased and
decreased by the researcher, in order to practice gait and gait perturbations at

all kind of gait speeds.

The settings were adjusted between training sessions, such that training load

g a LINPINBaaA@Ste AYONBlIaASROrate®dfi SNI St OF
perceived exertiofl44]was determined and based on the judgment of the

researcher and the performance of the participant in previous training

sessions, gait speedalking time, frequency and intensity of the

perturbations were inor decreased for the upcoming training session. Finally,

after several training sessions, participants received an additional task, a visual

Stroop task together with the gait perturbationghis Stroop task functioned
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as a cognitive dual task, which made the training session more challenging and
was aimed at establishing a more automated response after gait was
perturbed. For a visual demonstration of the intervention see the electronic

supplement.
Primary outcomes gait stability

Before and after the training period, gait stability was assessed by determining

steadystate gait characteristics and daily life gait characteristics.
Steadystate gait characteristics

We assessed steaghfate gait characteristics in a standardized laboratory
setting. The assessment of steastpte gait characteristics was performed
twice. First gait characteristics were determined at preferred gait speed.
Second steadgtate gait characteristics were determinatithe same gait

speed between preand postassessments regardless of any changes in
preferred gait speed within the participant between assessments, to eliminate
effects of gait speed on gait variabi[ity5] which together with gait speed is

one of the most important predictors foalfl risk[111].

Data analysis for determining steadtate gait characteristics was consistent
with our previous study137]. Briefly, participants walked on the GRAIL
treadmill. Data were collected for 60 consecutive strides usiicgn Nexus

and transferred tdVatlab 2013B(The MathWorks Inc., Natick, Nl The @it
events foot contact (FC) and foot off (FO) were determined using the Center

of Pressure (CofP)27]. Spatial, temporal, variability and local dynamic
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stability gait chara@ristics were determined over the 60 consecutive strides
[137].

Daily life gait characteristics

Dailylife gait characteristics were assessed using accelerometryldigilife

gait stability assessment, we applied the same data collection and analysis
method as in our previous experimigji19, 137] Briefly,participants wore a
tri-axial accelerometefMcRoberts, The Hague, TRetherlands) at the lower
back during seven consecutive da@sit episodes were detected by a
previously validated algorithrif108]. Quantity and frequency of gait activity

were expressed as number of walking minutes per day and number of walking
bouts per day. Next, qualitative gait characteristics that have been shown to
predict fall risk in older adultgl7] and stroke survivorEl19] were estimated.

For a detailed explanation on how daily life characteristics were estimated see

Rispens et d46].
Predicting fall risk

Fall risk was predicted based on stealgte gait characteristics and based on
daily-life gait characteristics using our previous established fall prediction
models[137]. For steadystate gait characteristics only the trial at prefedr

gait speed was evaluated by the steastgte fall risk prediction model,
because the model requires gait speed as input. Moreover, prior to entering
the data into the prediction model, we adjusted the steastgite fall risk
prediction model to a new maa without Margin of Stability (MoS) measures
because in our present study we were not able to determine MoS due to the

limited marker set up. We revaluated the performance of this model, which
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appeared to be exactly the same as in our previous sfi@y]. For our daily

life fall predition model, no modifications were made.
Secondary outcomes training workload

Training load per session was assessed by (1) determining the number of
walking minutes per training session over the three walking conditions
(steadystate, unexpected and expead). (2) The number of minutes walked
combined with a visual Stroop task. (3) The average gait speed per training
session, (4) the intensity of unexpected, expected gait perturbations and the

(5) frequency of gait perturbations.
Statistics

NonparametricWilcoxon signed rank tests were used to assess differences
between steadystate and dailylife gait characteristicbefore and after the

PBT. In addition, if significant differences were found, we calculated the effect
size per gait characteristic, by dling the Z value derived from the Wilcoxon
signed rank test divided by the square root of N. Wherein N is the summed
number of participants in the preand postassessments. Effect sizes of 0.1
correspond with a small effect, 0.3 with a medium effect aril\lith a large

effec{146].

Changes in input parameters of the fall risk prediction models, which were
principal component scorgd37] as well as in the predicted fall risk, the
output of the model, were examined using Wilcoxon sigraatk tests. The
evaluation was performed for both the steadjate fall prediction model and

the dailylife fall prediction model.
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Finally, nomparametric Friedman tests were used to determine differences in
the secondary outcome measures, training wodd among the training

sessions.

Results
All included participants were at least 12 months post stroke, and reported at

least one fall in the previous six months. Seven out of ten participants
completed all training sessions. See table 7.1 for demograjghal. Two
participants missed one training session due to the flu, and one participant
missed a training session due to an urgent private meeting. All ten participants
performed the steadystate gait assessments before and after the

intervention. Due taa technical failure of the accelerometer, one participant

(number 8) was not included in the results of ddily gait characteristics.

Primary outcomes
Steadystate gait characteristics

Gait speed and step length for both the paretic and 4pamnetic Imb increased
significantly with respectively large to medium effect sizes after the PBT.
Stride time variability, step time variability for both limbs and swing time
variability for the paretic limb significantly decreased after PBT, with large to
mediumeffect sizeg(table 7.2). No significant effects of PBT were found for
local dynamic stability. Results for the steaslgte gait characteristics
measured at the same preferred gait speed between both assessments are

reported in table 7.3. No significanifitrences were found.
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Table 7.1Demographics.

# gender Age Length mass BMI Paret TS FAC Co
ic S morbiditi
side es

1 Male 65 190 90 23.6 Left 3
2 Female 49 182 83 25.1 Right 3 4
3 Female 64 170 113 39.1 Left 10 3
4 Male 63 172 78 26.4 Right 2 3
5 Female 58 163 65 244 Right 2 5
6 Male 70 172 76 25.6 Right 3 scoliosis
7 Male 50 190 89 246 Left 20 5 Broken
hip due
to fall
8 Male 61 171 85 29.1 Right 4 4
9 Male 67 168 85 29.5 Left 1. 5
2
10 Male 68 185 105 30.8 |left 1. 3 epileptic
5

TSS is time since stroke.

Daily-life gait characteristics

The quantity of walking, expressed as number of walking minutes per day,
showed an increasing trend after PBT, but this did not reach statistical
significance. The number of walking bouts itickease significantlytgble 7.4).

Of the gait quality characteristics, stride time increased and the smoothness of
walking (index of harmonicity in the VT direction) decreased after PBT (table

7.4).
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Table7.2: Laboratory based steadgtate qualitativegait characteristics. Prior (T0) and

after (T1) the perturbation based gait intervention. Gait speed was preferred gait speed.

TO Tl
Gait characteristics Mean + SD Mean £ SD dif Z P- ES
score value
Spatio temporal gait characteristics
Gait speed 0.46+0.2 0.62+0.2 0.16 -281 <.01 0.63
Step length PL 318+73 388+101 70 -219 .03 0.49
Step length NPL 210+D9 270+x12 60 -270 <01 0.60
Step time PL 0.75+ 172 0.71+1®2 -48 -1.78 .07
Step time NPL 0.59+120 0.56+100 -34 -1.78 .07
Swing time PL 0.51+149 047+15 -34 -1.27 .20
Swing time NPL 0.32+83 030+64 -12 -1.37 .17
Stride time 1.35+0.21 1.27+0.15 -0.08 -1.88 .06
Step width 343+30 343154 0 -0.35 .72
Symmetry gait characteristics
Step length SI 0.25+ 0.23 0.22+0.24 -0.03 -0.06 .95
Step time Sl 0.11+0.14 0.11+0.15 O 041 .67
Swing time Sl 0.21+0.22 0.20+0.21 -0.01 -1.12 .26
Variability gait characteristics
Stride time 0.10+0.06 0.07+ -0.03 -259 <01 0.58
0.05
Step length PL 53+ 23 51+24 -2 -0.15 .87
Step length NPL 48+17 52+#30 4 056 .57
Step time PL 80+ 49 56+ 39 24 259 <01 0.58
Step time NPL 67+ 37 54+29 -13 -188 .05 042
Swing time PL 83+ 4 63+39 20 -198 .04 0.44
Swing time NPL 65+44 50+ 24 -15 -1.37 .16
Stepwidth 22+5.7 22+4.8 0 -0.76 .44
Smoothness gait characteristics
IHVT 0.44+0.21 0.46+0.22 0.02 -1.17 .24
IH ML 0.96+0.02 0.95+0.04 -0.01 -0.15 .87
IH AP 0.59+0.22 0.62+0.23 0.03 -0.15 .87
Stability gaitcharacteristics
LDE VT 1.47+£0.13 1.52+0.20 0.05 -1.07 .29
LDE ML 1.82+0.37 1.79+0.43 -0.03 -1.07 .29
LDE AP 1.83+0.32 1.82+0.47 -0.01 -0.15 .87

PL is the paretic limb, NPL the non paretic limb. Sl is symmetry index.
LDE is the locaivergence exponent.
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Table7.3:Laboratory based steadgtate qualitative gait characteristics.
Prior (TO) and after (T1) the perturbation based gait intervention.
Gait speed was preferred gait speed at pre assessment.

T0 T1

Gait characteristics Mean+ SD Mean+ SD dif Zscore P-value ES

Spatio temporal gait characteristics

Gait speed 0.46+0.2 0.46+0.2 - - -

Step length PL 30070 334+85 34 -1.27 .20
Step length NPL 200+ 94 198 + 86 -2 035 .72
Step time PL 0.77 £163 0.78 161 0.01 -1.07 .28
Step time NPL 0.62+114 0.62+123 0 -0.25 .79
Swing time PL 0.51+138 051+144 0 -035 .72
Swing time NPL  0.33+86 0.30+65 -0.03 -1.48 A3

Stride time 1.39+180 1.40+186 0.01 -0.25 .79
Step width 342 +28 350+ 46 8 -1.17 24
Symmetry gait characteristics

Step length SI 0.23+0.2 0.28+0.2 0.05 -1.1 .28
Step time Sl 0.11+0.1 0.11+01 0 -0.76 44
Swing time Sl 0.20+0.2 0.24+0.2 0.04 -1.27 .20
Variability gait characteristics

Stride time 102+62 91+49 -11  -0.86 .38
Step length PL 54+23 5117 -3 -0.05 .96
Steplength NPL  49+17 52+18 3 -045 64
Step time PL 82 + 46 74 £41 -8 -1.1 .28
Step time NPL 68+34 64+34 -4 -0.66 .51
Swing time PL 85+40 7635 -9 -0.86 .38
Swingtime NPL  68+42 62+ 36 -6 -11 .28
Stepwidth 215 215 0 -0.15 .87
Stability gait characteristics

LDE VT 145+0.1 1.52+0.2 0.07 -1.27 .20
LDE ML 1.81+03 195+04 0.14 -1.58 A1
LDE AP 1.85+0.3 1.88+0.4 0.03 -0.25 .79

PL is theparetic leg, NPL the non paretic leg. Sl is symmetry index. LDE is
local divergence exponent.
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Table 7.4 Accelerometer derived quantitative gait characteristics.
Prior (TO) and after (T1) the perturbation based gait intervention

Gaitcharacteristics TO T1

Quantitative Mean = Mean + dif =z P- ES
measures SD SD score value

Gait activity 17+11 21.9+97 49 -1.36 A7
Walking bouts / day 76.5838 99.6+37.2 23 -2.19 .02 051
Monitoring time 59+1 55+16 -4 -0.77 44
Qualitative measures

Gait speed (m/s) 0.59+0.14 0.54+0.11 -.05 -0.77 A4

Stride time (s) 1.2940.45 1.474#€.19 .18 -2.38 .02 0.56
SD VT 1.35+0.51 1.31+0.36 -.04 -0.06 .95

SD ML 1.49+0.58 1.49+0.39 O -0.18 .85

SD AP 1.23+0.55 1.28+0.40 .05 -0.89 .37

HR VT 0.99+0.08 0.99+0.04 O -0.18 .85

HR ML 1.25+0.19 1.27+0.17 .02 -0.06 .95

HR AP 0.98+0.11 0.91+0.07 -.07 -1.59 A1

IHVT 0.29#4.11 0.18#©.09 -.11 -2.07 .04 0.49
IH ML 0.51+0.21 0.59+0.20 .08 -1.12 .26

IHAP 0.34+0.17 0.35+0.15 .01 -0.88 .37
Amplitude (psd) VT 0.2 £0.06 0.27+0.05 -.02 -0.53 .59
Amplitude (psd) ML 0.49+0.26 0.51+0.21 .02 -0.41 .67
Amplitude (psd) AP 0.36+0.11 0.39+0.16 .03 -0.53 .59

Width (psd) VT 1.16£0.20 1.29+0.23 .13 -1.24 21

Width (psd) ML 1.09+0.48 0.94+0.22 -15 -0.05 .95

Width (psd) AP 1.15+0.39 0.98+0.39 -.17 -0.89 .37
LDE/stride VT 1.05+0.55 1.18+0.21 .13 -1.36 A7
LDE/stride ML 1.18+0.75 1.06x0.19 .12 -0.77 A4
LDE/stride AP 1.14 £+0.72 1.06 +0.24 0.08 -0.77 A4

psdis power spectral density, LDE is local divergence exponent.
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Predicted fall risk

Nine out of ten participants significantly improved their steatigte gait after
the PBT as reflected in the input principal component score of the fall
predictionmodel (p=.005) and in the predicted probability of falling (p=.027)
(figure7.1 upper panel)For dailylife gait, no changes after the PBT were
observed in model input scores (p=.3@y in predicted probability of falling

(p=.35)(figurer.1 lower panel).

Predicted fall risk, steady-state gait characteristics
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Figure 7.1 Fall predictions based on steaetate gait characteristics (upper graph) and fall
predictions based on daily life gait characteristics (lower graph). Participants scores compared
to before (red circles) and after the intervention (greerrclies). Numbering indicate individual
score values for each participant. For daily life prediction model, numbering on the right side
of the prediction model correspond to the scores after the intervention(green circles).
Participants had a reduced fallsk according to the steadgtate gait characteristics based fall
prediction model, but not according to daily life gait characteristics based fall prediction

model.
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Training load

Figure7.2 illustrates the progressively increasing training load oRBF . As

some participants missed a training session and a Friedman test excludes
these participants from the analysis, we removed the three incomplete
training sessions from our statistical analysis. For the remaining seven training
sessions, all participds were able to increase (1) training time (p<.01), (2)
combining gait perturbations with a Stroop task (p<.01), (3) increase gait
speed(p<.01), (4) perturbation intensity(p<.01) and (5) perturbation

frequency(p<.01) over the course of the PBT sessions.

Progression of training load
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Figure 7.2: training load was progressively increased over training sessions. (1) Relative to the
first training session, training time spend in steadyate gait is reduced, while time spend in
unexpected gait and expected gait training is increasegMareover, time spend in

unexpected ancexpectedgait while simultaneously performing a dual task was increased. In
addition, gait speed (3) (relative to baseline) increased, (4) perturbation intensity relative to
the first training session was increase(b) Fifth graph, perturbation frequency relative to the

first training session, 100% corresponds with 4 strides between each perturbation, a increase
in percentage is a reduction in strides between perturbations.
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Discussion
The main purpose of the present investigation was to explore whether a

perturbation based intervention can enhance gait stability in fall prone
ambulatory chronic stroke survivors. We found that several stestdte gait
characteristics associated with lfailkk in strokesurvivorg137]were

significantly improved after PBT. Additionally, our prediction model based on
steadystate gait indicated a lower predicted fall risk. This is in line with a
NEOSyid Frit AyUiSNBSyiliAaAz2y &ddzZRé Ay t I NJ
spatiotemporalgait parameters after a single perturbation training compared
to a control group with regular gait trainif@47]. However, daikfife gait
characteristics indicated no improvement of gait quality after the PBT.
Consequently, the daillfe fall risk prediction model indicated a similar fall

risk after the PBT as before the intervention. Thusérss that PBT enhances
gait stability in a standardized laboratory setting, yet this does not translate to

a dailylife setting.

There are several issues that need to be addressed to place the present results
into perspective. We did not apply a statisticarrection for multiple

comparisons, because this was a pilot study examining whether gait stability
improves after PBT. Thus our results require further validation in a larger pre
registered trial. We determined gait characteristics at preferred gatdp

During the posiintervention assessment, preferred gait speed was higher,
which may be related to the increase in gait speed during training over the
intervention period (figur&’.2). The improvements in gait quality could (in

part) be caused by thecreased gait speed. For example, it is known that gait

variability, which is an important variable in our fall prediction mddar],
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decreases with increasing gait spgéd5]. The fact that gait characteristics

did not change when patrticipants were tested at a fixed speed, while gait
characteristics did change wheested at preferred speed, which was higher
during the post assessment, raises the question to what extent changes in gait
characteristics were fully caused by differences in gait speed. To gain a better
understanding we determined the correlation coeffitie between change in
speed and changes in gait characteristics between pre and post assessment,
for all significantly changed gait characteristics. Correlations ranged-@dra
towards 0.15, except for step length of the non paretic limb which was
correlated 0.67. Moreover, previous literature has shown that local

divergence exponents (LDE) in ML direction increase with gait speed over a
specific range (0.4 to 0.6 m/s) of spedii48]. Interestingly, our participants
gained gait speed over this range on average, while their LDE ML values
decreasedilthoughnot significantly so. All in athis suggests that

improvements in gait quality were not mediatbg changes in speed alone.

In this study, we aimed to expose participants to many repetitions of as many
different kinds of perturbations as possible, thereby improving the ecological
validity of the training, because in daily life one may be exposeditinl@

range of perturbation types. Pai & Bhatt (2007) indicated that, at least in older
adults, feed forward control improves when experiencing gait perturbations in
training sessions, thereby creating more adequate respofist®). This

finding is supported by our study, as we found that participants were able to
handle more, and larger perturbations during their training sessions and even
were able to combine these with a visual Stroop task. Actual improvement of

gait was shown in the steaetate gait characteristics. These characteristics
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qguantify how people walk in steaestate conditions without external
perturbations. We did not evaluatehether the quality of the perturbation
responses was improved, because in contrast to stestdte gait
characteristic§137], measures derived from gait perturbations were found
not to be associated with fall risk in stroke survivid43] & [Punt et al 2017C
under review in G&P]. However, the lack of transfer of the improved steady
state gait characteristics to dailife conditions does not necessarily imply that

PBT is not udal in fall prone stroke survivors. It may be that this type of

AYGSNIBSYGA2Y AYLINROSE LI NGAOALI yiaQ

the ones that the PBT focused on and as such have a positive impact on fall
incidence. Especially because prewgiguseveral studies already found
promising results that stroke survivors are able to improve their ability t

handle expected perturbationd 35, 136]

When interpreting the didy-life gait characteristics results, it should be kept
in mind that despite their value in assessing fall j4€k 47, 119] dailylife
as®ssments are prone to many confounding effects. After the PBT
intervention, participants walked more often (significantly more bouts), and
walked more minutes per day (although not significantly so). It may be that
such behavioral changes coincide with eméirequent walking in complex
environments and conditions that would lead to less smooth, more variable
and less stable walking and hence negatively affect gait characteristics. This

might explain the lack of improvement of daliie gait characteristics.
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Conclusion
In conclusion, a perturbation based gait intervention improved stestdye

gait characteristics at preferred gait speed and reduced the predicted fall risk
in fall prone chronic stroke survivors. These improvements did not transfer to
gait n daily life and thus neither reduced fall risk predictions from ey

gait data. The progression that could be realized during the training indicates
that participants improved their ability to deal with expected and unexpected
gait perturbations. T positive effects in steadstate gait and potential

effects on perturbations responses warrant further study to determine the
effect of a perturbation based gait training on fall incidence in stroke

survivors.
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Summary
To ultimately reduce fall incidence in stroke survivoke first need to know

who is at increased risk for falls. Therefatee first aim of this thesis was to
studythe ability of a varietyof gait assessments faredictfall risk in
ambulatory chronic stke survivors. The second aim wasxplore whether

we canimprovegait stability in faHprone stroke survivors.

Assessing gait in daily life provides insight in the amount, frequency and
guality of gait in stroke survivors. Quantification of gait attiin daily life by
accelerometrymaybe more challenging in stroke survivors as compared to
healthyolder adults due to the reduced gait speed asdnsequent smaller
amplitudes of the acceleration time series during gaithapter 2 we
investigated dterion validity and testetest reliability of several basic
guantitative gait characteristics like number of steps and walking distance.
Thirty-three chronic stroke survivors participated during the first test for
criterion validity, twentyseven partigpants performeda second testo obtain
test-retest reliability. The gait assessment was performed on a treadmill to
determinethe number of steps and distance at comfortable walking speed
and at 15% below and above comfortable walking speed. Furtherrmoes
ground gait was detected by performing a-siiute walk test on a twenty
meter pathway. The results indicated that the amount of gait can be
quantified validy and reliaby by using accelerometsiocated at the lower
back.

Over the pastew years, fall risk assessment based on gait charactertstiss

mainly focused omealthyolder adults. To determinehetherfall prediction
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modelsdeveloped forlder adults caralsobe applied to stroke survivors
chapter 3explored whetherthe same gaitharacteristics are associated with
fall risk in stroke survivors as in older adutis whethermodifications are
neededin either the cutoff value andor regression coefficients @ll risk
predictionmodels. A total of 106 participants were recruitéagluding 31
non-fall-prone stroke survivors, 25 fglrone stroke survivors, 25 fgtkone

older adults and 25 nofall-prone older adultsAll participants woe the
accelerometer at the lower back during seven consecutive days. From the
acceleration tine seriesquantitative and qualitative gait characteristics were
determined.We created a binary logistic regression model to assesability

to predict falls for each gait characteristic. We included health status and the
interaction between health stas (stroke survivors versus older adults) and
gait characteristisin the model. Four interactionsf gait characteristicaith
health status were foundsuggesting that gait characteristics are differently
associated with falls in stroke survivors as paned to healthy older adults.
Giventhe interactionsfound, we concluded thaspecific fall prediction models
are needed to predict fall risk in community dwelling chronic stroke survivors

based on daibife gait characteristics.

In chapter 4 we determinedto what extent clinical physical therapy
assessments, dailife gait characteristics, steaebtate gait characteristics and
a combination of both types of gait characteristars able to predict fall risk

in chronic stroke survivors. In a gmaof forty stroke survivorssix physical and
psychological assessments were administeBgbsequeny, gait data were
collected in daily life and in a laboratory setting. From this dé@most

promising gait characteristics wedetermined A fall caéndar and monthly

143



phone calls registered fall events over amignths period. Aotal of 15
participants reported at least one falllnivariate logistic regressions indicated
that only one out of six clinical assessments was significantly associated with
falls. Furthermore, several gait characteristics derived from lstehdystate
and dailylife gait revealed a significant association with falfser data
reduction through principal component analysis, the predictibdity of each
method was determiad by logistic regression. Results indichiieat both gait
assessment methods were able to predict fall ngkile clinical assessments
showed a limited ability to predict fall risk. A combination of both gait
assessment methods revealed no improvemenpiedicting fall risk.
Clinicians might enhance currently used fsk assessments in ambulatory

chronic stroke survivors by applying oneeither tested gait assessments.

Larger perturbations in gait arise from external sources like unexpected hard
wind, slippery roads or for instance from other people walking in the same
area. Whethempeoplewill actually faldue to such perturbationsltimately
comes devn to how adequate th& responseo the perturbation is It may be
that fall prone stroke survbrs respond less adequdydo unexpected gait
perturbations which could result im increasedisk of falls Inchapter 5 we
addresgd this hypothesis by assessimyw stroke survivors respond to six
types of gait perturbations. Thirtgight chronic sioke survivors participated
fifteen experienced at least one fall during a six month follow up period. All
participants performed multiple walking trials while medateral belt
translations and trips were applied at a fixed moment in the gait cycle &as
support (BoS) gait characteristics, step time and margins of stability (MoS)

were calculatedduring the first six steps after the gait perturbation. Results
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revealed that all types of gait perturbations resulted in signifityaaéviating
BoS gait chacteristics compared to steaestate gait characteristic§ he
deviating BoS gait characteristics resulted in sinMa& valuesomparedto
steadystate values. Gait characteristics did not differ betweenrgadine and
non-fall-prone stroke survivorshus as MoS values did not differ and gait
characteristics after perturbing gait were similattie fall-prone and norfall-
pronegroups, it seems that at least for the applied gait perturbatjdali-
prone stroke survivors have a preserved abilitygspond to external gait

perturbations.

Falls may also be caused by unsuccessful negotiation of expected gait
perturbations like obstacles. To walk safely in more complex environments
like walking inside a home, adequate obstacle crossing is neadellgditer 6,

we explored whethepbstacle crossing characteristics can be used as a
diagnostic and evaluation tool for gait training, by determining associations of
obstacle crossing characteristics with falls and by determiningretsst
reliability. Twentynine stroke survivors participated in the experiment; twelve
stroke survivors experienced at least one fall during thersoxths follow up
period. Five virtual, two dimensional, obstacles of increasing width needed to
be crossed. After a break, the testgrepeated to obtain testetest

reliability. The testetest reliability was poor for most of the obstacle crossing
characteristics, but reliability increased with increased obstacle width. No
differences in crossing characteristics betweenatine ard nonfall-prone
stroke survivors were found, indicating no diagnostic value for obstacle
crossing characteristics. It is worth to further explore the reliability of crossing

characteristics and their association to fall risk in a set up with more
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challengng obstacles than used in our experiment, as more challenging

obstacles perturb gait more, and subsequently may improve reliability.

Fall prevention programs generally aim to improve physical activity and
thereby physical functioning. Although fallone stroke survivors are perhaps
able to improve physical function to some extent, this might be outweighed
by the increased exposure talf hazards and this could explain the
ineffectiveness of current fall prevention programs. Thereforehapter7

we addressed the question, whether we can improve gait stability ipfatie
stroke survivors. We developed a perturbation based gaihingi intervention
(PBT) using the GRAIL system. Tespfalie stroke survivors were recruited
and followed a fivaveeks training protocol with two training sessions each
week. The PBT contained three parts: steathte gait training, gait training
with agreat variety of unexpected gait perturbations and gait training with
several expected gait perturbations like obstacle crossing tasks. Finally, the
perturbations were combined with a visual Stroop task in order to make the
training more challenging. Prito, and after the PBT, gait stability was
assessed using the fall prediction models developed in chapter 4. Sttatdy
gait characteristics were improved in nine out of ten participants and
consequently predicted fall rigieduced. However, daillfe gait
characteristics showed no clear improvements, and thus predicted fall risk
remained similar after the PBT. Gait quantity, expressed as the number of
walking bouts was increased after PBT. In conclusion, it seems that a PBT
intervention improves gaittability in steadystate gait, yet it does not transfer
to daily-life gait. These latter results, however, could be affected by

confounding effects like changes in gait behavior, like for instance performing
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more small walking bouts inside home which mayé lower gait quality.

General discussion.
Daily-life gait characteristics

A classification problem

A major topichroughout this thesis is the assessment of gait of stroke
survivors in daily life. In chapter 2, we validated a gait detection algoritham an
applied this algorithm to determine quantity of gait and to select the episodes
of the acceleration signals classified as gait for determining quality ofldaily
gait in chapters 3, 4 and Although the algorithm was validated, it is

unknown to whatextent the algorithm classifies other cyclic activities like
biking, stair negotiation, wheelchair riding and so on as gait. Multiple studies
[150, 151] similar to our study, assessed validity in terms of correct
guantification of gait. But very few have actually determined if and to what
extent other activities are classified as gaitportantly,thosethat did so,in
either a mock up situatiofit52]and or in a realvorld situation[153], indeed
indicate that other activities can bmisclassified as gait. Despite of these
misclassifications of gait activjtywhichmay result in random errors in
estimating gait qualitywe and previous authors were able to find valuable
information with regard to theprediction of fall risk based on dadife gait
characteristic§44, 47, 107, 119]Nevertheless, future studies may greatly
benefit from more accurate gait detection algorithms. One obvious solution
may be changing the sensloication on the body towards one where different
activities will result in more distinguishable acceleration time series, like for

example the upper leg. However, it seems that accelerations are most
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relevant with regard to fall risk when they are measiidose to the center of
mass[154]. It is therefore worth investigating more advanced algorithms
using multiple sensors to obtain gravitational orientation, angular velocity and

air pressureand thereby improve accuracy of activity classificat[@B5].

Differences in gait behavior
Another potential confounder in the assessment of qualitglailylife gait, is

the difference in gait behavior among participants. While for some stroke
survivors qualitative gait characteristics are mainly derived from dlasting
walking bouts, others perform longéasting walking boutas well. These
differences of bout length will to a certain extent coincide with differences in
the environment. Longer lasting bouts are likely performed outside, while
shorter walking bouts are performed indoors, which often is a more complex
environment, likely to affecthose qualitative gait characteristics. To address
this issue, we examined the relative contribution of short and long walking
bouts to the estimation of gait characteristics in chapter 3. Interestingly, we
found a clear difference between fallers and Afafiers and between stroke
survivors and older adults, thus indicating that indeed gait behavior is a factor
that needs to be taken into account. A simple solution may be comparing
walking bouts of similar length. A recent study explored this option aed u
only walking bouts of at least 60 seconds, to minimize the risk of
misclassification of activities, and to avoid potential confounding effects of
gait behaviof156]. Although theresults are promising, the drawback is that
probably not all falprone stroke survivors perform such longer walking bouts

on a regular basis, which makes practical application questionable.
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Applying larger external perturbations
Giving the challenges wfalking in the community, like avoiding obstacles or

negotiating a slippery road, it seems insufficient to only assess steaty
walking, especially considering the fact that stroke survivors more often fall on
the paretic sidd21], indicating that perhaps adequate responses to
perturbations are diminished in fgtirone stroke survivorgvioreover, as

motor control deficits after a stroke can be tpidifferent among stroke
survivors, it woulde naive to expect to find one single assesst that
adequately assesses all these deficits atqgand consequentlyprovides
strongassociations with fall incidencalthough some stroke survivors may
perform wellin steadystate gait, theymay find avoiding obstacles challenging
due to the nature otheir impairments We have tested this line of reasoning
by determining the diagnostic value of responses to gait perturbation with
respect to fall risk. Unfortunately, results from chapterasl 6 indicate no
diagnostic value, neither of unexpected gait perturbations, nor of expected

gait perturbations.

Unexpected gait perturbations
With regard to unexpected gait perturbations, an important aspect is the

jdz YGATFAOF GA2Y 2e3pondeki Th@nuinberSfintzasirg (1 K S
proposed to this end appears to grow continuoydl@]. The measures

applied in chapter Snamely the margins of stability (MoS) and base of

support (BoS) reflect to what extent stability is restored after a perturbation.
Deriving information bout fall riskirom perturbation responsess challenging

for severalreasonC A NB G X S@Sy |G | FAESR &LISSR

characteristics at baseline (steadiate) already differ between fafirone and
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non-fall-prone groups. Thus, potential differees observed after the
perturbation may be explained by the differences found in stestdye gait.
Differences may also be masked by differences in the baseline; fallers may
exhibit a more variable gait pattern during steashate gait, which could
obscue the perturbation responses. Second, perturbations were executed at
a fixed gait speed, to make sure that the magnitude of the perturbation was
Slidzh £ F2NJFff LINIGAOALI yilad , SGiX LISNKI I
for participants whose prefeed gait speed was close to the chosen fixed gait
speed. Note that preferred gait speed differs between fallers andfatiers

(see table 5.1). To summarize, for unexpected gait perturbations, even if
differences between fafbrone and norall-prone strole survivors are

present, it will be very challenging to identify these.

A different, largely unexplored, approach may to some extent be useful in

assessing whether fgtirone stroke survivors have a diminished ability to

respond to external unexpected gerbations. Assessing the maximum

manageable perturbation size avoids the issues raised in this section and
LINEGARSA +y 202S00GA0S YSI&adNBE 2F a2YS82)
perturbations. Research using this straightforward approach is limited. Several

studies did perform these kinds of analyses and results are promising as they
differentiate between younger and older adu[ts57] and indicate that the

paretic leg of stroke survivors responds less adequate to perturbafi#js

Future studies may explore this option in greater detail, although this option

may not be feasible for more fragile stroke survivors.
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Expected gait perturbations
For a large part, the concerns raised for unexpected gait perturbatiomeotio

hold for the measures that were applied to assess expected gait perturbations
in chapter 6. Nevertheless, the measures that quantify ability to cross an
obstacle are prone to different issues. The most important challenge is the
minimization of possilities of negotiating an obstacle. Allowing to cross an
obstacle in multiple ways may increase the variability of these measures,
thereby reducing testetest reliability. More challenging obstacles perturb

gait more, and subsequently may improve religpjlmaking these measures

more sensitive to differences between fallers and salters.

Is stimulating gait activity dangerous?
Afinal discussion poimegardingthis thesis is thgparadoxical effect that

stimulating gaitmay haven stroke sirvivors.Increasing physical activity is
beneficial for health related outcomes like blood pressure, premature death
and reduces risk of adverse health outcomes, such as diabetes and obesity
[158]. Moreover, specifically for stroke survivors, physical activity is likely to
reduce the odds of experiencing a second strfii&&9] and physical activity
increases physical functionifigh9] which may enhance participation in daily
life. However, the downside of stimulating physical activity is that it can

indirectly increase the risk of falls.

Van Schooten et al (2015) already reported that for people with low gait
quality,the number of strides is a risk factor for fd45]. Moreover, as
mentioned, most falls occur during gait, and it has been reported that most

falls occur in the morninf21, 22, 160]In a posthoc analysis based on
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acceleration data from chapteB and 4, we determined how stroke survivors
distribute their gait activity over the dafhe results revealed that 50% of all
gait activity was performed during the first few hours of the deyufe 8.1).

To some extent falls rates appear to corresporithwhe amount of gait
activity in the same timeframé&hus, it may be beneficial to improve gait

stability prior to actually stimulating stroke survivors to walk more in daily life.

Distribution of gait activity

Normalized accumulated gait activity

Figure 8.1: The accumulated gait activity of a group of stroke sunswarer the day (blue
line). Stroke survivors appear to be more active during the morning as their distribution line
deviates from the greenuniform distribution. Error bars are confidence intervals.

In chapter 7, we studied whether a perturbation baseit ¢raining can

improve gait stability in fafbrone stroke survivors by using the GRAIL (Motek
Forcelink b.v.). The results found are somewhat puzzling and require further
investigation. First, we evaluated gait stability by examining how our fall
pronestroke survivors performed in steadyate and in dailfife gait, while

the intervention targeted the resistance against larger external perturbations.
However, according to chapter 4, steashate gait characteristics were
associated with falls while cpgers 5 and 6 indicated that larger external
perturbations are not. This may raise the question why we performed such an
intervention, and not just performed regular gait training. However, it has
been established that regular gait training is ineffeciiveeducing falls

among stroke survivor§9], while recent studies indicate that perturbation

152



based training yields promising resylf®, 149] Moreover,Pai & Bhatt (2007)
indicated that applying a perturbation paradigm enhances adaptive skills to
adequadely respond to perturbation§l49]. Finally, a perturbation based gait
intervention may have a leverage effect in terms of reducing fear of falling,
better concentration while walking and being able to handle a greateetya

of emironmental challenges

Interestingly, we found that after perturbation based gait training -fatine

stroke survivors appeared to be somewhat safer walkers again (figure 7.1) i.e.,
their predicted fall risk decreased. However, at preseri§ ithknown whether

this improvement will actually result in a reduced fall rate in daily life.
Additionally, it should be kept in mind that based on diifty gait

characteristics, predicted fall risétid not differ between pre and post

assessment.

Clinical implications
The results of chapter 4 indicate that steastate and dailylife gait

characteristics provide more accurate information regarding fall risk than
currently used clinical fall risk assessments. Clinicians could start embedding a
prediction model using gait characteristics into their clinical reasoning, to base
their decisions on more accurate information. In order to assign all fallers to a
fall prevention program, the cuiff values can be optimized to increase
sensitivity at the cost odpecificity and thereby detecting almost all fallers.

Doing so would of course come at the cost of an increased number ef non

fallers assigned to the fall prevention progras well.
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A potential intervention could be the PBT described in chapter 7. As the
intervention enables stroke survivors to train all challenging aspects of gait in
daily life, it appears to be an ecologically valid training method. Initial results
were encouraginglbeit inconsistent between steaestate and dailylife gait.

No evidence exists that a perturbation based intervention actually will results
into a reduction of fall rates in stroke survivgr®]. Hence, further study is

needed to test whether PBT can indeed be recommerfdethis population.

Future studies
In general, this thesis has presented fall risk predictions that are promising

and better than existing fall risk predictions. Moreover, the intervention study
indicates that at least stability of steadyate walking an be improved in
chronic stroke survivors after normal rehabilitation and perturbation based

training is therefore worth further investigation.

More specifically, we here provide evidence that quantity of gait activity as
measured using an accelerometisrvalid, but studies testing whether gait
recognition algorithms classify other activities as gait are clearly lacking.
Improvements in the classification of gait activity will reduce random error

and potential bias in gait characteristics caused by msification by

currently used classification algorithms. Consequently, gait characteristic
estimates will improve, which may improve fall risk prediction. Second, larger
studies should confirm the associations presented in this thesis and test these
prediction models with an external validation procedy#s]. Third, as

technology finds its way into clinical practice, new opportunities arise.

Nowadays most rehabilitation centers in the Netherlands are capable of
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performing a gait assessment using a motion capture system similar to the

set-up used in this thesis. Structog this new information across these

centers and combining it with loAgrm surveillance, obtaining information

like fall incidence, will enable us to make more accurate predictions, which

GKSYy KSftLI Ay 0SGGSNE QRI lthefuIMATBES Yy Q RS O
intervention study in chapter 7 should be repeated on a larger scale to better
understand the mechanism(s) of improvements in steatiite gait.

Additionally, a control group and the measurement of fall incidence should be

included to studyeffectiveness in the reduction of fall risk. Finally, the
interventioncouldbe applied earlier in the rehabilitation processhichmight

enhanceits effectiveness

Conclusion
This thesis aimed to determine to what extent gait characteristics are

assodated with falls. In addition, this thesis explored the potential of a
perturbation based gait intervention to improve gait stability with the

ultimate goal to reduce fall risk in chronic fplone stroke survivors.

The results indicate that assessing gtiy and quality of gait is feasible and

that these factors yield more information about fall risk than currently used

fall risk assessments. Maoreover, fall risk predictions based onldailyait
characteristics should be stroke specific in order tpriove accuracy.

Assessing expected gait and unexpected gait stability revealed no information
with regard to fall risk. However, other, perhaps more challenging gait
perturbations may put things into a different perspectias, more challenging

obstaclesnayimprove reliability of crossing characteristics and thereby
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increase sensitivity to fall riskinally a perturbation based gait intervention
was able to significantly improve stability of steastgte gait, but this finding

did not transfer to more stble gait in daily life.

156



REFERENCES

157



1. Easton J, Hauser S, Martih J: NNA a2y Qa t NAYOAN#wSa 27F L
York: McGrawHill Publisher; 2001.

2. Truelsen T, Piechowskis T g A1 . X .2yAlGl w3 al G§KSN&
Boysen GStroke incidence and prevalence in Europe: A review of available
data. Eur J Neurd006,13:581¢598.

3. Hankey G, MD F, Jamrozik K, DPhil F, Broadhurst R, BA Bs, Forbes S
Anderson C, PhD EongTerm Disability After FirsEver Stroke and Related
Prognostic Factors in the Perth Community Stroke Study, 12890.Stroke
2002,33:1034;1040.

4. Hackett ML, Yapa C, Parag V, AndersoRré&uency of depression after
stroke: Asystematic review of observational studieStroke2005,36:1330;
1340.

5. CarodArtal J, Egido J a, Gonzélez JL, Varela de S&)aallfy of life
among stroke survivors evaluated 1 year after stroke: experience of a stroke
unit. Stroke2000,31:29953000.

6. Silver FL, Norris JW, Lewis AJ, Hachinskiavi¢:mortality following
stroke: a prospective reviewStroke1984,15:492¢496.

7. Weerdesteyn V, Niet M De, Duijnhoven HIR Van, GeurtdFAlHn
individuals with stroke J Rehabil Res D2008,45:11951213.

8. Ramnemark A, Nilsson M, Borssen B, Gustafsdtroke, a Major and
Increasing Risk Factor for Femoral Neck Fract@troke2000:15721577.

9. Chiu KY, Pun WK, Luk KD, Chow $Raspective study on hip fractures in
patients with previouscerebrovascular accidents$njury 1992,23:297¢9.

10. Patterson SL, Forrester LW, Rodgers MM, Ryan AS, Ivey FM, Sorkin JD,
Macko RFDeterminants of Walking Function After Stroke: Differences by
Deficit Severity Arch Phys Med RehaBid07,88:115¢119.

11.Lord SE, McPherson K, McNaughton HK, Rochester L, Weatherall M:
Community ambulation after stroke: how important and obtainable is it and
what measures appear predictiveRrch Phys Med Rehalid04,85:234¢239.

12. Patterson KK, Parafianowicz |, Danel|S3sson V, Verrier MC, Staines

158



WR, Black SE, Mcllroy Wiait asymmetry in communityambulating stroke
survivors.Arch Phys Med RehaBiD08,89:304¢10.

13. Olney SJ, RichardsHémiparetic gait following stroke. Part 1:
CharacteristicsGait Posturel996,4:136¢148.

14. Wagenaar RC, Beek \M@&miplegic Gait a Kinematic Analysis Using
Walking Speed As a BassBiomecl1992,25:1007¢1015.

15. Chen G, Patten C, Kothari DH, ZajaG&iEdifferences between
individuals with poststroke hemiparesis andion-disabled controls at
matched speedsGait Posture2005,22:51¢56.

16. Detrembleur C, Dierick F, Stoquart G, Chantraine F, LejeEnerfy cost,
mechanical work, and efficiency of hemiparetic walkingait Posture003,
18.47¢55.

17. Macko RF, Smith\&, Dobrovolny CL, Sorkin JD, Goldberg AP, Silver KH:
Treadmill training improves fitness reserve in chronic stroke patiemsch
Phys Med Rehalf001,82:879%884.

18. Bruijn SM, Meijer OG, Beek PJ, Dieén JHAgaRrssing the stability of
humanlocomoA 2y Y | NBGASg . PRFSoddrdeNadd ¥ Soc Y' S I a dzN
2013.

19. Field MJ, Gebruers N, Sundaram TS, Nicholson S, MBhgisizal Activity
FFGSNI {iNR1S Y ! { &Anaysiy20IBRA3I wSPASs | YR

20. Lamb SE, JA,rstSdbin EC, Hauer K, Beck:Development of a Common
Outcome Data Set for Fall Injury Prevention Trials: The Prevention of Falls
Network Europe Consensud Am Geriatr Sd005,53:1618;1622.

21. Mackintosh.S.F.H, Hill.K, Dodd.K.J, Goldie.P, Cultatiskand injury
prevention should be part of every stroke rehabilitation plarClin Rehabil
2005,19:441¢451.

22. Hyndman D, Ashburn A, Stack&l events among people with stroke
living in the community: Circumstances of falls and characteristics of fallers
Arch Phys Med Reh&BD02,83:165¢170.

23. Schmid Arlene A, Klar Yaggi H, Burrus N, McClain V, Austin C, Ferguson J,

159



Fragoso C, Sico Jason J, Miech Edward J, Matthias Marianne S, Williams Linda
S, Bravata Dawn MCircumstances and consequences of falls among people
with chronic stroke.J Rehabil Res D2013,50:1277¢1285.

24. Blum L, KorndBitensky NUsefulness of the Berg Balance Scale in stroke
rehabilitation: a systematic reviewPhys The2008,88:559566.

25. Andersson AG, Kamwendo K, Seiger A, AppelkdawPto identify
potential fallers in a stroke unit: validity indexes of 4 test methodsRehabil
Med 2006,38:186¢91.

26. Gates S, Smith LA, Fisher JD, LantByStematic review of accuracy of
screening instruments for predicting fall risk among independenilyiig
older adults.J Rehabil Res D2008,45:1105.

27. Belgen B, Beninato M, Sullivan PE, NarielwallagAssociation of
Balance Capacity and Falls SEfficacy With History of Falling in
CommunityDwelling People With Chronic Strokérch Phys MeddRabil
2006,87:554¢561.

28. Jorgensen L, Jacosen Bigher Incidence of Falls in Lofflgerm Stroke
Survivors Than in Populationn ControStroke2002,33:542¢547.

29. Baetens T, De Kegel A, Calders P, Vanderstraeten G, Canftriti€tion
of falling among stroke patients in rehabilitationJ Rehabil Med011,
43.876¢883.

30. Bruijn SM, van Dieén JH, Meijer OG, BeeRtRtistical precision and
sensitivity of measures of dynamic gait stability Neurosci Method2009,
178327¢333.

31. Maki BEGait changes in older adults: predictors of falls or indicators of
fear.J Am Geriatr Sd997,45:313¢320.

32. Hausdorff JM, Rios DA, Edelberg®tt variability and fall risk in
community-living older adults: a dyear prospective studyArch Phys Med
Rehabik001,82:1050z6.

33. Brach JS, Berlin JE, VanSwearingen JM, Newman AB, Studenséi SA:
much or too little step width variability is associated with a fall history in
older persons who walk at or near normal gait speetiNeuroeng Rehabil

160



2005,2:21.

34.Lockhart TE Te, LiuDifferentiating fall-prone and healthy adults using
local dynamic stability Ergonomic2008,51:1860;1872.

35. Toebes MJP, Hoozemans MJM, Furrer R, Dekker J, Van DiegcalH:
dynamic stability and variability of gait are assotéal with fall history in
elderly subjects Gait Posture2012,36:527¢531.

36. Duncan RP, Earhart G&hould one measure balance or gait to best
predict falls among people with Parkinson diseasea@rkinsons Dig012,
2012

37. Weiss A, Herman T, Giladi iMukdorff IMObjective assessment of fall
NAail AYy tF NJAYa?2 yfid sehshravén fér 3 dagsd aSy 3 |
One2014,9.

38. Kao PC, Dingwell JB, Higginson JS, Byatdeod SDynamic instability
during poststroke hemiparetic walkingGait Poture 2014,40:457¢463.

39. Mansfield A, Wong JS, Mcllroy WE, Biasin L, Brunton K, Bayley M, Inness
EL:Do measures of reactive balance control predict falls in people with
stroke returning to the communityPhysiotherapy015,101:1¢8.

40. Lamoth CJC, Belel, Meijer O@elvisthorax coordination in the
transverse plane during gaiGait Posture2002,16:101¢114.

41. Menz HB, Lord SR, Fitzpatrick &RCeleration patterns of the head and
pel v is when walking on le v el and irregular surfac€&ait Posture2003,
18:35¢46.

42. Weiss A, Sharifi S, Plotnik M, van Vugt JPP, Giladi N, Hausdddivavd
automated, athome assessment of mobility among patients with Parkinson
disease, using a bodworn accelerometerNeurorehabil Neural Rep&011,
25:810c8.

43. MoeNilssen R, Helbostad Hstimation of gait cycle characteristics by
trunk accelerometry J Biomecl2004,37:121¢126.

44. Weiss A, Brozgol M, Dorfman M, Herman T, Shema S, Giladi N, Hausdorff
JM:Does the Evaluation of Gait Quality During Dailyellfrovide Insight Into

161



Fall Risk? A Novel Approach Usingpdy Accelerometer Recordings
Neurorehabil Neural Repd013,27:742¢752.

45. Doi T, Hirata S, Ono R, Tsutsumimoto K, Misu S, Afidhe lHarmonic
ratio of trunk acceleration predicts falling amanolder people: results of a-1
year prospective studyJ Neuroeng Rehald013,10:7.

46. Rispens SM, van Schooten KS, Pijnappels M, Daffertshofer A, Beek PJ, van
Dieén JHtdentification of Fall Risk Predictors in Daily Life Measurements:

Gait Characteris A 04 Q WSt Al 0Af Al &-repoytdRiFdlla a2 OAl (A2
History. Neurorehabil Neural Rep#014,29:54¢61.

47. van Schooten KS, Rispens SM, Elders PJM, Lips P, Pijnappels M, van Dieén
JH:Ambulatory fall risk assessment: Quality and quantity of dalife
activities predict falls in older adults] Geronto2015,70:608¢615.

48. Shany T, Wang K, Liu Y, Lovell NH, RedmdrRevilv: Are we stumbling
in our quest to find the best predictor? Ovewptimism in sensotbased
models for predicting falls in oldeadults. Healthc Technol LeR015,2:79¢
88.

49, Said CM, Goldie P a, Patla a E, SparrowBffeat of stroke on step
characteristics of obstacle crossingrch Phys Med RehaBid01,82:1712;9.

50. Den Otter AR, Geurts ACH, De Haart M, Mulder T, Duy<step J:
characteristics during obstacle avoidance in hemiplegic strokep Brain Res
2005,161:180192.

51. Kajrolkar T, Yang F, Pai YC, Bh&tyifamic stability and compensatory
stepping respases during anterior gaislip perturbations in people with
chronic hemiparetic strokeJ Biomecl2014,47:2751¢2758.

52. Pijnappels M, Bobbert MF, Van DieénRilikhoff reactions in recovery
after tripping discriminate young subjects, older nefallers and older fallers
Gait Postur€2005,21:388;394.

53. Kajrolkar T, Bhatt Fallsrisk poststroke: Examining contributions from
paretic versus non paretic limbs to unexpected forward gait slipBiomech
2016:k7.

54. Bruijn SM, Meijer OG, Beek PJ, vaa@&DUHThe effects of arm swing on

162



human gait stability J Exp Bid®2010,2133945,3952.

55. Bruijn SM, Meijer OG, Beek PJ, van DieéAsHéssing the stability of
human locomotion: a review of current measure3.R Soc Interfa@913,10.

56. Hof AL, Gandam MGJ, Sinke WEhe condition for dynamic stabilityd
Biomech2005,38:1¢8.

57.Hof ALt KS G SEGNI LRfFGESR OSYydSNI 2F YI &a4¢
control of balance in walkingHum Mov S&008,27:112¢125.

58. Krasovsky T, Lamontagne A, Feldm@anl&vin MAReduced gait stability
in highfunctioning poststroke individualsJ Neurophysid013,109:77¢88.

59. Said CM, Goldie PA, Culham E, Sparrow WA, Patla AE, Moisr#aL
of lead and trail limbs during obstacle crossing following strolhys Ther
2005,85:413¢27.

60. Said CM, Goldie PA, Patla AE, Sparrow WA, Mart®hstacle crossing in
subjects with stroke Arch Phys Med Rehati®99,80:1054¢9.

61. Said CM, Galea M, LythgoQMistacle crossing performance does not
differ between thefirst and subsequent attempts in people with strok&ait
Posture2009,30:455¢458.

62. Den Otter AR, Geurts ACH, De Haart M, Mulder T, Duy<step J:
characteristics during obstacle avoidance in hemiplegic strdkep Brain Res
2005,161:180c192.

63. Cha L-S, Kaufman KR, Walkieabatin AE, Brey RH, Basfordiygiamic
instability during obstacle crossing following traumatic brain injurgait
Posture2004,20:245¢254.

64. Said CM, Galea MP, Lythgd”Hople with stroke who fail an obstacle
crossing taskave a higher incidence of falls and utilize different gait
patterns compared with people who pass the tasRhys The2013,93:334¢
44.

65. Said CM, Goldie PA, Patla AE, Culham E, Sparrow WA, MoBial&hEe
during obstacle crossing following strok&at Posture2008,27:23¢30.

66. Lu TW, Yen HC, Chen HL, Hsu WC, Chen SC, Hong SWsyemgelical
163



kinematic changes in highly functioning older patients pesttoke during
obstaclecrossing Gait Posture2010,31:511¢516.

67. Gillespie L, Robertson Kjllespie W, Lamb S, Gates S, Cumming R, Rowe
B: Interventions for preventing falls in older people living in the community (
Review ) COCHRANE Col2®09.

68. Faber MJ, Bosscher RJ, Chin A Paw MJ, van WierindeffePt&:of
exercise programs on fallsnd mobility in frail and prefrail older adults: A
multicenter randomized controlled trialArch Phys Med RehaBiD06,
87:885¢96.

69. Verheyden G, Weerdesteyn V, Pickering R, Kunkel D, Lennon S, Geurts
ACH, Ashburn Anterventions for preventing fallsn people after stroke (
Review ) COCHRANE Col2(®il3.

70. Mansfield A, Wong JS, Bryce J, Knorr S, Patters@o&KPerturbation
Based Balance Training Prevent Falls? Systematic Review and-AMetlysis
of Preliminary Randomized Controlled TriaRhysTher2015,95:700¢709.

71. English C, Hillier Gircuit class therapy for improving mobility after
stroke: a systematic reviewd Rehabil Me@011,43:565¢571.

72. Indredavik B, Rohweder G, Naalsund E, Lyderdédadical complications
in a comprehensivestroke unit and an early supported discharge service
Stroke2008,39:414¢420.

73. Langhorne P, Stott DJ, Robertson L, MacDonald J, Jones L, McAlpine C, Dick
F, Taylor GS, Murray Medical complications after stroke: a multicenter
study. Stroke2000,31:12231229.

74. van de Port IG, Kwakkel G, van Wijk I, Lindem&uadeeptibility to
deterioration of mobility longterm after stroke: a prospective cohort study
Stroke2006,37:167¢171.

75. Brazzelli M, Saunders DH, Greig CA, MeaBI@y&ical fitness traiing for
stroke patients Cochrane Database Syst R&11.

76. Pound P, Gompertz P, EbrahinA $atientcentred study of the
consequences of strokeClin Rehabil998,12:338¢347.

164



77. Pearson OR, Busse ME, van Deursen RW, Wilg3u@ktification of
walking mobility in neurological disorder€QJM2004,97:463¢475.

78. Roos MA, Rudolph KS, ReismanTB& Structure of Walking Activity in
People After Stroke Compared With Older Adults Without Disability: A
CrossSectional StudyPhys TheR012,92:1141¢1147.

79. Goldie PA, Matyas TA, Evans O#kficit and Change in Gait Velocity
During Rehabilitation After StrokeArch Phys Med Rehatti®96,77:1074
1082.

80. Taraldsen K, Askim T, Sletvold O, Einarsen EK, Bjastad KG, Indredavik B,
Helbostad JLEvaluation ofa bodyworn sensor system to measure physical
activity in older people with impaired functionPhys The2011,91:277¢85.

81. Saremi K, Marehbian J, Yan X, RegnByElhshoff R, Bussel B, Dobkin BH:
Reliability and validity of bilateral thigh and foot@elerometry measures of
walking in healthy and hemiparetic subjectdleurorehabil Neural Repair
2006,20:297¢305.

82. Mudge S, Stott NS, Walt Eterion validity of the StepWatch Activity
Monitor as a measure of walking activity in patients after strekArch Phys
Med Rehabi2007,88:1710c5.

83. Orendurff MSHow humans walk: Bout duration, steps per bout, and rest
duration. J Rehabil Res D2008,45:1077¢1090.

84. Holden M, Gill K, Magliozzi M, Nathan J, Fialier LClinical gait
assessment in th@eurologically impaired. Reliability and meaningfulness.
Phys Thet984,64:35¢40.

85. Folstein MF, McHugh PR, FolsteinlNBf-mental state". A practical
method for grading the cognitive state of patients for the cliniciah.
Psychiatr Re$975,12:189.

86. Back F, Velden van der H, Schepers VPM, iesgrJMA, Post MWM:
De Spontane Communicatieschaal van het Utrechts Communicatie
Onderzoek: Een valide screener van communicatieve vaardigheden
Revalidata2006,28:5.

87.World Medical Association Dedlation of Helsinki Nursing Ethics

165



2002:10%109.

88. Laboratories ATSC on PS for @FPE:statement: guidelines for the six
minute walk test Am J Respir Crit Care M2@02,166:111¢117.

89. Schutz Y, Weinsier S, Terrier P, Durréy bew accelerometric rathod to
assess the daily walking practicint J Obes Relat Metab Disord J Int Assoc
Study Obe2002,26:111¢8.

90. Terrier P, Aminian K, SchutL#n accelerometry accurately predict the
energy cost of uphill/downhill walkingZErgonomic2001,44:48¢62.

91. Houdijk H, Appelman FM, Van Velzen JM, Van der Woude LH, Van
Bennekom CAYalidity of DynaPort GaitMonitor for assessment of
spatiotemporal parameters in amputee gaif Rehabil Res D2008,
45:1335;1342.

92. Bussmann JB, Martens WL, Tulen JH, Schasfoort FC, van dEmBesg
HJ, Stam HMeasuring daily behavior using ambulatory accelerometry: the
Activity Monitor. Behav Res methods, instruments, &amp; Comput a J
Psychon Soc 12001,33:349356.

93. Sirad JR, Pate RRhysical activity assessment in children and
adolescentsSports Med001,31:43%454.

94. Burdock El, Fleiss JL, HardestyA&few view of interobserver
agreement Pers Psychdl963,16:373;384.

95. Haley SM, FragalRkinkham MAlInterpreting change scores of tests and
measures used in physical therapiyhys The2006,86:735¢43.

96. Fulk GD, Combs SA, Danks KA, Nirider CD, Raja B, Reishtan@&; of
Two Activity Monitors in Detecting Steps in People With Stroke and
Traumatic Brain ljury. Phys TheR014,94:1¢34.

97. HarrisLove ML, Forrester LW, Macko RF, Silver KH, Smith&n\paretic
gait parameters in overground versus treadmill walkingeurorehabil Neural
Repair2001,15:105¢12.

by ® Cdzf{ D53 9 OKI{ S NFlihohktric\Wppertiels @the [ = h Q{ «
sixminute walk test in individuals undergoing rehabilitation poststroke.

166



Physiother Theory Prac?4:195¢204.

99. Edbrooke L, Lythgo N, Goldsworthy U, Dene@ah:an accelerometer
based monitor be used to accuratehssess physical activity in a population
of survivors of critical illness@&lob J Health S2012,4:98¢107.

100. ItemGlatthorn JF, Casartelli NC, Petidhnzinger J, Munzinger UK,
Maffiuletti NA:Validity of the intelligent device for energy expenditurend
activity accelerometry system for quantitative gait analysis in patients with
hip osteoarthritis. Arch Phys Med RehaBi012,93:2090¢3.

101. Hale LA, Pal J, Beckéféasuring freeliving physical activity in adults
with and without neurologicdysfunction with a triaxial accelerometerArch
Phys Med Rehal2008,89:176%71.

102. McGraw KO, Wong SRirming inferences about some intraclass
correlation coefficients Psychol Method$996,1:30¢46.

103. Roudsari BS, Ebel BE, Corso PS, Moliddvi, IKoepsell TDLhe acute
medical care costs of falielated injuries among the U.S. older adultimjury
2005,36:1316¢22.

104. Deandrea S, Lucenteforte E, Bravi F, Foschi R, La Vecchia CRikgri E:
factors for falls in communitydwelling older peoplea systematic review
and metaanalysis.Epidemiology010,21:658¢68.

105. Jefferis BJ, lliffe S, Kendrick D, Kerse N, Trost S, Lennon LT, Ash S, Sartini
C, Morris RW, Wannamethee S, Whincup Réilv are falls and fear of falling
associated with objectivelyneasured physical activity in a cohort of
community-dwelling older men™BMC GeriatR014,14:114.

106. Liphart J, Gallichio J, Tilson JK, Pei Q, Wu SS, Duncaoné@vdance
and discordance between measured and perceived balance and the effect on
gait speed and falls following strokeClin Rehab2015,9:294¢302.

107. Rispens SM, Pijnappels M, van Schooten KS, Beek PJ, Daffertshofer A, van
Dieén JHConsistency of gait characteristics as determined from acceleration
data collected at different trunk loctons. Gait Posture2014,40:187¢192.

108. Punt M, van Alphen B, van de Port IG, van Dieén JH, Michael K,
Outermans J, Wittink HClinimetric properties of a novel feedback device for

167



assessing gait parameters in stroke survivalidNeuroeng Rehal@014,
11:30.

109. Zijlstra W, Hof ARssessment of spatitemporal gait parameters from
trunk accelerations during human walkingsait Posturé003,18:1¢10.

110. Punt M, Wittink H, van der Bent F, van Die&cduracy of Estimates of
Step Frequency FromWearable Gait MonitorJ Mob Technol Me2i015,
4:2¢7.

111. Viccaro LJ, Perera S, StudenskisS#ned up and go better than gait
speed in predicting health, function, and falls in older adult3Am Geriatr
S0c2011,59:887¢892.

112. Forster A, Youngldcidence and consequences of falls due to stroke: a
systematic inquiry BMJ1995,311:83¢86.

113. Teasell R, McRae M, Foley N, BhardwahAincidence and
consequences of falls in stroke patients during inpatient rehabilitation:
Factors associated withigh risk Arch Phys Med RehaRBi002,83:329333.

114. Mackintosh SF, Hill KD, Dodd KJ, Goldie PA, Culh&al&@e Score
and a History of Falls in Hospital Predict Recurrent Falls in the 6 Months
Following Stroke RehabilitatiorArch Phys Med RehaiD06,87:1583;1589.

115. Simpson LA, Miller WC, Endesigct of Stroke on Fall Rate , Location
FYR t NBRAOG2NE Y ! tNRALISOGAGBS [/ 2YLI NR:
Stroke PLoS On2011,6:2¢7.

116. Harris JE, Eng JJ, Marigold DS, Tokuno CD, lL&éta@onship of
balance and mobility to fall incidence in people with chronic strokhys
Ther2005,85:150¢158.

117. Verghese J, Holtzer R, Lipton RB, WaQu&htitative Gait Markers and
Incident Fall Risk in Older Adultdournals Gerontol Ser 20BSci Med Sci
2009,64A:896¢901.

118. Balasubramanian CK, Neptune RR, KautZaBiability in
spatiotemporal step characteristics and its relationship to walking
performance poststroke. Gait Postur€2009,29:408;414.

168



119. Punt M, Bruijn SM, van Schooten KS, Pijnappels M, van de Port IG,
Wittink H, van Dieén Ji€haracteristics of daily life gait in fall and non fall
prone stroke survivors and controld Neuroeng Rehal@016,13:67.

120. Perera S, Mody SH, Woodman &Gdenski SAveaningful Change and
Responsiveness in Common Physical Performance Measures in Older Adults
J Am Geriatr S®006,54:743¢749.

121. Podsiadlo D, RichardsortSKS ¢ AYSR a! LJ 3 D2¢Y | ¢Sz
Functional Mobility for Frail Elderly Perss. Am J NursingJournal Am Geriatr
S0c1991,39:142;148.

122. Berg.K., Wooebauphine S, 1.J. W, GaytonNDeasuring balance in the
elderly: preliminary development of an instrumen®hysiother Canadi989,
41:304¢311.

123. Yesavage J a, Brink TL, Roseui. O, Huang V, Adey M, Leirer VO:
Development and validation of a geriatric depression screening scale: a
preliminary report J Psychiatr Rd9©82,17:37¢49.

124. Yardley L, Beyer N, Hauer K, Kempen GZRigker C, Todd C:
Development and initial validtion of the Falls Efficacy Scaleternational
(FES). Age Agein@005,34:614¢619.

125. Tromp AM, Pluijm SMF, Smit JH, Deeg DJH, Bouter LM,Rafisisk
screening teest: a prospective study on predictors for falls in community
dwelling elderly. J din EpidemioR001,54:837¢844.

126. van den Bogert AJ, Geijtenbeek T, EX@mar O, Steenbrink F, Hardin EC:
A reaktime system for biomechanical analysis of human movement and
muscle function.Med Biol Eng Comp@013,51:106%77.

127. Roerdink M, Coolen B., Clairbois BH., Lamoth CJ., BéekiRdgait
event detection using a large force platform embedded in a treadmdll
Biomech2008,41:2628;2632.

128. Zatsiorsky VMKinetics of Human Motiori998.

129. Hotelling HAnalysis & a complex of statistical variables into principal
components.J Educ Psycht®933,24:417.

169



130. Hanley A, Mcneil The meaning and use of the Area of the Receiver
operating characteristic (ROC) curdeadiology1982,143:29¢36.

131. Hak L, Houdijk H, ¥®er Wurff P, Prins MR, Mert A, Beek PJ, Van Dieén
JH:Stepping strategies used by postroke individuals to maintain margins
of stability during walking Clin Biomec2013,28:10411048.

132. Dingwell JB, Cusumano JP, Sternad D, CavandgloWw®:speés in
patients with diabetic neuropathyJ Biomecl2000,33:1269;1277.

133. Berg WP, Alessio HM, Mills EM, Tormi€umstances and
consequences of falls in independent communidiyvelling older adults Age
Ageingl1997,26:261¢268.

134. van Swigchem R, vBmijnhoven HJR, den Boer J, Geurts AC,
Weerdesteyn VDeficits in Motor Response to Avoid Sudden Obstacles
During Gait in Functional Walkers Poststrakéeurorehabil Neural Repair
2012,27:230¢239.

135. Heeren A, Van Ooijen MW, Geurts ACH, Day BL, JaWgseBeek PJ,
Roerdink M, Weerdesteyn Btep by step: A proof of concept study ofMill
gait adaptability training in the chronic phase after stroké Rehabil Med
2013,45:616¢622.

136. van Ooijen MW, Heeren A, Smulders K, Geurts ACH, Janssen TWJ, Beek
PJ, Weerdesteyn V, Roerdink luftproved gait adjustments after gait

adaptability training are associated with reduced attentional demands in
persons with stroke Exp Brain Re2015,233:10071018.

137. Punt M, Bruijn SM., Wittink H, van de Port IG, van Did&a dlinical
assessments, steadstate or dailylife gait characteristics predict falls in
ambulatory chronic stroke survivors? Rehabil Me@017,49.

138. Landis JR, Koch GBe measuremenbf observer agreement for
categorical dataBiometrics1977,33:159%174.

139. Sim J, Wright ®esearch in Health Care: Concepts, Designs and Methods.
2000.

140. Houdijk H, van Ooijen M., Kraal J., Wiggerts H., Polomski W, Janssen TW.,
Roerdink M:Assessig Gait Adaptability in People With a Unilateral

170



Amputation on an Instrumented Treadmill With a Projected Visual Context
Phys The2012,92:1452%;1460.

141. Lythgo N, Begg R, BesSRpping responses made by elderly and young
female adults to approach athaccommodate known surface height changes
Gait Posture2007,26:82¢89.

142. Sherrington C, Tiedemann A, Fairhall N, Close JC, Laixk&ise to
prevent falls in older adults: an updated metanalysis and best practice
recommendationsN S W Public Hi#h Bull2011,22:78¢83.

143. Punt M, Bruijn SM, Roeles S, van de Port IG, Wittink H, van Dieén JH:
Responses to gait perturbations in stroke survivors who prospectively
experienced falls or no falls) Biomecl2017.

144. Borg GPsychophysical bases of peived exertion Med Sci Sports Exerc
1982,14:377¢381.

145. Kang HG, Dingwell $parating the effects of age and walking speed
on gait variability. Gait Posture008,27:572¢577.

146. Cohen A power primer Psychol Bull992,112155159.

147. Klamroth S, Steib S, GalRner H, Gol3ler J, Winkler J, Eskofier B, Klucken J,

Pfeifer Kimmediate effects of perturbation treadmill training on gait and

L2 A0Gdz2NI £ O2y NRE Ay LI .GatPesium018,A G K t I NJ 7
50:102¢108.

148. Punt M, Buijn SM, Wittink H, van Dieén JEffect of arm swing strategy
on local dynamic stability of human gaiGait Postur€015,41:504¢5009.

149. Pai YC, Bhatt RepeatedSlip Training: An Emerging Paradigm for
Prevention of SlipRelated Falls Among Older Alist Phys The2007,
87:1478;1491.

150. Dijkstra B, Zijlstra W, Scherder E, Kamsrb&téction of walking

LISNA2Ra FyR ydzYoSNI 2F adSLla Ay 2f RSNJ I F
disease: Accuracy of a pedometer and an acceleromdiaged method Age

Ageng 2008,37:436c441.

151. Grant PM, Ryan CG, Tighe WW, GranatTViel validation of a novel

171



activity monitor in the measurement of posture and motion during everyday
activities. Br J Sports Me2006,40:992¢997.

152. de Groot S, Nieuwenhuizen M@ilidity and reliability of measuring
activities, movement intensity and energy expenditure with the DynaPort
MoveMonitor. Med Eng Phy2013,35:1499;1505.

Mpo® hQ. NASY aYZX {KIgSy bX adzY YARA&SGIG:
Kording K, Jayaraman Activity Recognition for Persons With Stroke Using

Mobile Phone Technology: Toward Improved Performance in a Home

Setting.J Med Internet Re2017,19:1¢14.

154. Kang HG, Dingwell IBmnamic stability of superior vs. inferior segments
during walking in young and okl adults Gait Postur€009,30:260¢263.

155. Mic6Amigo ME, Kingma I, Ainsworth E, Walgaard S, Niessen M, van
Lummel RC, van Dieén Jhovel accelerometnbased algorithm for the
detection of step durations over short episodes of gait in healtélgerly. J
Neuroeng Rehah016,13:38.

156. Ihlen EAF, Weiss A, Helbostad JL, Hausdorfih#VDiscriminant Value
of PhaseDependent Local Dynamic Stability of Daily Life Walking in Older
Adult CommunityDwelling Fallers and Nonfaller8MC Public Hedit2010,
10:492.

157. Pavol MJ, Pai Yi@xficient limb support is a major contributor to age
differences in fallingJ Biomecl2007,40:1318;1325.

158. Warburton DER, Nicol CW, Bredin $5&iew Health benefits of
LIK&aAOlf | OlA.@anlvedl Xssac B096,134B01¢8@y O S

159. Gordon NF, Gulanick M, Costa F, Fletcher G, Franklin B a, Roth EJ,
Shephard TPhysical activity and exercise recommendations for stroke
survivors: an American Heart Association scientific statement from the
Council on @nical Cardiology, Subcommittee on Exercise, Cardiac
Rehabilitation, and Prevention; the Council on Cardiovasc@troke2004,
35:1230z40.

160. Buchele G, Becker C, Cameron ID, KékigRbbinovitch S, Rapp K:
Predictors of Serious Consequences of FallResidential Aged Care:
Analysis of More Than 70,000 Falls From Residents of Bavarian Nursing

172



Homes.J Am Med Dir Ass@914:1c5.

173



SAMENVATTING

174



Ongeveer 45% van alle mensen na een beroerte valt tenminste één keer per
jaar. Een val kan leiden tot tijdelijk letsel zoals een gebroken heup. Ook leidt
vallen bij mensen met een beroerte regelmatig tot chronische invaliditeit. Het
voorkomen van vallen idaarom erg belangrijk en daarmee het uiteindelijke

doel van dit onderzoek.

Een eerste stap naar het voorkomen van vallen is het identificeren van

mensen met een verhoogd valrisiddalrisico wordt bepaald door het

afnemen vareen balanstest 2 I f 43S B yo Wt I yOS aldl tSQ 27
I YR 3 Hoeivd dedie@edten enige voorspellende waarde hebben, zijn
uitkomsten van verschillende studies vaak inconsistent en daarmee zeer

beperkt bruikbaar in de praktijk.

De meeste vallen gebeuren tijdens het lop&ogelijk zijn er verschillen in de

kwaliteit van lopen tussen mensen die wel en niet vallen. Het bestuderen van
WK2SQ ASYIYR f22LJ0 2F6St RS (g6t AGSAO ¢
opleveren over het valrisico. Deze hypothese is reeds onderzdgattdieren

zonder beroerte. Het blijkt dat bij ouderen de kwaliteit van lopen voorspellend

is voor het valrisico. Daarom heb ik in dit proefschrift het lopen bij mensen

met een beroerte bestudeerd en onderzocht of de manier van lopen

gerelateerd is aan vasico.

Tot slot heb ik onderzocht of we het lopen van mensen met beroerte en een
daarmee gepaard gaand verhoogd valrisico hebben kunnen verbeteren door
middel van looptrainingen. Een belangrijk onderdeel hierbij was het creéren

van een verstoring tijdenhet lopen. Hiermee heb ik gepoogd zo goed

mogelijk het dagelijks leven te simuleren.
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Het meten van loopkarakteristieken
In dit proefschrift heb ik het lopen bij mensen met een beroerte op drie

verschillende manieren gemeten. De kwaliteit van lopen wardieze
dissertatie uitgedrukt in loopkarakteristieken. Bij elke methode heb ik
bestudeerd in welke mate loopkarakteristieken voorspellend zijn voor het

valrisico bij mensen met een beroerte.

Allereerst heb ik het lopen in een gestandaardiseerde, lalooi@nomgeving
gemeten. Het voordeel van deze methode is dat alle factoren die het lopen
kunnen beinvioeden, zijn beperkt tot een minimum. Ten tweede heb ik het
lopen van de deelnemers met behulp van een beweegmonitor bestudeerd in
het dagelijks leven. Eesterk argument om deze methode te gebruiken is dat
ik het lopen kan bestuderen op dezelfde locatie als waar de daadwerkelijke
valincidenten plaatsvinden. Ten derde heb ik in dit proefschrift het lopen
gemeten terwijl het lopen werd verstoord. Aangezien iveensen met

beroerte aangeven te zijn gevallen doordat ze struikelden of weggleden, lijkt
het bestuderen van de reacties op een loopverstoring mogelijk informatie te
kunnen opleveren over het valrisico. Immers, de adequaatheid van de reactie

op een loopvestoring zal bepalend zijn of iemand daadwerkelijk valt of niet.

Loopkarakteristieken in het laboratorium.
Een belangrijke vraag is of loopkarakteristieken bij mensen met een beroerte

beter het valrisico voorspellen dan de huidige conventionele tedten.
hoofdstuk 4 hebben we onder andere loopkarakteristieken bepaald in een
gestandaardiseerde laboratoriumomgeving. Ook hebben we een zestal

veelgebruikte klinische testen bij dezelfde groep mensen afgenomen. Het
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onderzoek laat zien dat bepaalde loopkaeigtieken zoals loopsnelheid,
variabiliteit van lopen, loopsymmetrie en de divergentie van het lopen
voorspellend zijn voor vallen. Daarnaast blijkt uit hoofdstuk 4 dat deze
loopkarakteristieken betere voorspellers zijn in vergelijking met de klinische
testen. Loopkarakteristieken lijken dus een meerwaarde te hebben ten op

zZichtte van de huidige standaard testen.

Loopkarakteristieken in het dagelijks leven.
Het meten van loopkarakteristieken in het dagelijks leven heeft enkele

methodologische uitdagingeiten van deze uitdagingen is dat voorafgaand
aan het bepalen van hoe iemand loopt in het dagelijks leven, het noodzakelijk
is te bepalen wanneer iemand loopt. Vervolgens kunnen de als lopen
geidentificeerde stukken worden geanalyseerd om de loopkaraktekisti in

het dagelijks leven te bepalen. In Hoofdstuk 2 heb ik daarom bepaald of we
het lopen op een valide manier kunnen kwantificeren ten op zichtte van een
gouden standaard, namelijk vidabservatie. Ook heb ik bekeken of de
bevindingen reproduceerbaaijn door de test twee weken later te herhalen.
De resultaten zijn valide en reproduceerbaar en daarmee bruikbaar voor het
identificeren van loopactiviteit in het dagelijks leven. In hoofdstuk 3 en 4 zijn
loopkarakteristieken in het dagelijks leven bepaaidhoofdstuk 3 heb ik
bepaald of de associatie tussen loopkarakteristieken en vallen anders is bij
mensen met een beroerte dan bij mensen zonder beroerte. Uit de resultaten
blijkt dat loopkarakteristieken gemeten in het dagelijks leven anders zijn
geassgcieerd met vallen dan bij mensen zonder een beroerte. Vervolgens heb
ik in hoofdstuk 4 bepaald hoe accuraat loopkarakteristieken in het dagelijks

leven valrisico voorspellen bij mensen met een beroerte. Uit de resultaten
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blijkt dat loopkarakteristieken ihet dagelijks leven valrisico kunnen
voorspellen en dat deze voorspellingen beter zijn dan de huidige klinische
testen. Verder blijkt uit hoofdstuk 4 dat de voorspelling van valrisico op basis
van loopkarakteristieken in het dagelijks leven even accusaals die op basis

van de loopkarakteristieken gemeten in een laboratorium.

Het verstoren van lopen.
Een regelmatig gerapporteerde oorzaak van vallen is struikelen en uitglijden.

Het bestuderen van de adequaatheid van reactie op een loopverstoring zou
daarom kunnen bijdragen aan het identificeren van mensen met een
verhoogd valrisico. Immers, mensen die adequater reageren op een
loopverstoring zullen na een verstoring minder vaak vallen. Daarom heb ik in
hoofdstuk 5 en 6 bestudeerd of de loopaanpassindeor een verstoring
afwijken bij mensen met een beroerte en verhoogd valrisico, ten opzichte van
mensen met beroerte en een laag valrisico. In hoofdstuk 5 heb ik zes
verschillende, onverwachte loopverstoringen bestudeerd. Alle zes de
verstoringen leiddenot een verandering van het looppatroon ten opzichte

van onverstoord lopen. Echter, er werden geen verschillen gevonden in de
loopaanpassingen nadat het lopen was verstoord tussen de twee groepen. In
hoofdstuk 6 heb ik bestudeerd hoe dezelfde deelneméssiee uit hoofdstuk

5 het lopen aanpassen wanneer zij een verwachte verstoring tijdens het lopen
ondergaan. Voorbeelden van verwachte loopverstoringen in het dagelijks
leven zijn: het opstappen van een stoeprand en het overstappen van een
drempel. Uit deresultaten blijkt dat er geen verschillen zijn in
loopaanpassingen bij mensen met een beroerte tussen hoog en laag valrisico.

Ook is in hoofdstuk 6 bestudeerd of de loopaanpassingen reproduceerbaar
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zijn voor evaluatieve doeleinden tijdens training. Uitrdsultaten blijkt dat de
loopaanpassingen meer reproduceerbaar word@armate de verwachte

verstoringen moeilijker worden, door het vergroten van de obstakels.

Verbeteren van loopkarakteristieken
Nu we beter kunnen identificeren wie een verhoogd valrisico heetft, is de

volgende vraag of we het valrisico in deze groep kunnen verlagen? Daarom
heb ik in hoofdstuk 7 bestudeerd of een specifieke looptraining het valrisico
kan verlagen bij mensen met eberoerte. Tien mensen met een beroerte

hebben deelgenomen. De deelnemers waren in de 6 maanden voorafgaand

aan de start van de interventie tenminste één keer gevallen.

De looptraining bestond uit een tiental trainingssessies en werd uitgevoerd in
een perode van vijf weken. Naast de reguliere looptraining werd het lopen
ook verstoord door middel van verwachte en onverwachte verstoringen. De
intensiteit en frequentie van deze verstoringen werden in de loop van de
trainingsperiode verhoogd. Tevens werd daiting uitdagender doordat de
deelnemers eveneens een visuele taak kregen in combinatie met de
verstoringen. Voorafgaand en na afloop van de trainingssessies werd het
lopen geévalueerd aan de hand van de met vallen geassocieerde
loopkarakteristieken. De sailtaten laten zien dat de loopkarakteristieken
gemeten in de laboratoriumomgeving aanzienlijk verbeterden en dat het
voorspelde valrisico verminderde. Het lopen werd ook geévalueerd met de
loopkarakteristieken uit het dagelijks leven. Hieruit bleek dat de
loopkarakteristieken in het dagelijks leven niet verbeterden en het voorspelde

valrisico dus ook niet. Wel gingen de deelnemers meer lopen.
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Conclusie
De resultaten van dit onderzoek geven aan dat het meten van

loopkarakteristieken zowel in een laboratoriumomgeving als in het dagelijks
leven meer accuraat is in het voorspellen van valrisico dan conventionele
klinische testen. Het voorspellen van valiiséan de hand van
loopkarakteristieken tijdens loopverstoringen heeft niet geleid tot het
voorspellen van vallen. Mogelijk kunnen andere type verstoringen en of
andere verstoringsmaten wel leiden tot accurate voorspellingen van valrisico.
Wel blijkt uit dt onderzoek dat looptraining gecombineerd met verstoringen
tijdens het lopen kan leiden tot een verlaging van het voorspelde valrisico,
hoewel het valrisico niet veranderde op basis van loopkarakteristieken uit het

dagelijks leven.

Dit onderzoek kan het attpunt zijn voor het beter inschatten van valrisico bij
mensen met een beroerte. Op basis van deze voorspelling kunnen
maatregelen getroffen worden om een daadwerkelijke val te voorkomen. Een
mogelijke maatregel zou de looptraining zoals omschreven ifidstuk 7

kunnen zijn, hoewel niet bekend is of dit daadwerkelijk leidt tot minder vallen.
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niveau waar ik nu ben en tijdens dit hele proces was het ook nog eens gezellig.
Ik heb echt veel aan jou te danken, mijn dank isl lggeot en het was een eer
met je samen te mogen werken! Ik hoop dat we contact houden en zal met
interesse jouw wetenschappelijke carriére volgen.

Geachte dr I. G. van de Port, beste Ingrid, ook jij was er van het begin tot
einde bij betrokken. Heel htalijk dank voor het meedenken, reviewen,
faciliteren in Breda en al je tijd die je erin hebt gestoken. De overleggen waren
gezellig en toch productief, een ideale combinatie. Ook heb je ervoor gezorgd
dat de GRAIL er kwam, wat voor mij vervolgens een fghgeskans creéerde!
Dank!

In het verlengde hiervan zou ik graag ook dr. Jan Willem Meijer, medisch
directeur Revant willen bedanken. Bedankt voor de goedkeuring, het
faciliteren en de getoonde interesse.

Beste Els, heel hartelijk dank voor de voldemoorden die je tegen mij zei,
WaAOKASEZ 3 SSya YSG I'FNNASG LINI Sy oQ
heeft die zin waarschijnlijk behoorlijk wat effect gehad. Ook bedankt voor je
voortdurende interesse door al die jaren heen.

Sanne Roeles, Johannessdrs en dr. Frans Steenbrink, jullie waren mijn
aanspreekpunten vanuit Motekforce Link. Heel hartelijk dank voor de
gastvrijheid, jullie bijdrage aan de ontwikkeling van applicaties, meedenken in
het onderzoeksdesign. Sanne ook dank voor je bijdrage aafu$tuk 5 en

het samen optrekken in de gait sensitivity norm die er nooit kwam ;

Graag wil ik ook de leden van het lectoraat Leefstijl en Gezondheid bedanken.
Bedankt voor de interesse door de jaren heen, in het bijzonder dr(s)
Jacqueline Outermans woonze gedeelde interesse in het lopen bij mensen

183



met een beroerte. Ook bedank ik graag Roelof Peters voor zijn bijdrage aan
het eindeloos bellen van mensen met de vraag of ze zijn gevallen. Tot slot,
Geert Aufdemkampe dank voor je interesse en onze lelikeussies over
statistiek.

aiecy O2ftftS3aIrQa @y KSiG R20SyidSydaStys
interesse. In het bijzonder wil ik mijn oud kamergenoten Jeroen Mol en

Leendert van Gaalen bedanken. Wat een gezellige tijd was dat zeg. Geen
kamergenoot, maar wel een toffe collega en metiatlab-fan Matthijs Tuijt.

Altijd leuk te sparren over regels, code etc.

Geachtedr. Kim van Schooten & dr. Sietse Rispens, heel hartelijk dank voor

het delen van jullie reeds opgebouwde expertise in het schaftény WRI A f &
AFAG OKFNFYOGSNRAAGAOAQD 5AG KSSTG YAe
prof. dr. Mirjam Pijnappels, beste Mirjam, bedankt voor je bijdrage aan

hoofdstuk 3 en je voortdurende interesse in mijn project en niet te vergeten je
bijdrage als voorzitter van de beoordelingscommissie.

Een groot aantal studenten heeft deelgenomen aan mijn promotietraject
waarvoor dank. Echter er zijn een aantal die ik echt even bij naam moet
noemen, omdat hun bijdrage niet onopgemerkt mag blijven. Het iijn
willekeurige volgorde: Chermene Toebdkina de Rooij, Jill Aaldering, Gijs
wubbels en Macha Segers.

Mijn proefpersonen, dank. Jullie waren essentieel en zonder jullie was dit
boekje er niet gekomen. Ik heb veel van jullie geleerd.

Tot slot mijn &milie. Pap & mam, dank voor jullie interesse en het altijd
behulpzaam zijn in werkelijk alle opzichten van het leven. Ik hoop dat jullie
genieten van deze dag!

Broer & zus, leuk dat jullie mijn paranimfen willen zijn en dank daarvoor.
Misschien kunnen jlie me vandaag nog ondersteunen. Hoe dan ook bedankt
en geniet van deze dag.

184

f
S

(



Lieve Trude, eigenlijk verdien jij ook een promotie. In ieder geval voor de vele
uren die jij de afgelopen jaren hebt gewerkt. Je was een enorme stimulans
voor mij, wanneer we waeeens op zondagavond tot in de late uurtjes aan de
keukentafel zaten te werken: jij achter een jaarrekening, ik achter
waarschijnlijk het een of andere matlabscript. Nu zal ik je tijdens onze
wandelingen niet meer lastig vallen met bijvoorbeeld hoe ik eatlab
probleempje had opgelost. Hoewel ik soms wel het idee had dat je het best
AyGSNBaalyd @2yRX® . SRIYy{GH

185



