NTNU

Norwegian University of Science and Technology

Y=
S5 ch
(R
v o QL
el A
v o
O ®
[
£a
2
£ 2
v o
v o
[}
e
|_

Faculty of Medicine and Health Sciences
Department of Neuromedicine and Movement

Doctoral theses at NTNU, 2020:351

Ronny Bergquist

Preventing functional decline in
young seniors

Development and evaluation of interventions
and smartphone-based tests

NTNU

Norwegian University of
Science and Technology






Ronny Bergquist

Preventing functional decline in
young seniors

Development and evaluation of interventions
and smartphone-based tests

Thesis for the Degree of Philosophiae Doctor
Trondheim, November 2020

Norwegian University of Science and Technology
Faculty of Medicine and Health Sciences
Department of Neuromedicine and Movement Science

NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Medicine and Health Sciences
Department of Neuromedicine and Movement Science

© Ronny Bergquist

ISBN 978-82-326-5048-4 (printed ver.)
ISBN 978-82-326-5049-1 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2020:351

Printed by NTNU Grafisk senter



Preventing functional decline in young seniors

- Development and evaluation of interventions and
smartphone-based tests

Kandidatens navn: Ronny Bergquist
Forskningsgruppe: Forskningsgruppe for geriatri, bevegelse og slag (GeMS)
Institutt for nevromedisin og bevegelsesvitenskap, Fakultet for medisin og helsevitenskap

Norges teknisk-naturvitenskapelige universitet

Hovedveileder: Kristin Taraldsen
Biveiledere: Beatrix Vereijken, Jorunn L. Helbostad, Sabato Mellone

Finansieringskilde: RSO-stilling fra NTNU etter tilslag fra EU-programmet Horizon 2020



NORSK SAMMENDRAG

Forebygging av funksjonstap hos unge eldre

- Utvikling og evaluering av intervensjoner og smarttelefon-baserte tester

Funksjonstap hos eldre kan fgre til fall, redusert aktivitetsniva, behov for hjelp i daglige gjgremal og
redusert livskvalitet. Funksjonstap er derfor en stor belastning bade for den som rammes og deres
pargrende, men ogsa for samfunnet sett fra et gkonomisk perspektiv. Som fglge av gkt forventet
levealder og lavere fgdselstall, ser vi en endring i befolkningssammensetningen med en stgrre andel
eldre, som er forventet a gke i arene som kommer. En konsekvens av denne endringen er et gkende
press pa helsesektoren. Det vil derfor bli viktig a flytte fokuset fra behandling til forebygging, slik at

mennesker kan leve med en god helse lengre og dermed utsette behovet for helsetjenester.

Hovedmalet med prosjektet var a generere ny kunnskap om hvordan funksjonstester instrumentert
ved hjelp av smartteknologi kan brukes til 8 male fysisk funksjon, og hvordan treningsprogrammer
kan utvikles for a forebygge funksjonstap hos yngre eldre. Avhandlingen inkluderer en
litteraturgjennomgang, en gjennomfgrbarhetsstudie, en brukbarhetsstudie og en metodestudie,

hvor malsetningen bestar av fire deler:

1) & ga systematisk gjennom litteraturen som omfatter funksjonstester for styrke og balanse
som har blitt brukt for a teste yngre eldre, og a evaluere maleegenskapene til de
identifiserte testene.

2) aevaluere gijennomfgrbarheten av et livsstilsintegrert treningsprogram (aLiFE) er tilpasset
yngre eldre ved a legge til flere og mer utfordrende gvelser.

3) a beskrive utviklingen og brukbarhetstestingen av tre smarttelefon-apper med selv-tester av
fysisk funksjon.

4) 3 undersgke om en instrumentert versjon av den kliniske testen ‘Timed Up and Go’ (iTUG)
kan predikere score pa en mer avansert test av balanse og mobilitet, ‘Community Balance
and Mobility Scale’ (CBMS), og om iTUG kunne oppna samme eller bedre resultat

sammenlignet med et batteri av tradisjonelle kliniske funksjonstester.

Litteratursgket identifiserte 3454 artikler med totalt 120 inkluderte tester for @ male fysisk funksjon
hos yngre eldre. Av disse testene, ble 30 tester hyppigere brukt enn de andre. Andre del av
litteratursgket identifiserte metodestudier som evaluerte maleegenskapene til 6 av de 30 hyppigst
brukte testene. CBMS var den testen som ble ansett mest egnet, da den ikke var disponert for tak-

effekter, og ble funnet valid og reliabel for a teste fysisk funksjon hos yngre eldre.



Gjennomfg@rbarhetsstudien av aLiFE viste at programmet var gjennomfg@rbart i de 4 ukene studien
pagikk, hvor flertallet av deltakerne vurderte programmet med hgy score pa kategorier som
etterlevelse, utfgrelsesfrekvens, nyttighet, de ulike gvelsenes mulighet til a implementer og tilpasse,
vanskelighetsgrad, og trygghet. Studien var ikke designet for @ male effektivitet, men resultatene
indikerte en liten forbedring i fysisk funksjon malt med CBMS, i tillegg til en ikke-signifikant gkning i
daglig fysisk aktivitet. En stgrre klinisk kontrollert studie med lengre oppfglgingstid vil veere
ngdvendig bade for a evaluere effekten av programmet og for a evaluere eventuelle varige

atferdsendring.

Brukbarhetsstudien benyttet et brukersentrert design til 3 utvikle smarttelefon-baserte selv-tester
av fysisk funksjon, hvor appene ble testet og videreutviklet gjennom tre iterasjoner. Resultatene
viste at deltakerne gjorde en rekke feil under testingen nar deltakerne selv-administrerte testene
uten veiledning, men antall feil ble redusert gjennom forbedringene av appene. Den siste testingen
ble giennomfgrt i deltakernes hjem, og viste en mindre gkning i feil sammenlignet med forrige
testing. Studien viste at appene har et potensiale for a brukes som selv-tester, men utfallsmalene ma

valideres fgr testene kan bli gjort tilgjengelig for yngre eldre.

Siste studie var en metodestudie som viste at ved a instrumentere den kliniske testen ‘Timed Up and
Go’, kunne man med hjelp av en maskinlaeringsprosedyre predikere scoren pa CBMS-testen med hgy

ngyaktighet i et utvalg geriatriske pasienter og hjemmeboende eldre.

Denne avhandlingen har gitt ny kunnskap som viser at det er et behov for funksjonelle tester som er
sensitive, tilgjengelige, valide og reliable for @ male fysisk funksjon hos yngre eldre. Selv-
administrerte tester i app-format kan potensielt gjgre testing enklere og mer tilgjengelig.
Resultatene fra avhandlingen viser ogsa at trening og fysisk aktivitet integrert i daglige gjgremal og
rutiner kan veaere et alternativ til tradisjonelle treningsprogram, som kan gi gkt etterlevelse gjennom
atferdsendring. Flere studier er ngdvendig for a validere utfallsmalene fra de smarttelefon-baserte
selv-testene presentert i denne avhandlingen, og en stgrre klinisk kontrollert studie med lengre
oppfelging er ngdvendig for a evaluere effekten av programmet med trening og fysisk aktivitet

integrert i daglige gjgremal og rutiner.
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Abbreviations and frequently used phrases

ADL

aLiFE

App

Feature

IMU

Iteration

iTUG

mHealth

LiFE

PA

PLSR

RCT

Self-test

STS

SUS

UEQ

Activities of daily living
adapted Life-style Integrated Functional Exercises
Application

A parameter calculated from the inertial sensor signal(s), for example:
‘duration of turning’, ‘mean velocity during turning’, ‘maximum velocity

during turning’.

Inertial measurement unit

A cyclic process of prototyping, testing, analysing, and refining a system
instrumented Timed Up and Go

Mobile health

Life-style Integrated Functional Exercises
Physical activity

Partial least square regression
Randomised controlled trial

A test that can be administered by oneself
sit-to-stand

System Usability Scale

User Experience Questionnaire



Abstract

Decline in physical function in seniors leads to falls, decreased physical activity, dependence in
activities of daily living, and reduced quality of life, constituting a major burden for the individual
itself, and an economic burden for the health care system. In addition, the age composition of the
worlds’ population is changing fast; life expectancy is increasing, and fertility rates are decreasing,
which is prospected to put stress on health care services. This thesis is based on the recognition that
there is a need to find effective methods to prevent functional decline in younger seniors. By
preventing functional decline, seniors can achieve more active years without disability and
dependence in everyday activities. Research has indicated that sensor technology might increase the
utility of clinical tests in measuring physical function. Furthermore, studies have shown that exercise
programmes where activities for muscle strength and balance have been integrated in daily habits

and routines can be more effective in falls prevention compared to traditional exercise programmes.

The thesis aims to provide new knowledge on how we can use instrumented performance-based
tests to measure and monitor physical function, and how interventions can be designed to help to
improve physical function and increase physical activity. The aim of this thesis, which includes one

literature review, one feasibility study, one usability study and one method study, was fourfold:

1) to systematically review the literature on commonly used tests of balance and strength and to

evaluate their measurement properties in young seniors;

2) to evaluate the feasibility of an intervention, the adapted Lifestyle-integrated Functional Exercise
(aLiFE) programme, adapted to be more challenging and suitable for preventing functional decline in

young seniors;

3) to describe the development and usability testing of three smartphone-based self-tests of physical

function using an iterative design in a home-setting;

4) to evaluate whether an instrumented Timed Up and Go (iTUG)-test can predict the score on a
advanced test of balance and mobility. Further, we wanted to evaluate whether the iTUG model was
equally or more predictive compared to a model of traditional clinical measurements in geriatric

outpatients and healthy community-dwelling seniors.

The systematic review identified 3454 papers with a total number of 120 performance-based tests of
physical function that had been used in healthy young seniors. Of these, 30 tests were most
commonly used. The second step of the review identified 9 studies which had evaluated the
measurement properties of 6 different tests: the Timed Up and Go (TUG), Short Physical

Performance Battery (SPPB), 10-second Tandem stance, Five Times sit-to-stand, and the Community
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Balance and Mobility Scale (CBMS). Of the identified tests, the CBMS seemed like the one most
suited for application in healthy young seniors as it has no ceiling or floor effects and was found valid

and reliable in healthy young seniors in the included method studies.

The feasibility study of the aLiFE programme showed that overall it was feasible and well accepted
by the young seniors. The participants implemented most of the activities during the 4-week
intervention period, and perceived the programme to be helpful, adaptable to their lifestyle,
appropriately challenging, and safe. Although the study was not designed to evaluate effectiveness,
moderate improvements in physical function measured by the CBMS were found. A larger study with
longer follow-up is needed to establish effectiveness of the programme, as well as its ability to
induce long-term adherence through behavioural change. In the usability study, a human-centered
design was used when developing and testing the applications (apps) for three clinical tests of
physical function, through 3 iterations. Results showed that young seniors made several errors while
self-administering the clinical tests with a smartphone in an unsupervised setting, and that rate of
errors was affected by changes made across the iterations. Although smartphone-based self-testing
of physical function is promising, validation of outcome measures is needed before being offered to
end-users. Finally, we found that in a supervised lab-setting, the instrumented Timed Up and Go
could predict the score on the Community Balance and Mobility Scale with a high and similar
accuracy as compared to standard clinical tests, in a mixed sample of geriatric patients and

community-dwelling seniors.

This thesis showed that there is a need for functional tests which are more sensitive, available, valid
and reliable in young seniors. Important insight was provided about what usability problems may
arise when developing smartphone-based functional self-tests, and how changes to the apps affect
such problems. Furthermore, with a partial least squares regression analysis it was found that by
instrumenting the TUG with a smartphone, a seemingly simple clinical test which otherwise is not
sensitive for detecting functional decline in young seniors, could predict higher-level balance and
mobility as measured with the CBMS. The findings indicate that smartphone apps can be feasible for
home-based assessments and monitoring of physical functions, potentially motivating the end-user
to become more physically active and prevent functional decline. Future work should aim to further
develop and validate the self-tests and integrate these tests into a solution that combines testing
with an exercise intervention tailored to the user based on the test results. A life-style integrated
exercise-approach was evaluated in the thesis, and the results were promising, however more

research is needed to verify its effectiveness.
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1. Introduction

1.1 Aging and physical function

There is no common definition of physical function. In their Disablement Process-model from 1994,
Verbriigge and Jette defined functional limitation as restrictions in basic mental and physical actions,
and disability as a concept encompassing difficulty in performing activities of daily living (ADLs)(1).
Functional disability can be viewed as the gap between personal capability and environmental
demands. More recent definitions, however, have included the ability (or the lack thereof) to carry
out ADLs and advanced physical activities (2). In this thesis, physical function is thus understood as
the ability to perform basic and advanced physical actions, and functional decline is understood as
the deterioration of physical function. The definition includes upper- and lower-extremity function,

but this thesis focuses on lower-extremity function, which is important for mobility (3).

As we age, our physical function deteriorates. Age-related loss of physical function presents a major
burden for the individuals and their dependents, as well as for the health care system economically.
Due to increased life-expectancy and lower fertility rates globally, it is expected that the health care
services will be put under substantial pressure (4). Moreover, the United Nations have claimed that
the change in population age composition that follows, will be one of the most disruptive social

transformations of the 21% century (4, 5).

The point in life at which our physical function starts to decline differs greatly between individuals,
but chronological age is nonetheless an important risk factor for functional decline (6). Other risk
factors with strong evidence for functional decline include cognitive impairment, depression,
comorbidity, high and low body mass index (BMI), reduced observed lower extremity performance,
low frequency of social contact, low level of physical activity, no alcohol use, poor self-perceived
health, smoking and vision impairment (2). At time of retirement, between the age of 60-70,
balance, gait and mobility typically start to decline at a higher rate than before (7, 8). For many
people, retirement is a life event where they experience large changes in their physical activity levels

(9, 10), which is an important risk factor for functional decline (2).

1.2 Assessment of physical function

Physical age-related changes typically include loss of muscle strength, proprioception, vision,
vestibular sense, and reaction time (11). The decline in functioning of these systems impairs our
balance ability, and also affects our performance in activities such as walking, chair rising, stair
climbing, stepping and postural transfers (11, 12). Physical function can be measured by self-report

or performance-based tests. Self-reported physical function is often measured with questionnaires
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consisting of items that ask about the perceived ability to- or difficulty in- performing ADLs. What we
measure with physical tests is physical performance, and it is commonly understood as the
observable ability to perform tasks, such as standing up from a chair, walking, turning, or standing
on one foot (13). The ability to perform such activities typically diminishes slowly, and the types of
tasks people find challenging seem to follow a hierarchical pattern, with tasks requiring balance,
strength and agility being impaired first, such as doing heavy housework, walking longer distances or

using stairs (14).

With standardised tests, self-reported or performance-based, one can get an indication of a person’s
physical function at that point in time by comparing the result with normative values for the
person’s age or condition. By repeating the assessment later, we can get an indication whether
there’s been a change in the physical function, e.g. after an exercise intervention. The test results, if
found valid for this purpose, can also predict future health status, and measures of physical function

could thus be regarded as “vital signs” to screen for in clinical settings (15).

Physical function in seniors is commonly assessed with single tests or test batteries, that measure
domains such as walking speed, grip strength, standing balance, and ability to make postural
transfers (sit-to-stand) (16). What characterises the most commonly used performance-based tests
is that they can be administered quickly and with little space and equipment. In addition, they often
measure more than just one domain of function, and, most importantly, their measurement
properties have been evaluated in method studies. One of the most commonly used tests is the
Timed Up and Go (TUG) test (17), which is widely recognised and allows the analysis of sit-to-stand
transitions, walking and turning in one test that is quick and easy to administer. The test is face valid
to most populations and can be easily taught to health care professionals. However, the total
duration of completing a single TUG test, measured in seconds, does e.g. not discriminate fallers

from non-fallers (18), or accurately predict falls in higher-functioning seniors (19).

Other commonly used functional tests in older adults of have also been found inappropriate to use
in younger or higher-functioning seniors, primarily due to ceiling effects (20, 21). Ceiling effects, or
its opposite, floor effects, refer to the phenomena where scores on a test or scale cluster towards
the ends of the scale. A criterion often used to evaluate whether a test is prone to ceiling/floor
effects is if 15% of the participants achieves the highest (ceiling) or lowest (floor) score possible on a
test (13). Ceiling/floor effects poses a serious problem in both research and clinical practice because
comparison between subjects in the top/bottom end of the scale becomes impossible, and we may

not be able to identify changes over time (22). There is consequently a need for new ways of
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measuring functional decline in seniors that overcome the issues associated with ceiling effects, to

be able to detect early changes in physical function.

1.3 Interventions for preventing functional decline in young seniors

Physical activity has been found to prevent both the onset and progression of functional decline
(23), and reduce the risk of hypertension, type 2 diabetes, some cancers, dementia, depression,
bone health, falls and fall-related injuries (24). Seniors are recommended to follow the same
guidelines for physical activity and exercise as adults in general, as the principles for the effect of
physical activity are similar (24, 25). Public guidelines for physical activity recommend 150-300
minutes of moderate-intensity, or 75-150 minutes per week of vigorous-intensity aerobic physical
activity, or a combination (24). In addition, the guidelines recommend sitting less, and doing muscle-
strengthening activities of moderate or greater intensity that involve all major muscle groups twice
or more per week (24). Following the guidelines can help minimise the negative effects of an
otherwise inactive lifestyle, and limit the development and progression of chronic disease and
disabling conditions (25). Although these guidelines have been available for many years, only about
one third of adults and seniors follow them in Norway (26). As such, there is a need for specific
strategies that can foster regular physical activity and strength training during aging to remain active

and independent for as long as possible.

Structured exercise programs can potentially make it easier for people to engage in regular physical
activities, and have proved effective in the short term (27). There are, however, two important
challenges with structured exercise programs. First, many seniors don’t find structured exercise
appealing, and report reasons for not engaging in structured exercise such as lack of transportation,
limited access to facilities, time commitments, unwillingness to join a group, or aversion to exercise
due to not regarding themselves as “sporty” (28). Second, structured exercise programs often fail to
induce behavioural change, and consequentially authors have repeatedly discussed the lack of long-
term adherence to structured exercise programmes (28). Lack of adherence to a programme is a
problem both for individuals who would benefit from them, and in research, as sufficient adherence
rates to the programme is required for establishing the effectiveness of a given exercise
intervention. To achieve long-term adherence, exercise programmes for young seniors should thus

incorporate strategies for inducing behavioural change.

An alternative way of designing exercise programmes to increase adherence, is to integrate
exercises into the participants’ daily routines (28). With this approach, the exercises are integrated
into routines that people already have, so there is no need to dedicate extra time to perform them.

The exercises can be performed while doing virtually any daily task, such as squatting while getting
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something out from a low drawer or shelf, climbing the stairs two steps at a time, doing walking
lunges or tandem walking while moving around the house, doing calf raises when picking something
from a high shelf, or balancing on one foot while cleaning the teeth. In line with the principle of
specificity, the exercises are considered functional as they enhance the basic everyday motor

performances of common ADLs.

There is some evidence that intervention programmes integrating functional exercise into daily life
are advantageous compared to traditional exercise programmes in older adults, in terms of
effectiveness and adherence (28). One example of such a programme is the Lifestyle-integrated
Functional Exercise (LiFE)-programme, which was developed and tested in seniors with the main aim
being to reduce falls (29). In a randomized controlled trial (RCT), the LiFE-programme was also found
to increase adherence, reduce falls, improve function, decrease disability, compared to a traditional
exercise programme and a sham interventions (29). Few RCTs have, however, evaluated whether
interventions with life-style integrated exercises are feasible and effective in younger seniors (28,
29). Given the need for exercise interventions that can foster behavioural change and long-term
adherence for preventing functional decline, efforts should be made to investigate the usefulness of

such a program tailored specifically to young seniors.

1.4 Technological advancements in functional assessment

Technological innovations over the years have had a large impact on the objective measurement of
physical function. Sensor-based tests, so-called instrumented tests, let us analyse aspects of human
movement with a higher precision as compared to traditional methods, such as human observation
and manual time-taking. Early examples are the force plates introduced in the 60s and 70s, which
can quantify the postural control of a person standing on it by measuring the applied ground
reaction forces. Another example are instrumented mats, that when you walk on them, they can
register the footsteps from which several temporal and spatial gait parameters can be calculated,
such as step time, cycle time, step length and single/double support (30). Another example is the
robotic dynamometer, a machine that allows you to perform controlled measurements of

strength/power during isokinetic flexions/extensions in upper and lower extremities (31).

Devices such as force plates, instrumented mats and dynamometers are mostly restricted to
hospitals and advanced research labs due to their size and price levels. With the introduction of
inertial measurement units (IMUs), however, accurate and objective measurements of human
movement have become more available also outside the lab (32). IMUs are relatively small devices
equipped with sensors such as accelerometers, gyroscopes and magnetometers, that measure

acceleration, angular acceleration and magnetism, respectively. With sophisticated algorithms, the
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sensor signals recorded by the IMUs can be processed with computer software to quantify the
movement of a person wearing the IMU. Modern IMUs come as small, lightweight pieces with on-
board battery, inertial sensors, microprocessor and memory, which can be worn rather discretely on
the body. They can withstand water immersion, and their batteries allow them to record movements

continuously for several weeks.

The characteristics of IMUs have made them valuable in lab-based fall risk assessment, where they
have improved predictive accuracy of commonly used clinical tests of sit-to-stand, walking and
balance control (33, 34). The instrumentation of TUG (iTUG) with sensors allows measuring of spatial
and temporal features from the different segments of an iTUG trial, such as sit-to-stand transitions,
walking, and turning. These additional features have made the iTUG more sensitive for measuring
physical function as compared to the original TUG in people with fall risk, Parkinson’s disease,
disability or cognitive impairment (19, 35-39). Especially the turning features from an iTUG have
been found sensitive in populations with impaired motor control due to neurological conditions (37,
38, 40), fallers (41), and in persons with mild cognitive impairment (36), which could also be

explained by motor control impairment (36, 42).

Static posturography assessments instrumented with wearable IMUs provide several
features/parameters which have been shown to be reliable and valid for quantifying postural control
(34, 43), and that are sensitive to differences in performance between healthy controls and people
with mild neurological conditions (44), healthy young and senior people (34), and fallers and non-

fallers (45).

The instrumented sit-to-stand has also been found valid for a number of important outcomes (46-
51). One study showed that phase-specific durations were comparable with those measured by
opto-electronic motion capture systems (47). Another study with seniors showed that movement
duration measured with IMUs was more strongly associated with quality of life and self-reported
physical function as compared to manually recorded measures of durations (51). Furthermore, with
instrumented measurements of sit-to-stand tests one can analyse discrete segments of the
movement, e.g. the dynamic part (rising or sitting down), duration and angular velocity (trunk

flexion/extension), which are sensitive to age (50), fall risk (48) and functional status (49).

With modern smartphones becoming more and more sophisticated in terms of computational
power, memory, size and weight, and the sensors they are equipped with, the smartphone could be
regarded an IMU itself. In the EU-funded project FARSEEING (52), one of the tasks was to evaluate
whether a smartphone could validly and reliably measure performance during a TUG test compared

to an IMU designed for exactly that purpose, and the results were positive (53). Another study
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demonstrated that a smartphone-based measurement of postural stability was comparable to a
force plate, and it was able to discriminate between younger seniors at low and high risk of falling
(54). The smartphone has a particular potential that ordinary IMUs don’t have, namely that so many
people around the world owns a smartphone - and the number is increasing, also among seniors
(55). This has paved the way for integrating clinical tests into self-administrable smartphone apps
that allow users to perform the tests unsupervised in their own homes. The app can provide instant,
objective feedback on their functional performance compared to normative data or compared to
their own previous scores. In other contexts, it could also be possible for end-users to have their

physical function monitored remotely by clinicians or researchers.

Using smartphones to administer clinical tests of physical function is a relatively new field, and little
literature exists on the measurement properties or the usability of app-based self-tests of physical
function. A systematic review from 2017 identified 13 studies in which smartphone apps had been
used to evaluate physical function (56). Of the 13 studies, only 5 evaluated the validity, and 3 the
reliability of the app-based measurements. Furthermore, a majority of the applications were
intended to be used in a clinical context, and no studies had evaluated the usability of the apps. The
authors concluded that apps need to be designed with consideration of the end-users’ level of

function, and test for usability in the target user-group (56).

1.5 App design and development

Innovations in technology have introduced connected health system, which refers to health
technology used to deliver health care services remotely, such as eHealth, telehealth, telemedicine
and mHealth (57). Connected health systems often have a user interface which requires some
degree of human-computer interaction. How the user interface is designed can have important
implications for a product or service, as demonstrated by the observation that otherwise excellent
products have failed in the market due to poor interface design, while well-designed mediocre
products have flourished (58). Therefore, when developing an mHealth app for unsupervised self-

assessment of physical function, the design and usability of the app must be carefully considered.

One approach to the design and development of apps is the human-centred design (HCD) process,
which the International Organisation for Standardization (ISO) defines as “an approach to systems
design and development that aims to make interactive systems more usable by focusing on the use
of the system and applying human factors/ergonomics and usability knowledge and techniques.”
(59). The idea is that a system or product will be better if representatives from the target user group
are involved throughout the design and development process, to ensure that their needs and

preferences are truly reflected in the final product. HCD has become the norm, and end-user
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involvement during the design process is even required documented for FDA approval (58).
According to I1SO, a human-centred design “enhances effectiveness and efficiency, improves human
well-being, user satisfaction, accessibility and sustainability; and counteracts possible adverse effects
of use on human health, safety and performance” (59). For a design process to be called human-
centred, the 1ISO 9241-210 outline six requirements that need to be met: (1) The design is based
upon an explicit understanding of users, tasks, and environments; (2) Users are involved throughout
design and development; (3) The design is driven and refined by user-centered evaluation; (4) The
process is iterative; (5) The design addresses the whole user experience; (6) The design team

includes multidisciplinary skills and perspectives (58).

Requirements 3 and 4, as listed above, point to the need for usability testing. Usability is defined by
ISO as “the extent to which a product can be used by specified users to achieve specified goals with
effectiveness, efficiency and satisfaction in a specified context of use” (59). When measuring aspects
of one’s health, the accuracy of the results relies on correct administration of the test. As one author
phrased it: “If an application is valid and reliable, it will be of little use if the intended population
cannot properly operate it.” (56) Thus, any usability problem associated with the apps could directly

affect the validity and should be identified and addressed before it is made available to end users.

Usability testing is usually done through several iterations of testing with target user groups, ideally
until there exist no major usability problems associated with the app. Usability studies are most
often carried out in a lab setting, which is convenient and offers a high degree of control, as opposed
to field-based usability testing. However, field-based testing, which, in this context, would be a
home setting, provides insight into how the system is used under more realistic situations.
Depending on the system being tested and the phase of development, usability should ideally be

tested in both lab and home settings.

Current literature suggests that there is little consensus on how usability testing of app-based
functional tests in seniors should be performed. Among three studies identified (60-62), two used an
iterative design in which the app was improved based on feedback and results from previous
iterations (60, 61), while the third study describes only one session of usability testing (62). The
studies also vary with respect to which usability data they collect, and how they collect it. User
experience questionnaires and interviews were used in all three studies, a Think Aloud protocol was
used in two of the studies (60, 61), and video-taped user-testing was used in one study (61). Whilst
one of the studies conducted assessments in both a research lab facility and an unoccupied
apartment to mimic a home setting (60), the others did not report the setting in which testing was

conducted. Finally, all of these studies describe an app that can potentially be used unsupervised,
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however none of the studies have reported the study participants’ observed ability to perform the
tests unsupervised. If end-users perform the test incorrectly, the results are invalid, and thus

usability studies should verify that the app can be used correctly in an unsupervised setting.

1.6 Rationale for the thesis

There is a need for innovative strategies to prevent functional decline in the aging population. The
adoption of digital technologies has been recognized as a key strategy for cutting costs in health care
(57). App-based self-administrable tests could serve as a valuable tool for young seniors to monitor
their physical function and detect subtle changes at an early stage where there is still time and
opportunity to prevent it. However, it has been recognised that a significant gap in health
technology exists between the clinical functionality on one side and the user experience on the
other, which warrants attention (63). Several papers have described smartphone apps developed to
measure balance and fall risk, but very few of the apps have been designed and tested for usability
for unsupervised use in young seniors (56). The prevention of functional decline does not only
require timely, user-friendly, valid, reliable and sensitive measurements, but also interventions that
are tailored specifically to young seniors and their needs in order to effectively help them maintain
or improve their physical function. There are many established tests and interventions developed to
detect and prevent functional decline, but they are either not designed with young seniors in mind,
and thus not suitable for use in this target group, or they are complex, time- and resource intensive,
which limits their feasibility for use in large scale public health approaches. Thus, there is a need for
structured and well-planned studies to gain insight on feasibility and validity of innovative ways for

measuring and preventing functional decline in young seniors.
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1.7 Aims of the thesis

The overall aim of this thesis was to provide new knowledge on how exercise interventions and
functional assessments should be designed for preventing functional decline, and how smartphone-
based apps can be used as a platform for delivering such interventions and assessments to young
seniors. The work consists of four papers: one systematic review and three prospective studies
comprising one feasibility study and two method studies focusing on the development of
smartphone-based apps of self-assessment of physical function to evaluate the usability and the

measurement properties.
The specific aims were as follows:

Paper I:

To 1) identify commonly used tests of balance and strength, and 2) to evaluate their measurement

properties in young seniors.

Paper II:

To 1) develop the aLiFE programme to be more challenging and suitable for preventing functional
decline in young seniors, and 2) to perform an initial feasibility evaluation of the program. We also

assessed pre-post changes in physical function.

Paper lll:

To describe the development and usability testing of three smartphone-based self-tests of physical

function using an iterative design in a home-setting.

Paper IV:

To 1) evaluate how well the averaged inertial sensor features from 5 iTUG repetitions can predict the
CBMS total score within a group of geriatric outpatients and healthy community-dwelling seniors,
and 2) to investigate whether the iTUG, and which components of the iTUG can predict the CBMS

total score more accurately, compared to standard clinical tests used in routine assessments today.
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2. Methods

The work presented in this thesis was conducted as part of the EU-funded PreventIT project (the
European Horizon 2020 research and innovation programme, grant agreement number: 689238).
Data were collected in Trondheim, Norway, at the Department of Neuromedicine and Movement
Science, Faculty of Medicine and Health Sciences, Norwegian University of Science and Technology
(NTNU), and at two of the collaborating clinical sites in the PreventIT-project; Amsterdam, The
Netherlands, and Stuttgart, Germany. The search for papers for the systematic review (Paper I) was
conducted in November 2018; the data for Paper Il were collected between May and July 2016; the
data for the first part of Paper Ill were collected in Trondheim, Stuttgart, and Amsterdam during
summer of 2017 and 2018, and the second part of Paper Ill in Trondheim between May and April
2019; the data for Paper IV was collected in Stuttgart from December 2018 to September 2019.

2.1 Design and data collection

The four papers in the thesis focus on development of exercise interventions and instrumented,
supervised and non-supervised clinical tests of physical function for preventing functional decline, by
using smartphone apps as a means for delivering it to young seniors. We conducted a systematic
review (Paper 1), a feasibility study describing development and pre-post changes of a novel exercise
programme (Paper II), a usability study of smartphone-based self-test apps (Paper Ill), and, finally, a
method study assessing the predictive accuracy of smartphone-based measurements of physical
function (Paper IV). An overview of study design and the studies from which we collected data for

the four papers, are presented in Table 1.

Table 1. Study designs and data source of the papers included in this thesis.

Paper Design Project

| Systematic review

Il Feasibility evaluation The aLiFE feasibility study

1]} Usability evaluation The PreventIT feasibility RCT and the Usability
study

v Method study The iTUG study

The PreventlIT project aimed to develop and test a personalised ICT-based intervention aimed at
behavioural change in people who have recently retired, in order to decrease risk for age-related
functional decline. The data used in paper II-IV were collected from three different studies carried

out in collaboration with partner institutions of the PreventIT project.
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Paper Il is the main paper from the aLiFE feasibility study and describes the development and
feasibility evaluation of the aLiFE programme, which was developed to constitute one of the study
arms in the PreventIT feasibility RCT. The aLiFE study included participants from the three clinical
sites, Trondheim, Stuttgart, and Amsterdam. Participants took part in an exercise intervention over
4-weeks. This was designed as an uncontrolled pre-post -test intervention study. The intervention
included four home-visits by trained assessors. Data were collected from the pre- and post-test
assessments, as well as during the home visits during the intervention, by six trainers (exercise

scientists and physiotherapists) certified to deliver the aLiFE programme.

Paper Ill describes a usability evaluation of app-based self-tests of physical function, consisting of
data from two separate studies. Data for the first part were collected from the The PreventIT
feasibility RCT and included participants from the three clinical sites in Trondheim, Stuttgart, and
Amsterdam. This feasibility RCT allocated participants to one of three groups: a control group
receiving general advice on physical activity and two intervention groups receiving either the aLiFE-
programme, delivered as in the conventional LiFE-programme through home-visits and paper
manuals, or the same intervention but delivered through a connected system of smartphone,
smartwatch and an integrated app. All participants attended a baseline assessment, a 6-month
intervention period, post-test assessments, a 6-month unsupervised intervention period, and a
follow-up assessment. As part of the baseline and follow-up assessment, participants performed
unsupervised self-administered tests of physical function using smartphone apps. The trials were
observed by assessors, and usability data were recorded and used for the first part of Paper Ill. For
the second part of Paper Ill, we designed a home-based usability study to conduct a usability
evaluation of how well target end-users of the apps would be able to self-administer clinical tests
unsupervised in their own homes. This study was conducted in Trondheim, Norway. Data collected
from the testing consisted of video recordings, questionnaires, interviews and inertial sensor signals

recorded by the smartphone that the participants used to self-administer the tests.

Paper IV report the results from the iTUG study, conducted at the Robert-Bosch-Hospital in
Stuttgart, Germany. This was a method study to evaluate the ability of the iTUG to predict the score
on the CBMS (20). The CBMS is a test-battery that assesses advanced balance and mobility function.
In addition to CBMS and the iTUG, outcomes consisted of self-reported and objectively measured
standard clinical tests of physical function. The test order was randomised, with participants starting

with either the iTUG or the standard clinical tests first.
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2.2 Study sample characteristics
The primary target group of the work conducted in this thesis was healthy community-dwelling
young seniors around the time of retirement, 61-70 years, as this age represents a timely

opportunity to initiate measures for preventing functional decline.

For the purpose of identifying tests which have been used to measure physical function (paper I) and
creating an effective exercise intervention (paper Il), we exclusively recruited healthy seniors
between 60 and 70 years old. For developing and testing the usability of app-based self-tests (paper
1), we recruited participants from a wider age range, 60-80, in order to have a sample that
represented a wider range of the target population. The proportion of smartphone users in the age
of 60-70 in the western world is relatively high (55) and rising fast, and there is a lot of variation in
how confident they are in their abilities to make full use of the features available in a smartphone.
For the prediction model we built in the iTUG study (paper 1V), there was a need to have
heterogeneity in functional performance to ensure that the study results would have been
generalisable. To this end, we included two groups in the age range 60 to 85; one of healthy
community-dwelling seniors, and one group of geriatric rehabilitation patients. A detailed

description of the participants and eligibility criteria are presented in the following.

Paper | (16) was a systematic review of a total of 295 articles with a target population either
between the age of 60-70 or part of a group of which the mean age was within the 60-70-year age
range. In 282 of the articles, the mean age was within the target range, whereas 13 studies included

participants between the age of 60-70.

Paper Il (64) included 30 community-dwelling persons aged 60—-70 who were not frequently
exercising. The ten participants at each of the three clinical sites were recruited via newspapers and
flyers. Exclusion criteria were inability to walk 500 metres without walking aids, cognitive
impairment (defined as a Montreal Cognitive Assessment (65) score <24 points), diseases where
exercise is contraindicated, and frequently exercising (defined as attending organized exercise

classes more than twice a week and/or exercising >2 hours alone each week).

Paper Il (66) consists of data from participants from the baseline and follow-up assessments from
the follow-up assessment of the PreventIT feasibility RCT (see section 2.1 for details). First, an
invitation letter was sent out to 2000 random people between the age of 61-70 at each site, with an
even distribution of men/women. Those who contacted us were screened for eligibility via
telephone. If eligible, they were invited to the hospital where they were subjected to a final
screening. In short, the target group was healthy, community-dwelling seniors between 61-70 years

of age whom had been retired for more than 6 months, were able to read a newspaper or text on a
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smartphone, spoke Norwegian, German or Dutch, and could walk 500 m without walking aid. A
complete overview of inclusion/exclusion criteria for each step is described in the protocol paper for
the PreventIT feasibility RCT (67). All 189 participants that were included at baseline, and 134 out of
180 intervention participants, completed testing of the first and second version of the self-tests, thus

included in the first part of Paper I.

In addition, we recruited a separate group of 20 community-dwelling adults ranging from 60 to 80
years to test the third version of self-tests (second part of Paper Ill). Inclusion criteria were as
follows: community-dwelling, aged between 60 and 80 years, able to walk 500 m independently,
speak Norwegian, able to hear sound from a smartphone, and current users of a smartphone.
Participants were excluded if they reported any severe cardiovascular, pulmonary, neurological, or

mental diseases.

Paper IV (68) included in total 60 participants, of whom 40 were community-dwelling seniors
between the age of 60 and 86 years, and 20 were geriatric outpatients between the age of 61-85

years.

An overview of the participants’ characteristics in each paper is presented in Table 2, except for the

systematic review, for which participants’ characteristics are not available.

Table 2. Characteristics of participants in the different papers.

Paper Population Agerange  Mean age (SD) Male (%) n
included

1 Healthy community-dwelling 60-70

seniors aged

2 Healthy community-dwelling 60-70 66.4 (2.7) 12 (40) 30

seniors aged

3 Iteration 1: Healthy 61-70 66.3 (2.4) 90 (47.4) 189

community-dwelling seniors

Iteration 2: Healthy 61-70 66.3 (2.5) 64 (47.8) 134

community-dwelling seniors

Iteration 3: Healthy 60-79 68.7 (5.2) 11 (55) 20

community-dwelling seniors

4 Group 1: Geriatric 61-85 78.9(5.9) 11 (55) 20

rehabilitation patients

Group 2: Healthy community- 60-86 71.8(7.3) 17 (42.5) 40

dwelling seniors
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2.3 Ethical approvals and considerations

Paper Il, Ill, and IV had ethical approval prior to study start. The Regional Committees for Medical
and Health Research Ethics (REC), the Ethik-Kommission am Universitatsklinikum Tlbingen, and the
Medical Ethical Committee, VU University Medical Center, all approved the study protocols for Paper
Il (Trondheim: REC Central 2016/48, Stuttgart: registration number 033/2016BO2, Amsterdam:
registration number NL56456.029.16) and Paper Il (Trondheim: REK midt, 2016/1891, Stuttgart:
registration number 770/2016BO1, Amsterdam: METc VUmc registration number 2016.539,
NL59977.029.16). Both studies, The PreventIT aLiFE feasibility study and the PreventIT feasibility
RCT, were registered in ClinicalTrials.gov (Trial registration: ISRCTN37750605 and registration
number: NCT03065088). For the Usability-study in the second part of Paper Ill, The Norwegian
Center for Research Data approved that the data protection was in accordance with current
regulations (reference number 391684). Paper IV was approved by the local medical ethical

committee in Germany (no: 850/2018B01).

All participants that responded to the invitations, met the inclusion criteria and agreed to participate
in each of the studies, were given written and oral information about the studies and all assessments
prior to signing the written consents. Assessors (Papers Il, 11, and V) and aLiFE trainers (Paper Il)
were all trained and experienced, and the well-being of participants was prioritised throughout all
assessments, for example allowing for breaks between assessments. All studies were conducted in

accordance with the Declaration of Helsinki.

2.4 Development of app-based self-tests of physical function

We based our development of the stand-alone smartphone apps ‘Self-TUG’ and ‘Self-Tandem’ on
prototypes initially developed by researchers at UNIBO for the FARSEEING-study (52). The Self-TUG
and Self-Tandem let the user self-administer a clinical test of mobility and balance, respectively. As
part of this PhD project, The Self-TUG and Self-Tandem were further developed and tested, in
addition to a new app-based version of the clinical test ‘Five times sit-to-stand’ (Self-STS); the apps
use the inertial sensors embedded into the smartphone. A detailed description of the apps, including
user interface and underlying algorithms, are presented in the following. All apps were developed

with Android Studios.

2.4.1 Self-TUG

The Self-TUG prototype consisted of a simple user interface consisting of three screens. When
opening the app, the main screen appears, with a green start-button centred on a white background
(Figure 1, left panel). If pressed, a new screen appears with a time countdown, and a stop-button

(Figure 1, right panel). When the test is completed, a result screen appears (Figure 2).
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The algorithms embedded in the Self-TUG automatically detects the postural transfers in a TUG trial
from the sensor signals; sit-to-walk (StW), turning, turn-to-sit (TtS). After the user has manually
pressed the start-button in the app, it does not start until the algorithm recognises that the user is

ready (i.e. sitting still on the chair), which is determined by thresholds in the sensor signals.

Self Test
starting in

4 sec

00:00:00

Figure 1. Screenshots from the prototype version of Self-TUG. Left: start button. Right: Countdown
presented once start-button is pressed.

When the user is ready, i.e. no movement (above a certain threshold) is detected, a sound is
generated by the app, indicating for the user that the test can be initiated. A selection mask is used
to recognise when the user starts the task, i.e. starts to bend forward before rising from the chair, by
processing the angular velocity around the medio-lateral axis and the anterior-posterior
acceleration. This selection mask decides whether changes in the sensor signals corresponds to the
postural transition or not with a binary “true” (one) or “false” (zero). When the final segment of a
TUG is detected, i.e. sitting down again, another sound is generated, indicating that the test has
been completed. When the test is completed, the app processes the recorded signals and present
the results which are limited to the total duration of the test and the duration of the StW-phase in
seconds (Figure 2). The algorithms for all iTUG phases have been described in detail by Sabato

Mellone in his doctoral thesis (35).

Test Result:

Total Duration [s]
8.48

Sit-to-Walk Duration [s]:
1.45

Figure 2. Results from a Self-TUG trial performed with the prototype version.
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All sensor signals from a trial are automatically written to a text file which is saved on the internal
memory of the phone, ready for off-line processing. Algorithm outputs for a representative iTUG

trial is presented in Figure 3.

100

-100 :'I
‘ , | |

Figure 3. Sensor signals from a TUG trial with a wearable sensor attached to the lower back (35). The
upper plot shows the antero-posterior component of the acceleration (m/s?) and the lower plot
shows the angular velocity (°/s) around the medio-lateral axis. The green vertical lines define the
selection masks. Blue vertical lines correspond to the absolute maximum/minimum of the angular
velocity around the medio-lateral axis within the selection mask. Red vertical lines represent the start
and beginning of StW and the end of TtS. The orange vertical lines are the beginning and end of the
turning phases.

The prototype of Self-TUG was accompanied with a customised elastic belt with a transparent plastic
pocket for inserting the smartphone into, and a paper manual describing step-by-step how to self-
administer and perform the test. The procedures were to first insert the smartphone into the
pocket, press the play-button, strap the belt around the waist so that the smartphone was located at
the lower back with the screen facing out, and then to sit down on the chair and wait for the start-
signal.

Version 1

The first version of the Self-TUG app was similar as the prototype, however the instruction manual
was compressed and simplified into one page of instructions that explained only a few key points
necessary to perform the test correctly.

Version 2

For the second version of the Self-TUG app, we implemented an instructional video with a voiceover
into the app, demonstrating step-by-step how to perform the self-test. The algorithm was modified
to decrease the time between the point where no movement is detected and the start signal. The
placement of the smartphone was changed from lower back to the front pocket. The new placement
eliminates the need for the custom waist belt, so that deployment is simplified for commercial
applications too, and makes the self-administration procedure more user-friendly. The app interface

was kept as it was in the prototype with two exceptions. One was the navigation flow for how to
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watch the instruction video and/or start the test, which is illustrated in the flowchart, Figure 4. In
addition, we added a short reminder of how to proceed with the task to the countdown panel, e.g.

“Put the phone gently in your pocket”, presented in the lower right screenshot in Figure 4.

Would you like to watch the video
instructions?

NC YES

Countdown

Put the phone gently in your pocket...

Would you like to perform the test without
watching the video instructions?

Watch the Video Instruetions Start the Test 4 s ec

Figure 4. Flowchart illustrating the navigation options in version 2 of the Self-TUG app.

Version 3
The third version of the Self-TUG app was designed with the aim of preparing for a home-based user

context. This meant the user had to make necessary preparations themselves, including choosing an
appropriate chair, measuring a straight 3-meter walkway, placing a small object at the end of the
walkway, and making sure there is enough space to perform the test unhindered. As such,
instructions for how to prepare the tests were added to the apps in the form of a list of bullet points.
Another hierarchy was thus added to the app interface, as illustrated in Figure 5. In addition, the
countdown-screen was changed by replacing the text reminder with two images illustrating what to
do. The timer countdown was replaced with a “throbber”, an animated graphical element which we
added to symbolise that the test had started and further action was required, but without creating a
feeling of time pressure, which some users felt when they were presented with the timer

countdown in version 1 and 2. These changes are shown in the center right screenshot of Figure 5.
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Strength test

You have not seen any of the instructions.
Are you sure you want to start the test
without looking at them?

|

Watch the instructions Start the test

Instructions Start the test

Instructions Maobility test

-_— : o

How to set-up the tast How ta perform the test

BACK TO THE TEST

For 4 giere Mobilitetstesten trengar du . =
Q) Envaniig stol (.eks kigkkenstol), ikice heyere enn at halene dine er | gulvat ndr du sitter o T kk
O £n gangiane pd fire meter {en meter bred og Ir for hindringer] ry pa <
O £t lite- objaic (f oks an kopp} plasseras 3 mater fra stolans framre ben
U En bukse med lamme som halder mobilen pi plass tett Inntil ret. Mobilen ms ligge

midt oppd liret nir du sitter ph stolen, Den mA ikke ligge pd sked, eller pd siden av liret s a r es en

mens du gier tester

Figure 5. Flowchart illustrating the navigation options in version 3 of the Self-TUG app.

In addition, the instruction videos were edited to include the changes made to the navigation flow,
text and graphical elements were added to emphasise key points of the task, see Figure 6. Due to
time constraints in the development phase, the text and new voiceovers were only made in

Norwegian language, as all participants in the home-based usability study were Norwegian.

Real-time verbal feedback based on the inertial signals from the smartphone, e.g. “sit down”, “place

”ou

your arms on the armchair”, “get up from the chair”, and “proceed with the test”.

Figure 6. Text and graphical elements in instruction video for Self-TUG version 3.
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2.4.2 Self-Tandem

The Self-Tandem is an app that lets the user self-administer a test of timed, static posturography in a
tandem standing position. In this position, one foot is placed in front of the other, heel touching toe,
without shoes. The user holds the smartphone against the chest with both hands while trying to

stand as still as possible for 15 seconds.

The Self-Tandem prototype was similar to Self-TUG in user interface and functionality; the main
difference was that after the user pressed “start”, it did not rely on signal input for detecting that
the user was ready. Instead, the test started immediately following the countdown, indicated by a

start signal, and lasted for a duration of 15s, after which an end signal was played.

The Self-Tandem app records the inertial sensor signals during the task and quantifies the body
sway. With a set-up in which the smartphone is placed against the chest, the assessment is quick and
easy from a user’s perspective, as nothing else but the smartphone is required to do the test. The
type of features that can be reliably measured from this set-up is however limited, since neither the
placement of the feet and smartphone, nor the correct orientation of the smartphone, can be
verified. There are, however, some features that do not require a distinction between the anterior-
posterior and medio-lateral axes, and could thus be considered more robust with this set-up. One is
“Sway area”, estimated as the sum of the triangles formed by two consecutive points on the sway
trajectory on the horizontal plane and the mean point on the plane, and “Ellipse area”, which is the
area of the confidence ellipse enclosing 95% of the points on the sway trajectory (35). These

parameters are defined by analogy with the COP displacement as measured with a force plate.

Version 1 and 2
Changes to the Self-Tandem app, between the prototype and version 1, were the same as for Self-

TUG app, namely a shortened manual describing how to perform the self-test. For version 2 of the
Self-Tandem app, we added an instruction video in the app and added a short text reminder to the
countdown-screen saying “Hold the phone against your chest...”, see Figure 7. In addition, we
changed the test condition from one where the participant should keep their eyes closed while

balancing, to one where they could keep their eyes open.
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Would you like to watch the video
instructions?

NG YES

Countdown

Hold the phone against your chest...

Would you like to perform the test without
‘watching the video instructions?

Watch the Video Instructions Start the Test 4 s e c

Figure 7. Flowchart illustrating the navigation options in version 2 of the Self-Tandem app.

Version 3
We made the same changes for the third version of Self-Tandem app as with the Self-TUG app,

including new instruction videos and a set-up instruction menu.

2.4.3 Self-STS

As no prototype of an app-based test of functional strength was available, the Self-STS was
developed as part of this PhD-project and included during the usability testing during the PreventIT
follow-up assessment.

Version 1

The Self-STS app allows the user to self-administer a ‘Five times sit-to-stand’-test. In terms of user
interface and functionality, the Self-STS app was similar to version 2 of the Self-TUG and Self-
Tandem apps, with a simple navigation flow (Figure 7) and a video instruction embedded within the

app (Figure 8).
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Figure 8. Screenshot of the Self-STS instruction video version 1.

The algorithms for detecting the user’s readiness to perform the test was the same as in the Self-
TUG app, as the task in both tests required starting and ending in a still, seated position on a chair.
After starting the test, the user would insert the phone gently into the pocket, sit down and fold
their arms across their chest, and wait for the start signal. After the start signal the user would stand
up and sit down again repeatedly for five times. The end signal was generated when the participant
was sitting still after performing the five repetitions. The outcome was the duration from when the
sensors first detected that the participant rose from the chair until the participant sat down again for
the last time. Since usability was in focus, we did not develop or validate specific algorithms and
feature extraction procedures from individual repetitions of the sit-to-stand.

Version 2

Version 2 of the Self-STS app was tested in the home-based usability testing, corresponding to
version 3 of the Self-TUG and Self-Tandem. Similar adjustments were therefore made to the Self-STS
in the preparation for this usability study, including instruction for test set-up and new video

instruction (Figure 9).

Styrketesten

"

5 ganger

over brystet

Figure 9. Screenshots of the Self-STS version 2 video instructions.

In addition we added a real-time verbal feedback based on the inertial sensor signals from the
smartphone, e.g. “sit down”, “cross your arms in front of your chest”, and also a real-time counting
of the repetitions, based on postural transfers detected by magneto-inertial sensor signals, to help

the participant keep track of how many repetitions they have performed.
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2.5 Usability testing

The usability testing conducted in Paper Il took place both in a lab and in a home setting. Before the
first versions were ready, three volunteers were invited to pilot the prototype of the Self-TUG and
Self-Tandem at a workshop held in Trondheim. The volunteers received the smartphone and
manual, and a chair and a TUG walkway had been prepared beforehand. The results indicated that
there was a need to simplify the instructions, and this work was done before version 1 of the Self-

TUG and Self-Tandem apps were ready to be tested.

The usability testing of version 1 and 2 of Self-TUG and Self Tandem, in addition to version 1 of Self-
STS, was conducted as part of the clinical assessments in the PreventIT-study. The tests were
performed in physiological test labs in Trondheim, Stuttgart and Amsterdam. The set-up of the tests,
i.e. the chair, walkway and written instructions, was prepared beforehand by the assessors.
Assessors verbally informed the participants about the test before starting, what the purpose of a
usability test is, they could stop whenever they wanted and that the supervisor could not provide
any help. Assessors observed while the participant attempted to self-administer the tests and took
notes of what happened. The same procedures were used during the next usability testing, one year

later.

For the usability testing conducted in the participants’ homes, the participants wore a chest-
mounted GoPro-camera, in addition to the GoPro camera recording the entire space where tests
were performed. The participants were, in accordance with the instructions, supposed to prepare
the test set-up themselves, including choosing where in their house they should perform the tests.
The video recordings allowed for detailed analysis of how the participants prepared the test set-up,
how they used the apps and how they performed the tests. Following testing, qualitative data was

collected from questionnaires and interviews.

2.6 Outcome measures and statistical analyses

This chapter describes the most important outcome measures in each of the four papers included in

this thesis. Statistical analyses are described below the outcomes for which it is relevant.

2.6.1 Paper I: Performance-based clinical tests of balance and muscle strength used in young
seniors: a systematic literature review

The systematic review in Paper | included two separate searches in Medline and Embase; the first
was conducted in June 2016 to identify performance-based tests of strength and balance, and the

other in December 2017, with the aim being to identify studies in which the measurement
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properties of the most used tests were evaluated. The abstracts were screened by two assessors,

and eligible full-text articles were later analysed by two reviewers.

Most frequently identified performance-based tests of strength and/or balance in young seniors

To identify the most commonly used performance-based tests of strength and/or balance in young
seniors, we counted how many times each of the 105 identified tests had been used in a study.

Those with >3 citations were included in step two of the systematic review.

Consensus-based Standards for selection of health Measurement Instruments (COSMIN)

The quality of method studies included in step 2 of the review was evaluated by use of the COSMIN
checklist (69). COSMIN describes how to rate the quality of the following nine categories of
measurement properties: internal consistency, reliability, measurement error, content validity,
structural validity, hypotheses testing, cross-cultural validity, criterion validity, and responsiveness,

with several items within each category.

2.6.2 Paper II: The Adapted Lifestyle-Integrated Functional Exercise Program for Preventing
Functional Decline in Young Seniors: Development and Initial Evaluation
In Paper Il we collected outcome measures of feasibility both during and after the intervention, as

well as exploratory pre-post measures.

Feasibility measures obtained during the intervention:

Participants implemented up to four activities during each home visit, completing a total of
maximum 16 activities during the 4-week intervention period. We used a activity planner and a
counting sheet (70), where the participants reported on their performance. Adherence was defined
as the number of activities implemented during the intervention, and “Implemented” was defined as
reporting performing an activity at least once per week. We defined frequency of practice as weekly
practice of each activity from the daily practice documented as activity episodes. For instance,

tandem walking along the hallway would be one episode.

We defined adverse events in this study as self-reported pain, falls and injuries during the

intervention period. Participants were asked to report all adverse events to the trainers.

The acceptability of the activities was defined as reported perceived helpfulness for improving
strength, balance, and PA; adaptability to personal routine, and safety of practice documented by 7-
point Likert-scale items developed for the study, administered by the trainers during each of the four

home visits.
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The observed task challenge of specific aLiFE activities was documented on a form used to record
starting levels for each activity. The trainer would assess the participant’s ability in each activity in
order to set a proper starting level, ranging from 1-4, from which the participant could progress (see
(64), online suppl. Table 2). Being unable to perform an activity at the lowest level indicated a floor

effect, conversely performance at the highest level indicated ceiling effect.

Feasibility measures obtained after the intervention:

The acceptability of aLiFE was defined as overall reported acceptability, perceived helpfulness,
adaptability, level of difficulty, and safety documented using 7-point Likert-scale (see (64), online
suppl. Table 4). Participants were also asked the open-ended question “Please explain why you
scored in this way and suggest any changes to the program” and answers were documented. Focus
groups were conducted to collect further information about the aLiFE intervention with results
reported elsewhere (71). We documented activity preferences with the question: “Please name

your 3 favourite aLiFE activities.”

Exploratory pre-post measures:

Physical function was measured with the CBMS. Physical activity (PA) levels was measured
continuously in the week prior (week 0) and during (week 3) the intervention, using a sensor worn
on the lower back (DynaPort MoveMonitor, McRoberts, Netherlands). Percentage of sedentary time
(i.e., energy expenditure <1.5 MET) and walking time were extracted from raw data using validated
algorithms (72). The pre-post changes in CBMS and PA-levels were explored with the Wilcoxon
signed-rank test. Mean difference, confidence intervals, and Cohen’s d effect sizes were calculated.
Effects were interpreted as small (d = 0.2), medium (d = 0.5), and large (d = 0.8), p value <0.05 was
accepted. The analysis was performed using SPSS 22.0 (IBM, Armonk, NY, USA).

2.6.3 Paper Ill: App-based Self-administrable Clinical Tests of Physical Function: Development
and Usability Study

In paper Il we collected outcome measures of usability during testing of the apps.

We defined usability errors as deviations from the test instructions and counted the number of

errors from the clinical record forms in the first and second iterations and from video recordings in
the third iteration. Usability problem categories were defined based on a subjective interpretation
of what caused the errors. We defined the proportion of correctly performed tests as the first trial

without any errors made by the participants.

User experience was collected as the participants’ experience with using the app-based self-tests in

the third iteration using a questionnaire consisting of 6 items relevant to the apps. Each item was
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scored on a 5-point Likert scale. Frequencies of responses within each category across all items were

calculated.

The System Usability Scale (SUS) (73) is a 5-point Likert-scale consisting of 10 items, providing a
global view of subjective assessments of usability. The scale has been found valid for comparing the
usability of two similar systems, or two different versions of the same system (74). Scores were
added for each participant and multiplied by 2.5 to get a usability score ranging from 0 to 100 (with a

higher score indicating better usability).

A semi-structured interview was conducted following the usability testing of the third iteration. The
interview transcripts were analysed using thematic analysis (75) to identify relevant themes. Quotes
were extracted for each subtheme and translated from Norwegian to English for analysis. The
questions presented to the participants were “What did you think about using these apps to test

your physical function?” and “Do you have any ideas for how the apps can be improved?”

2.6.4 Paper IV: Predicting advanced balance ability and mobility with an instrumented Timed
Up and Go-test

In Paper IV, inertial sensor signal data recorded during the iTUG trials were obtained from the
smartphone and processed in Matlab (Mathworks, MA, US). The algorithms used to separate the
different segments of the TUG (sit-to-stand, walking, turning), and calculate signal features from
these segments, have been described elsewhere (46, 53). Signal features were computed from the
five separate iTUG trials from all participants and used as predictor variables (X) in model 1 of a
Partial Least Squares regression (PLSR) analysis. The CBMS score of each participant was used as the
response variable (Y). In model 2, the Standard clinical tests were used as predictor variables. The
PLSR models were validated in a 7-step cross-validation procedure. The iTUG features (model 1) or
Standard clinical tests (model 2) that were significantly (p < 0.05) correlated with Xtrain and Ytrain
were selected for the PLSR model. Data were then cross-validated to identify the robust latent
variables (corresponding to components in Principle Component Analysis) without overfitting the
model, using a Monte Carlo simulation procedure with 100 repeated random repartitioning of Xtrain

and Ytrain.

The R squared (R?) was obtained from the PLSR analysis as a measure of how much of the variation
in the CBMS score could be explained by the two models we wanted to compare (iTUG features

versus Standard clinical tests), and thus how well the models could predict the CBMS score.

The Root Mean Square Error of Prediction (RMSEP) was calculated to find how much error was

associated with the level of prediction found for the two models compared with PLSR. Z-scores were
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obtained to test the difference in RMSEP between the model with iTUG features and Standard

clinical tests.
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3. Summary of results

A short description of results from Paper I-1V is presented in the following. The interpretation of the

results will be discussed in detail in the discussion chapter of this thesis.

3.1 Paper I: Performance-based clinical tests of balance and muscle strength used in

young seniors: a systematic literature review

This paper presents tests of balance and strength commonly used in young seniors aged 60-70 years
and the measurement properties of the tests most frequently used. Abstracts from 3454 papers
were evaluated, and 295 papers were included for the full text review. Results showed 120 unique
tests or versions of tests, of which 69 were tests of balance and 51 were tests of muscle strength.
We identified the following domains of balance tests: static steady-state balance tests (28 tests),
dynamic steady-state balance tests (14 tests), proactive balance (8 tests), reactive balance (7 tests),
and performance test batteries (9 batteries). For strength measurements, we identified the
following domains: one-repetition-maximum tests (6), maximum isometric strength tests (9), and

muscle power tests (36).

Out of the 120 strength and balance tests we identified, a total of 26 balance tests and 15 strength
tests were cited in >3 papers and were thus included in the evaluation of measurement properties.
Abstracts from 1880 papers were evaluated, and 9 papers were included for the full text review in

step two of the systematic review. Results identified the measurement properties of the ‘10s

Tandem stance’, ‘TUG’, ‘SPPB’, ‘CBMS’ and the ‘Five times sit-to-stand’.

An important finding was that very few of all tests available for measuring balance and/or strength
have been assessed for their measurement properties in healthy young seniors. The quality of most
of the method studies rated in this review ranged only from “poor” to “fair”. Based on the findings in
this review, the CBMS seems to be the only suitable scale for adequately assessing balance in
healthy young and higher-functioning seniors, as it showed no ceiling effects and was found valid

and reliable.

3.2 Paper Il: The Adapted Lifestyle-Integrated Functional Exercise Program for

Preventing Functional Decline in Young Seniors: Development and Initial Evaluation
Paper Il presents a study in which the feasibility of the aLiFE programme was evaluated, when
delivered to 30 young seniors in Trondheim, Stuttgart and Amsterdam. The measures of adherence
and frequency showed that participants implemented on average 12 out of 16 activities during the
4-week intervention. Most frequently implemented were the ‘sit-to-stand’ for the strength module,

‘one-leg stand’ and ‘stepping over objects’ for the neuromotor module, and ‘break up sitting’ for the

37



PA module; while ‘toe standing’, ‘stepping and changing direction’, and ‘walk faster’ were least

frequently implemented.

In measures of acceptability, the participants perceived activities from all three domains as helpful
for achieving their intended outcomes. Most activities were reported as easy to implement, and all
activities were perceived safe to perform. The participants seemed to like the program, and all

except one reported that they would recommend the programme to a friend. We found that there

was less consensus on how easy it was to adapt the activities to one’s progression.

For the exploratory measures of pre-post changes, we found that the CBMS increased with a
medium effect size (d = 0.72, p = 0.001). Time spent walking also increased (d = 0.36) and time spent

sitting decreased (d = -0.10), albeit not significantly.

3.3 Paper lll: App-based Self-administrable Clinical Tests of Physical Function:

Development and Usability Study

Paper Ill describes the development and usability evaluation of the Self-TUG, Self-Tandem and Self-
STS, through three iterations. In the first iteration, 42 (22%) of the participants performed the Self-
TUG correctly, and 127 (67.2%) performed the Self-Tandem correctly. One or more errors were
made in 120 of the 378 (32%) trials, in which forgetting or misunderstanding the written instructions

were the most common causes of errors.

In the second iteration, 108 (83.1%) performed the Self-TUG correctly, 106 (79.1%) and 40 (30.1%)
the Self-Tandem and Self-STS, respectively. Errors caused by the usability problems in the category
labelled ‘incorrect performance of test’ were made in 66 of 402 trials (16%). Percentage of errors
caused by ‘performs test without starting app’ and ‘did not sit still and wait for start signal after test
was started’ increased from the first usability test, while the frequency of ‘incorrect placement of

phone’, ‘did not hear/perceive instructions’, and ‘accidentally cancelled the test’ decreased.

In the third iteration, 14 (70%), 18 (90%) and 5 (25%) performed correctly the Self-TUG, Self-Tandem
and Self-STS, respectively. Errors caused by the usability problem ‘incorrect performance of test’
were made in 19 of 60 (32%) test trials. We completely reduced the usability problems ‘did not sit
still and wait for start signal after test was started” and ‘incorrect placement of phone’, while the
frequencies of ‘performs test without starting app’, ‘did not hear/perceive instructions’, and

‘accidentally cancels the test’ remained as in the previous iteration.

Perceived user experience of the apps was rated “positive” or “very positive”, and the mean score

on the system usability scale was 77.63 (SD 16.1 points, range 42.5-97.4 points).
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3.4 Paper IV: Predicting advanced balance ability and mobility with an instrumented

Timed Up and Go-test
The PLSR analysis in paper 4 was based on data from a total of 60 community-dwelling seniors and

geriatric outpatients. Results showed that a model with 3 components containing 23 iTUG features

and two descriptive variables (age and education), explained the variation in CBMS scores with an R?

of 0.852 (95% Cl 0.849-0.855), and a RMSEP of 11.81 points. All except one iTUG feature had a VIP

>0.83 and <1.21. Fourteen of the other 22 iTUG features had a VIP >1. Six out of the 10 features with

highest R%s were features computed from the turning segments of iTUG.

For the standard clinical tests, the PLSR analysis resulted in an explained variation in CBMS of R? =
0.825 (95% ClI 0.82-0.83). A two-component model showed a RMSEP of 12.85 points, which was
significantly higher compared to RMSEP of the iTUG-model (p=<0.0001). This model kept the
following tests: TUG, gait speed (fast and habitual), SPPB, 30-CST, Short-FES-I, and the 8-LBS, in
addition to the descriptive variables “age” and “education”. Weight, BMI, height, and the MoCA

score were excluded in the PLSR procedure.

Results together showed that the iTUG features were slightly more accurate than standard clinical
tests in predicting CBMS scores, suggesting that an iTUG, which is fast and easy to administer, can

potentially be used to predict a person’s score on the CBMS in research and clinical care.
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4. Discussion

4.1 Main results

In summary, the systematic review identified 120 performance-based tests of physical function used
in younger seniors, of which 69 measured balance and 51 muscle strength. The TUG, SPPB and BBS
were the most cited tests in the included papers. We identified only 9 method studies evaluating the
measurement properties of 5 different tests, of which the CBMS seems most promising for use in

young seniors, being valid, reliable and not prone to ceiling effects.

The aLiFE programme was found to be well accepted by the participants overall; they perceived
activities from all three domains as helpful for achieving their intended outcomes and all but one
reported they would have recommended the programme to a friend, some participants found it
challenging to adapt the activities to one’s progression. Moderate effect sizes were found for
changes in physical function and levels of physical activity, measured before and after the 4-weeks

study period.

The usability study found that measures of usability overall were high, and people reported having
high levels of user experience. The usability problems identified were reduced throughout the
iterations, and consequentially a higher proportion of participants performed the tests correctly.
Conducting usability in a home setting introduced some new usability problems should be addressed

in future research before the apps can be made available to end-users.

In the method study evaluating the predictive ability of the iTUG, we found that inertial sensor-
signals from a smartphone worn during a 5-times repeated iTUG predicted the CBMS score in
geriatric outpatients and community-dwellers with an accuracy of 85.2%. The accuracy was similar
to that found with standard clinical tests, suggesting an important implication for saving time and

resources when assessing physical function in seniors.

A general discussion of the main findings will be given below, followed by a discussion of the
methodological issues with respect to the work conducted in this thesis, what implications the

results could have, and future recommendations.

4.2 Discussion of results

The interpretation of the most important results of the individual papers included in the thesis will

be discussed in the following sections.
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4.2.1 Performance-based tests of strength and balance in young seniors

With increased focus on prevention of functional decline there is a need for functional tests that are
suited to the target group of young seniors. Before conducting the systematic review, it was not
clear whether such tests existed. Overall, there seems to be very little consensus on how to best
assess physical function in young seniors, indicated both by the high number of tests identified in
general (120 tests), and the high number of variations for many of the tests. As an example, we
identified 13 different versions of the one-legged standing balance test (54, 76-86), and 6 different
versions of the sit-to-stand test (87-92). The most important finding however was that among all the
tests which were identified, only 9 studies had evaluated the measurement properties of them in
young seniors (93-101). The findings suggest that the tests probably weren’t intended for the target
group to begin with. The tests assessed in method studies included in our review, we also know
were originally designed for other groups or specific conditions, e.g. the SPPB for assessing lower-
extremity functioning of older adults (90), the TUG for assessing older adults at risk of falling (17),
the CBMS for assessing higher-level balance in children with traumatic brain injury (102), and the

sharpened Romberg (10s Tandem standing) for assessing ataxia (103).

Healthy people aged 60-70 years are a relatively new group to study physical performance in, and
the findings confirm that, accordingly, there is a lack of tests designed specifically for them.
However, that does not imply that already existing tests are inappropriate. As the review showed,
the CBMS is a test designed for a completely different purpose, but still seems like a promising test
battery to use in this group, due to its more challenging tasks. The TUG was the most used test in
younger seniors, and 3 of the 9 method studies included in the review had evaluated measurement
properties of the TUG. The results of these method studies did not, however, suggest that the
original TUG is a suitable test of physical function in young seniors. The iTUG has been suggested in
previously in the literature (19, 38, 39, 53, 104) as a more sensitive test than the TUG, but no
method studies evaluating the iTUG were included in the review, probably due to not meeting our

inclusion criteria.

4.2.2 Feasibility of the aLiFE exercise intervention

Although effective in the short-term, traditional exercise programmes have failed to demonstrate
long-term adherence, and they are also not found sufficiently appealing by some seniors (28, 71).
Regular physical activity, strength and balance exercises are important for preventing functional
decline; therefore, we adapted the LiFE-programme so that it would be more relevant and useful for
a younger target group by adding new activities, added more challenging levels to new and existing
activities, and a physical activity module to increase walking and reduce sedentariness. We found

that the participants liked the concept of integrating activities in their daily tasks and activities, and
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they liked most of the activities that they could choose from. In line with the original LiFE
programme (29), the participants were offered up to 4 activities per visit but decided themselves
how many to implement. Our aLiFE programme consisted of 16 activities in total, and the
participants integrated on average 12.1 + 1.8 activities during the intervention. Participants reported
that the short duration of the programme made it challenging to integrate more activities. Trying out
many activities throughout the 4-weeks period was encouraged, so that we would get feedback on
as many activities as possible. With a longer intervention period, the participants could perhaps have
had more time to get familiar with the activities and get a better opportunity to find tasks and
routines that the activities would integrate more seamlessly with. However, weekly frequency of
practice in the aLiFE study were comparable to previous research in an older cohort (105),

suggesting that this type of exercise programme can be applied in young seniors.

Whilst it was not the aim of the study, moderate effect sizes were found for changes in CBMS
(d=0.72), which is in line with findings of change in balance performance in interventions with similar
length (106). For pre- and post-measurements of daily walking duration, a nonsignificant, moderate
change was found (d=0.36). Why it was nonsignificant could possibly be ascribed to several causes.
One reason could be that the physical activity (PA)- module which we developed for aLiFE was
inadequate for inducing a noticeable increase in PA. As an example, the activities in the ‘Reduce
sedentariness’-principle, like ‘Sit less’, might be more challenging to stay conscious of throughout
the day and thus more difficult to integrate because they are more unspecific as compared to the
some of the balance and strength activities, like standing on one foot or doing calf raises which can
be linked to specific situations, such as brushing teeth and preparing food by the kitchen bench.
Furthermore, the sample was quite active to begin with, as shown by a 9% proportion of time spent
walking at baseline (64, 107), and increasing PA beyond this might require either adding more

activities for increasing PA or modifying the existing activities.

Finally, the study was not designed to establish the effecteffectiveness of aLiFE. As such the duration
of the programme could have been too short for the participants to properly integrate the activities
in their lives. Studies have indicated that up to 6 months may be required to induce behavioural
change (108, 109). In addition, the sample size might be too small. To establish the effectiveness of
aLiFE on physical function and PA, a larger and longer-lasting study designed to establish

effectiveness is needed.

4.2.3 Development and usability-testing of self-test apps
Paper Ill described the development and usability testing of the self-test apps. We identified several

usability problems with the apps that caused participants to perform the tests incorrectly. The
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solutions we implemented to improve the apps seemed to work for most of the usability problems,
as they decreased from the first to the second usability testing, of version 1 and version 2. New
changes were made to further improve and prepare the apps to be feasible for use in a home
setting. This meant that instructions needed to be clearer, not only for how to perform the test, but
also how to prepare it, as the set-up had been prepared by the assessors beforehand in the lab-
based test sessions. The real-time counting of repetitions that we implemented in the Self-STS
turned out to confuse more than help participants to perform the tests correctly, and if the incorrect
trials caused by time counting are ignored, the results indicate high completion rates. An important
point to add in this context is that in the usability testing, we only considered the first trial when
calculating the completion rates. What the results show are thus the usability of the tests when

performed for the first time.

The response on the UEQ and on the relevant questions in the interview also points to an overall
satisfactory experience with the apps among the participants. In addition, the mean score on the
SUS scale was 77.63 (16.1), which is above average and correspond to an adjective rating between
“good” and “excellent” (110). Interestingly, the score is almost identical to those reported in another
usability study of self-tests of balance and fall risk, assessed with a smartphone (SUS score 79.17)
and tablet (77.92) in older adults (60). SUS and UEQ data were however not collected during
iteration 1 and 2, preventing us from analysing the change in these outcomes throughout the entire
development, and from studying the relationship between SUS and UEQ and completion rates.
Previous research have demonstrated that while the number of usability problems encountered by
participants are reflected by the SUS scores, the completion rates might not (110). The cause of this
observation is unclear, but it nonetheless points to the importance of assessing both subjectively
experiences usability and user experience (SUS and UEQ), as well as objectively measured

completion rates.

4.2.4 The iTUG as a test of advanced balance ability test

The systematic review described in Paper | identified the CBMS as a valid and reliable test of
advanced balance ability in healthy young seniors (16, 20, 101), and it can thus be considered a
current gold standard. The applicability of the CBMS is, however, limited for several reasons,
including the large space it requires, being time consuming, the equipment needed, and training
required for assessors. For these reasons, we wanted to investigate how well the smartphone-based
iTUG could predict the CBMS score. We found that with a machine-learning analysis of iTUG features
and descriptive variables, the CBMS could be predicted with a high accuracy. The performance of the
iTUG prediction model (R? 0.852) was comparable to a model of standard clinical tests (R? 0.825),

although slightly higher with the iTUG, and significantly less error of prediction. What is most
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interesting with the results is the high prediction level achieved with iTUG despite it being such a
simple test. In contrast, the standard clinical tests were expected to achieve a high prediction level,
because of the inclusion of several tests, such as the SPPB, Eight level balance scale, 7-meter fast
walking, and because these tests consist of elements that resemble the tasks in the CBMS. The iTUG
however, is from a broad perspective a simpler motor and balance task where you get up, walk, turn
around, walk back and sit down again, in a comfortable pace. Still, the features made available from
the sensors and the algorithms processing their signals, let you accurately quantify the subtle
differences people express when performing these sub-tasks. In another study with a similar aim and
set-up as in our study, but using the MiniBESTest (111) as response variable and not the CBMS, it
was found that the iTUG explained only 41% of the variation in the Mini-BESTest scores (40). The
Mini-BESTest is a test battery consisting of 14 tasks, and the aim is to target and identify 6 different
balance control systems (111). Many of the balance control systems measured with the Mini-
BESTest are similar to those in CBMS, such as static and reactive postural control, dynamic gait, and
dual tasking. This study included twice as many participants as in our study, and they were older and
diagnosed with a neurological condition, making the studies not entirely comparable. Nonetheless, it
is somewhat surprising that such a large difference was observed in the explained variation of the
outcome measure by the iTUG between these two studies. The observed difference warrants further

investigation to verify our findings.

In summary, it was interesting to find that the iTUG could predict a challenging and advanced test
battery such as the CBMS, especially given the possible implications associated with it. A valid and
reliable PLSR model of iTUG integrated into a smartphone app could serve as a simple yet valuable
part of a clinicians’ toolkit, or within a Self-TUG app where people can perform the iTUG in their own

house, with or without remote evaluation from a clinician.

4.3 Methodological considerations

Methodological considerations of the work conducted in this thesis will be discussed in the following
sections, including the evaluation of measurement properties in the systematic review, a discussion
of the presence of bias in the participant sampling for this thesis, the validity of the smartphone-

based self-tests, and, finally, the methods used to develop and test the apps.

4.3.1 Systematic review for identifying appropriate functional assessments

The most commonly used performance-based tests of physical function in older adults have been
found inappropriate for use in young seniors (18, 20, 21). With the systematic review we wanted to
investigate whether there were any performance-based tests cited in the literature, whose

measurement properties had been reported in young seniors. Using a systematic review to achieve
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this goal was probably adequate. In contrast to other study designs and other literature studies, the
systematic review can provide a complete, exhaustive summary of current evidence, that is

“methodical, comprehensive, transparent and replicable” (112).

The study quality was also strengthened by using the COSMIN checklist (69) to evaluate the quality
of the studies reporting the measurement properties, as the quality rating enables the reader to
know which results should be interpreted with caution. The COSMIN checklist does not, however,
account for the results reported in the method studies, which can contribute to some confusion in
the interpretation of the results of the systematic review. As an example, the original SPPB is a test
battery known to have ceiling effects when administered in higher-functioning seniors, even in those
up to the ages of 70-80 years (20, 21, 113). In our review, we identified one method study that had
evaluated the measurement properties of the SPPB in young seniors, and according to the COSMIN
checklist, the study was rated “Excellent” for its evaluation of construct and concurrent validity (95).
The rating is based on the way in which the study was designed and carried out, and not the results,
because there was a risk of ceiling effects even among the participants in that study. The same
applies to the TUG, which was evaluated in 3 out of 9 method studies (93, 97, 98). This is briefly
discussed in the systematic review. As an alternative, we could have compiled all test results from
the target group reported in the studies identified in step 1 of the review. Compiling all test results
would have provided a large pool of data on which we could have performed a meta-analysis to
assess risk of ceiling/floor effects ourselves, although, calculating ceiling/floor effects would require
the scores of each subject to calculate how many of the total sample achieved minimum or
maximum scores, and papers rarely report the individual scores of participants, but rather describe
the central tendency and dispersion of the group(s). Our systematic review did however draw on
previous research to point out that although the method studies evaluating tests such as TUG and
SPPB received high rating on the COSMIN scale, they were not necessarily appropriate in our target

group (16).

Despite the limitations discussed here, the systematic review provided an exhaustive summary of
the current literature indicating which performance-based tests that have been used in young
seniors, and review highlighted that few have been evaluated for their measurement properties in

this target group.

4.3.2 Participants and sampling bias
In this thesis, the main target population was young older seniors at time of retirement. The
participants recruited for the studies were however recruited for each particular study, with

different goals, and hence the recruitment strategies differed. For study results to be generalisable,
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study participants need to represent the general population for which you aim to generalise the
results. If not, there’s a risk sampling bias, which can affect the validity and reliability of the study
findings (114). The samples included in our studies likely differ in how representative they are of the

target populations for the respective studies.

In the PreventIT-study, in which the first two usability tests of the apps were performed, the
participants were community-dwelling seniors from Trondheim, Stuttgart, and Amsterdam, who had
been randomly picked from registries to receive an invitation letter, which by itself is a good strategy
to ensure a representative sample. However, privacy regulations required that we could not contact
the participants until they have contacted us, thus there is chance of a non-response bias having
occurred. A non-response bias is related to the sampling bias, and is observed when participants in
voluntary samples are different with respect to gender, age, education levels and health status,

compared to mandatory samples (115).

The aim of the usability tests conducted with this sample was to identify any usability issues
associated with the first and second version of the apps. Whether sampling bias affected the validity
of this study or not is uncertain. Sampling bias in this case would imply that the usability issues
identified when testing this sample are systematically different from those we would have found in
the target end-user group, for example that our sample consisted of participants that in general
were more experienced and proficient users of smartphone apps as compared to the target group at
large. A strong argument in this context is however that the aim was to identify usability issues, for
which studies have reported that a sample size of 3-20 participants typically is valid (116). As we
included 189 and 134 participants for the testing in iteration 1 and 2, respectively, it is therefore
unlikely that we would have identified different usability issues with other participants from the

target group.

In the home-based usability-study we used convenience sampling to recruit 20 participants from
Trondheim. A convenience sample is a non-probability sampling method, where participants are
invited because they fit some criteria, such as being available, in geographical proximity, and are
willing to participate (117). The participants’ age in the home-based usability study was more spread
compared to the usability tests in PreventIT, as we included 20 persons aged between 60 and 80
years. By including participants at a higher age, we get participants where reduced visual acuity,
hearing sensitivity and short-term memory may be more prevalent (118). These are factors which
may impact how a person interacts with the smartphone, and in a usability testing context, it
strengthens the study as we gain insight of usability problems which we otherwise may not have

acquired. As this was a convenience sample, there is always a risk that these participants are
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different from those people who would not have volunteered to participate, which would limit the
generalisability of the results. However, it is likely that the two samples in which the apps were
tested, together represent a wider variety with regards to the user target group for which the apps
are intended. Future user-testing cycles should, however, increase the chance that any remaining (or

new) usability problems are identified.

A convenience sample was included also in the aLiFE study consisting of 30 participants from
Trondheim, Stuttgart and Amsterdam. The scores on the functional tests and the activity monitoring
recorded at baseline indicated that it was a relatively fit group of seniors that had volunteered (64,
107). One participant had dropped out after baseline assessment due to the programme focusing
too much on lower-body activities, and some participants in the Norwegian cohort reported that
when volunteering to the study, they had expected the programme to contain some high-intensity
aerobic exercises, confirming that some were possibly more fit and motivated to exercise than the
average representative from the target population. As such, sampling bias may have played a role in
this study, which could have some consequences for how the programme was designed in the end.
People with lower levels of physical function and less motivation to engage in an exercise
programme, might have different preferences for which type of activities they like and when they
would like to perform them. It should also be acknowledged that we included participants from
three different countries, and thus cultural differences could also have influenced the results to
some extent. As an example, performing balance exercises out in the public could be more or less
uncomfortable in one country as opposed to another. An idea could be to have different versions of
the programme tailored to specific countries or populations, e.g. taking into consideration that more
than half the year can be snowy in Norway, but not in southern Germany. Cultural adaptations of
the programme could make it easier to change behaviour and form habits, which is an important for

long-term adherence.

For the iTUG-study, participants represented the whole spectrum of physical functioning, as
indicated by their scores on the CBMS being spread along the entire scale, which ranges from 0-96,
with a higher score indicating higher functional ability. A clustering of scores was, however, observed
in the lower and upper ends of the scale by the geriatric patients and community-dwelling healthy
seniors, respectively. Having a heterogenous sample with respect to the response variable is an
advantage when training machine learning algorithms, as the model can get more information for
making accurate, robust and valid predictor models. Another important requirement is to have a
large enough dataset. The sample size in our study, with 60 participants, was relatively small. It is
generally recognized that machine learning-based prediction models trained on small sample-sizes

are vulnerable to biased performance estimates (119). This study was however intended to provide
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a ground truth model, and to achieve more certainty of its external validity, the PLSR model should
first be trained on a larger dataset, and then validated in a separate sample representing the target

population.

4.3.3 Validity of app-based self-administrable clinical tests
We aimed to develop self-test apps to detect and monitor functional decline in young seniors, and a

timely question is thus whether they can do that, i.e., are the tests valid and reliable?

Several studies over the past decade have suggested that instrumented versions of the TUG may be
more useful for identifying people at risk of falling as compared to the original TUG (19, 120), due to
the possibility of deriving more accurate and detailed outcomes (features) derived from body-worn
sensors. What has not been known is, however, how well the instrumented versions of TUG, which
the Self-TUG is based on, can detect functional decline in young seniors. In our iTUG validation study,
we showed that the iTUG could predict scores on the CBMS with an 85% accuracy. This is an
interesting finding, because the CBMS is considered a promising performance-based test battery due
to its motor task complexity; it is a challenging test, not prone to ceiling or floor effects, and has
been found valid and reliable in healthy young seniors (20, 96, 101, 121). An accurate prediction of a
CBMS score with the iTUG is, however, only useful if the score of the CBMS is useful, and currently,
the CBMS has not been investigated extensively in young seniors. Thus, there is little reference data
or established cut-off scores for predicting or discriminating persons at risk of e.g. functional decline
or falling. One study has identified cut-offs for discriminating people at risk of falls, but the findings

remain to be verified in larger studies with young seniors (20).

The Self-Tandem is a test of static balance, or postural control, which is widely used as part of
balance assessments both in research and in the clinic (16). Postural control is measured using a
range of different set-ups; with eyes open or closed, variations in how feet are positioned, where
hands are placed, shoes on/off, soft/firm surface, and duration (16). The app is based on the
Sharpened Romberg test (122), which adds a sensory integration taxing condition by timing the
person while standing with one foot directly in front of the other foot, heel touching toe, without

shoes.

Instrumented measurements of static posturography have been found reliable and valid for
quantifying postural control (34, 43), and is sensitive to differences in performance between healthy
controls people with mild neurological conditions (44), healthy young and senior people (34), and
fallers and non-fallers (45). Sensor-based measurement of static posturography thus seem
reasonable to include in an app-based battery of functional self-tests for young seniors. However,

most studies that have validated sensor-based posturography have done so in controlled lab-
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settings, where IMUs are fixated on standardised locations, e.g. at the L3 (34) or L5 (43, 44) on the
lower back. This setting is very different from the set-up intended for the Self-Tandem, where the
user performs the test unsupervised in a home environment, by holding the smartphone against
their chest during the test. One study showed that some, but not all, sensor signals obtained from a
smartphone held against the chest, such as in the Self-Tandem, were comparable with those
obtained from a force plate, and that the features measured with the smartphone could
discriminate between seniors at high and low risk of falling (54). However, in this study the
participants were observed by researchers, verifying that they performed the tests correctly and
held the smartphone such that it was oriented properly aligned with AP, ML and V axes. This is not
possible with the current version of Self-Tandem. This issue could perhaps be mitigated by
restricting the outcome measures to be based on features which do not require distinguishing
between directions, but possibly at the expense of the validity due to less information to base the
outcome measure on. Alternatively, all sensor signals are used to achieve the most valid outcomes
from an instrumented Tandem, and we design the instructions to stress the correct orientation of

the smartphone and provide a more valid but less robust outcome measure.

In another app-based self-test of balance control and fall risk, named Steady (60), the developers
implemented a function in the app where the user after an attempt, has to tick of one of three
options, indicating whether they performed the test correctly, incorrectly, or didn’t attempt to. In
contrast to Self-Tandem, Steady does not utilise the sensor signals for generating an outcome
measure, but rather uses the self-reported ability to complete the balance tasks included in the app,
as well as health history data. A similar solution could potentially be used in the Self-Tandem, where
the user self-reported whether they performed the Self-Tandem exactly as described in the
instructions, or not. If the user reports doing so, the app could provide an outcome measures that
makes specific assumptions of device orientation. Nevertheless, a method study is required to gain

knowledge on the validity and reliability of an unsupervised, instrumented test of postural control.

Sit-to-stand tests have been widely used to assess physical function in seniors (16, 88-92, 123). The
time people use to perform five repetitions of sit-to-stand correlates with gait speed, and is a
predictor of further disability (123). As with the Tandem, sit-to-stand tests are administered in many
different variations (87-92), such as duration, repetitions and hands and feet placement, making
comparisons of results difficult (16). The Self-STS developed as part of this thesis is an app-based
version of the Five times sit-to-stand, originally used as one out of three items in the SPPB (90). We
included this test as a stand-alone test as it is a commonly used variation of the sit-to-stand (16). In
the literature, the instrumented sit-to-stand have been shown valid for a number of outcomes (46-

51). However, in these studies the sensors were attached to the lower back, unlike our set-up for the
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Self-STS, where the smartphone is supposed to be inserted into the front pocket of the trouser. This
set-up has not yet been validated, but as discussed in Paper Ill, we believe this offers the best trade-
off between motion detection ability on one side and ease of use on the other side. Another aspect
to consider is that the abovementioned studies (46-51), as well as the studies included in the
systematic review (16), instrumented self-tests were not validated in the target population of young

seniors.

In summary, we selected self-tests based on well-known and commonly used clinical tests, which
have been validated by various methods and across different populations. However, as shown in our
review, few studies have been conducted to assess the measurement properties of the original
version of the tests in young seniors, and no instrumented tests were identified. Instrumented
versions of the tests that our self-tests are based on, have been validated in the literature, albeit not
when administered as intended and described in this thesis, i.e. unsupervised with the smartphone
worn in the trouser pocket. As part of further investigations, a wider method study would thus be
required that is designed to evaluate not only the usability, but also the validity and reliability of the

Self-TUG, Self-Tandem and Self-STS in young seniors.

4.3.4 App development and user testing

The development and usability testing conducted as part of this thesis were partly guided by
principles from HCD, including: (1) The design is based upon an explicit understanding of users, tasks,
and environments; (2) Users are involved throughout design and development; (3) The design is
driven and refined by user-centered evaluation; (4) The process is iterative; (5) The design addresses
the whole user experience; (6) The design team includes multidisciplinary skills and perspectives
(58). Our approach meets most of these requirements, however we did not include end-users in the

initial planning of how the apps would be designed.

Although the apps were tested in potential end-users during the first and second iteration, it was not
until the home-based usability testing that we collected their experiences through questionnaires
and interviews. An argument could be made that they should have been included from the
beginning, to ensure that their perspectives and preferences were considered in every step of the
design and development. This is a goal of design processes such as co-creation (124), where the end-
user is viewed more as “partner” as compared to a “subject”, and end-users are thus more engaged
together with the designer in an act of collective creativity during the design process. Co-creation
has been applied in development of another smartphone-based self-test of balance by a research
group from Umea, Sweden, and in a paper describing this process, they conclude that co-creation

was a feasible and valuable method for developing self-test apps for seniors (61). However, by
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testing the apps in such a large sample as we did in iteration 1 and 2, we would have identified most
usability issues that possibly could lead to an incorrect trial, and thus directly affect the validity of
the test. By addressing them and re-iterating, any usability problems that caused people to make
errors would eventually have been eliminated, and in our approach, we therefore prioritised
identifying and eliminating as many usability problems as possible before involving end-users in the

design process.

For the third iteration of usability testing that was conducted in the participants’ own homes, end-
users were more involved as we collected their opinions of the apps with questionnaires and an
interview. Furthermore, testing in this setting provided valuable insight and introduced several

issues that were not observed in the lab, increasing the ecological validity of the results.

4.4 Future work

The work in this thesis have sought to develop and evaluate methods for identifying and targeting
functional decline in young seniors. The thesis has not itself resulted in implementation-ready
methods, but it has driven the research further and achieved information necessary for formulating

relevant questions to answer in future work.

The feasibility of the aLiFE programme has already been evaluated in the PreventIT-study, but
results have not been published yet. The study was not designed to prove its effectiveness as
compared to the other arms in the intervention; control and ICT-delivered aLiFE, but the study
results should be a good indication of its feasibility to be delivered in the target group, including
participants’ adherence to the programme, which is an important condition for it to be considered

as a means to prevent functional decline.

For the self-tests, a first step would be to validate the algorithms for identifying the sub-phases in
Self-TUG and Self-STS with the smartphone placed in the pocket. Secondly, the features derived
from all the self-tests should be further evaluated for their ability to detect or predict functional
decline in young seniors. The latter was attempted in Paper IV, with promising results, but the
findings need to be validated in a separate sample of participants for external validity. Should the
results from such an investigation be positive, then further work should also be conducted to

evaluate the predictive/diagnostic ability of the CBMS in young seniors.
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5. Conclusions

Tests of physical function are being increasingly implemented in smartphones by utilising the built-in
sensors to increase the accuracy and sensitivity of the outcome measures. Such solutions could be
especially relevant for healthy young seniors, who are using smartphones at an increasing rate, and
for whom traditional clinical tests are not sufficiently sensitive for detecting early signs of functional
decline. The field of research focusing on healthy younger seniors is new, but given the rate at which
this population is growing, together with the evidence for physical activity and exercise, it is
important to both develop tests that can accurately identify functional decline, as well as
interventions that can effectively prevent or delay further functional decline in healthy young

seniors.

Results from this thesis provide knowledge of the tests used in healthy young seniors over the years.
It was found that many tests of balance and strength have been applied in this population, but for
many of these tests, the procedures for administration vary between studies, and there is a lack of
studies evaluating their measurement properties in young seniors. The original TUG is the most used
test also in healthy young seniors, but studies of its measurement properties in young seniors do not
indicate that it is an appropriate test for this group. The CBMS seems like a promising clinical tool for
assessing physical function in young seniors due to its challenging tasks and ability to measure

advanced balance and mobility.

We found that healthy young seniors were positive towards engaging in a life-style integrated
exercise programme, where activities for increasing balance, muscle strength, general physical
activity and reducing sedentariness, were integrated in daily tasks and routines. However, an RCT
with longer follow-up which is designed to establish its effectiveness compared to other intervention
approaches is required. Based on the findings of this thesis, the CBMS should be included to

measure change in physical function before and after the intervention.

The smartphone apps presented in this thesis, were shown to have potential for being offered as a
solution for self-testing and -monitoring of physical function in healthy young seniors in an un-
supervised home-setting. Some improvements remain to improve the usability, and both the

algorithms and outcomes need to be validated before being made available to end-users.

In a lab-setting, when standardised and supervised by trained assessors, we found that features
derived from a five-times repeated iTUG could predict the score on the CBMS with a high accuracy in
a mixed sample of healthy community-dwellers and geriatric patients. The prediction accuracy was

similar to that of a battery of standard clinical tests. Because the repeated iTUG requires less than
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five minutes to administer, little space and nothing but a chair and a smartphone, the findings can
potentially save time and resources in research and clinical care. As with many prediction models
built from machine-learning methods, an external validation should be performed to verify the

results of this work from the thesis.
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Abstract

Background: Many balance and strength tests exist that have been designed for older seniors, often aged =70
years. To guide strategies for preventing functional decline, valid and reliable tests are needed to detect early signs
of functional decline in young seniors. Currently, little is known about which tests are being used in young seniors
and their methodological quality. This two-step review aims to 1) identify commonly used tests of balance and
strength, and 2) evaluate their measurement properties in young seniors.

Methods: First, a systematic literature search was conducted in MEDLINE to identify primary studies that employed
performance-based tests of balance and muscle strength, and which aspects of balance and strength these tests
assess in young seniors aged 60-70. Subsequently, for tests used in 23 studies, a second search was performed to
identify method studies evaluating their measurement properties. The quality of included method studies was
evaluated using the Consensus-based Standards for selection of health Measurement Instruments (COSMIN)
checklist.

Results: Of 3454 articles identified, 295 met the inclusion criteria. For the first objective, 69 balance and 51
muscle strength tests were identified, with variations in administration mode and outcome reporting. Twenty-
six balance tests and 15 muscle strength tests were used in 23 studies, with proactive balance tests and
functional muscle power tests used most often. For the second objective, the search revealed 1880 method
studies, of which nine studies (using 5 balance tests and 1 strength test) were included for quality assessment. The
Timed Up and Go test was evaluated the most (4 studies), while the Community Balance and Mobility (CBM) scale was
the second most assessed test (3 studies). For strength, one study assessed the reliability of the Five times sit-to-stand.

Conclusion: Commonly used balance and muscle strength tests in young seniors vary greatly with regards to
administration mode and outcome reporting. Few studies have evaluated measurement properties of these
tests when used in young seniors. There is a need for standardisation of existing tests to improve their informative
value and comparability. For measuring balance, the CBM is a new and promising tool to detect even small balance
deficits in balance in young seniors.
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Background

Numerous studies have demonstrated that impairments
in balance and decreased muscle strength in lower ex-
tremity muscles are important risk factors for early
age-related decline in physical function [1-5], falls [3—
6], future disabilities [7], hospitalization [5], and death
[6-8]. Early declines in balance and muscle strength are
already apparent in the third decade of life [9-12], with
an accelerated decline occurring from the decade of
young seniors aged 60 to 70 years [9, 13—15]. Especially
age-related impairments in vision and the vestibular and
proprioceptive systems, most obvious from 50 years and
older [9, 16, 17], contribute to the acceleration of bal-
ance decline. For muscle strength, especially age-related
changes in lean muscle mass greatly increase the risk for
physical inactivity, mobility deficits, functional limita-
tions and falls [2, 15, 18].

Balance and muscle strength tests can be used to assess
and monitor individual’s health over time, and predict
multi-morbidity, dependence in basic activities of daily liv-
ing (ADLs) and early mortality [18-22]. Such tests also
are of substantial value in predicting future health status
and functional performance in older adults [22].

Numerous performance-based clinical tests assessing
balance and/or muscle strength exist. Tests of grip
strength, walking speed, sit-to-stand, and standing bal-
ance are shown to be markers of both current and future
health [1, 18-21]. As a result, there is an increased inter-
est in these tests and their potential use as simple
screening tools in the general population to identify
people who may benefit from targeted interventions
aimed at preventing functional decline [1, 18, 23, 24].

However, in order to test balance and muscle strength
adequately, it is important that the tests are sufficiently
challenging since an early detection of loss of balance
and muscle strength is important to prevent age-related
functional decline in young seniors [25-29]. For young
seniors, generally functioning at a higher level, it is ques-
tionable whether existing balance and muscle strength
tests are sensitive enough to detect early subtle balance
declines [1, 23]. Balance is a complex composite of mul-
tiple body systems including the ability to align different
body segments and to generate multi-joint movements
to effectively control body position and movement [30].
Since balance is highly task-specific, several aspects need
to be assessed which can be categorized into static
steady-state balance (i.e., maintaining a steady position
in sitting or standing), dynamic steady-state balance (i.e.,
walking), proactive balance (i.e., anticipating a predicted
disturbance such as crossing or walking around an obs-
tacle), and reactive balance (i.e., compensating for a
disturbance) [30]. Recent systematic reviews of the lit-
erature on balance tests have shown that widely used as-
sessment tools such as the Berg Balance Scale (BBS) or
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Short Physical Performance Battery (SPPB) show ceil-
ing effects in community-dwelling, healthy older
adults aged 60years and over [23, 31]. Ceiling effects
of these instruments in higher functioning older
adults will hamper the detection of early balance defi-
cits, and thus intervention-related changes over time
may not be detected [32, 33]. Although some balance
tests such as the Fullerton Advanced Balance (FAB)
scale [34], are developed for use in higher functioning
older adults, these tests typically do not include tasks
that challenge balance for the specific population of
healthy, higher functioning older adults [35, 36].

For muscle strength, commonly used tests such as the
Five times sit-to-stand (5STS) are not challenging
enough in order to detect risk factors in higher function-
ing older adults [37]. Especially with regard to confirm-
ing the effects of an intervention, such tests have ceiling
effects as most older adults can perform the test effort-
lessly and therefore do not show changes in performance
level [37].

At present, no systematic literature review has exam-
ined which balance and muscle strength tests are used
for the population of young seniors. The aim of this sys-
tematic review was to 1) identify any performance-based
clinical tests used to measure balance and/or muscle
strength in young seniors aged 60-70years, and 2)
evaluate the measurement properties of the most com-
monly used performance-based clinical balance and
muscle strength tests.

Methods

Study design

The study is a two-step systematic literature review with
two separate literature searches. The first step included
the search and systematic review of performance-based
clinical tests used for measuring balance or muscle
strength in young seniors.

The second step included a search and a systematic re-
view of methodological studies evaluating the measure-
ment properties of performance-based clinical tests that
have been used in >3 studies identified in step one.

Search strategy

The search in step one was performed in MEDLINE to
identify relevant studies published until June 1st 2016,
with an update made to identify also newer studies pub-
lished until November 5th 2018 (Fig. 1). A combination
of free-text and MeSH-terms was used that represents
the following concepts: ‘postural balance, ‘muscle
strength; ‘movement, motor activity, ‘physical exertion;
‘physical endurance; ‘exercise tolerance; and ‘physical fit-
ness’. Additional search terms aimed to exclude animal
studies, participants outside our target age group, and
non-English studies (see Additional file 1). The search in
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First search, June 2016:
Articles identified through Medline
n=2354

Updated search, June 2016 to November
2018: Articles identified through
Medline n=1100

4

¥

Records after removal of duplicates
n=2247

Records after removal of duplicates
n=978

Records removed due
to not meeting inclusion
criteria n=1046

4

Records removed due
to not meeting inclusion
criteria n=647

¥

Full-texts screened for eligibility n=1201

Full-texts screened for eligibility n=331

Full-texts excluded due
to exclusion criteria
n=1006

v

Full-texts excluded due
to exclusion criteria
n=231

¥

Full-texts eligible for systematic review
n=195

Full-texts eligible for systematic review
n=100

4

Studies included in the systematic review n=295

Fig. 1 Study selection of performance based tests through the different phases (first search)

step two was performed in MEDLINE and EMBASE to
identify relevant method studies published until Decem-
ber 19th 2017, and also updated to include newer studies
published until November 23rd 2018 (Fig. 2). We com-
bined a search on the most commonly identified tests
(=3 articles) with a search on measurement properties,

including validity, reliability, sensitivity, accuracy, re-
sponsiveness, and specificity (see Additional file 1).

Inclusion/exclusion criteria
In the first step, articles were included if they (1) de-
scribed a performance-based clinical test that measured

First search, December 2017:
Articles identified through Medline and
Embase n=1452

Updated search, January to November
2018: Articles identified through Medline
and Embase n=428

v

A,

Records after removal of duplicates
n=874

Records after removal of duplicates
n=262

Records removed due
to not meeting inclusion
criteria n=743

h

Records removed due
to not meeting inclusion
criteria n=201

A,

Full-texts screened for eligibility n=131

Full-texts screened for eligibility n=61

Full-texts excluded due
to not meeting inclusion
criteria n=128

Full-texts excluded due
to not meeting inclusion
criteria n=55

Full-texts eligible for systematic review
n=3

Full-texts eligible for systematic review
n=6

Studies included in the systematic review n=9

Fig. 2 Study selection of method studies through the different phases (second search)
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aspects of balance and/or muscle strength, (2) included
participants with an age or mean age between 60 and 70
years, and (3) were written in English. Articles were ex-
cluded if (1) in principal the test could not be completed
without fixed laboratory equipment, (2) all groups were
included on the basis of having a clinical condition (i.e.,
no healthy and/or control groups), and (3) manuscripts
were reviews, books, posters, or conference proceedings.
In the second step, articles were included if they (1) de-
scribed a performance-based clinical test that was used
in at least 3 studies identified in the first search, (2) eval-
uated one or more measurement properties in one or
more of the tests described, and (3) included participants
with an age or mean age between 60 and 70 years.

For the selection of articles in the first part of the
study, two authors performed independent reviews of
article abstracts. Discrepancies were discussed until
agreement was achieved; if not, a third reviewer made
the final decision. The tests detected were labelled
“in-lab” when they required advanced, fixed lab equip-
ment, or “out-of-lab”, if in principal they could be per-
formed in a home setting. Despite gait speed being a
very common measure of physical performance in older
adults, it is not a specific measure of balance or muscle
strength, but rather considered to be a general measure
of health and function [38, 39]. Therefore we included
only articles with tests of gait speed if the test included
one or more additional test elements that challenge the
sensory system beyond that of normal or fast walking
and thus require a balance reaction (i.e. dynamic, pro-
active or reactive). Test batteries were included if one or
more of the tests in the battery was in accordance with
our definition of a performance-based test of balance
and/or strength.

The review of full-texts was completed by three of the
authors where one reviewed all articles and two
reviewed one-half each. Discrepancies were discussed
with one of the other reviewers and a decision was made
based on consensus. For the second part of the study,
two authors each screened one-half of the abstracts and
full-texts of the methodological studies.

Data extraction
Information from each full-text article was extracted
into an excel sheet, containing information about the
performance-based clinical tests (name of the test, meas-
urement unit, scoring, and sample characteristics).
Results were categorized into sections representing
balance or muscle strength measures. Since balance tests
are task-specific, balance tests were categorized accord-
ing to the framework of Shumway-Cook and Woollacoot
[30, 1) static steady-state balance (i.e., maintaining a
steady position in sitting or standing), including mea-
sures of postural sway obtained during quite standing
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(e.g. CoM sway); (2) dynamic steady-state balance (i.e.,
walking); (3) proactive balance (i.e., anticipating pre-
dicted disturbances such as crossing or walking around
an obstacle); (4) reactive balance (i.e., compensating dis-
turbances); and (5) results of balance test batteries.
Muscle strength tests were categorized according to a
previous published qualitative review [10], resulting in
the following categories: (1) 1 Repetition Maximum
(IRM); (2) Maximum Isometric Strength (MIS); and (3)
Muscle Power.

Assessment of measurement properties

The quality of the method studies included in the sec-
ond step was evaluated by three independent reviewers
using the COSMIN checklist [40]. COSMIN describes
how to rate the quality of the following nine categories
of measurement properties: internal consistency, reliabil-
ity, measurement error, content validity, structural valid-
ity, hypotheses testing, cross-cultural validity, criterion
validity, and responsiveness, with several items within
each category [40]. Each category is rated as “poor”,
“fair”, “good” or “excellent”, with a “worse-score-coun-
t”’-approach, meaning that each category will get the
lowest rating achieved for any of the items within that
category [40]. As the criteria of each rating score can be
different between categories, the method studies receive
a rating for each measurement property assessed. Thus
the quality of a study evaluating validity and reliability of
a test can be rated “poor” for its assessment of validity,
and “fair” for its assessment of reliability. Two amend-
ments were made to the COSMIN guidelines. The first
refers to the handling of missing cases. Because missing
cases largely is an issue with questionnaires and not tests
of physical performance, it was not considered relevant
for the quality assessment, and thus articles were not
given negative ratings for not addressing it. The second
refers to sample sizes. Articles with sample sizes between
21 and 30 were rated as “fair” instead of “poor”, as the
sample size affects the precision of estimates rather than
the quality of the methodological study itself [41].

Results
Study selection
Out of 3454 articles identified, 295 articles were in-
cluded in the full-text review (Fig. 1). In total, 69 balance
tests and 51 muscle strength tests were identified
(Table 1; Additional file 2). Out of these tests, 26 balance
tests and 15 muscle strength tests were used in >3 arti-
cles. These tests were included in the second search on
measurement properties, and revealed only three
method studies from reviewing 874 abstracts and 131
full-text articles (Fig. 2).

All studies included young seniors, where 282 studies
had a sample with a mean age between 60 and 70 years
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Table 1 Summarized description of balance and strength tests

Balance test N? Age

Static steady-state balance

Side-by-side, eyes open, 10s (8 studies) 21419 40-87 (62.6-704)

Side-by-side, eyes closed, 10's (1 study) 37 60-81 (67.7 £5.3)

Side-by-side, eyes open, 30s (10 studies) 14,003 52-90 (62.7-71.6)

Side-by-Side, on foam, eyes open, 30's (1 study) 122 69.7-716

Side-by-side, eyes closed, 30's (7 studies) 364 57-75 (64.7-71.6)

Side-by-side, 60's (1 study) 54 60+ (66.0 £ 5.0)

Semi-tandem, 10s (6 studies) 16,926 40-87 (62.6-70.0)

Semi-tandem, 30s (4 studies) 13416 52-90 (62.7-65.0)

Tandem, 10s (8 studies) 17,100 40-87 (62.6-71.6)

Tandem, 30s (3 studies) 13410 52-90 (64.8-65.0)

Tandem, 60s (1 study) 12 69.0+3.0

OLS (5 studies) 2266 52-84 (64.0-69.1)

OLS, no time limit (3 studies) 718 50-79 (53.9-73.1)

OLS, eyes closed, no time limit (4 studies) 391 50-79 (60.0-67.1)

OLS, 155 (1 study) 19 60-68

OLS, 255 (1 study) 26 59.7-60.5

OLS, 30's (10 studies) 4773 55-84 (62.0-69.0)

OLS, eyes closed, 30's (2 studies) 1812 60-84 (63.2-69.0)

OLS, eyes open, 45 s (1 study) 60 62.9-644

OLS, eyes closed, 455 (1 study) 60 62.9-644

OLS, alternating eyes open and eyes closed (1 study) 557,648 66.0

OLS, 60's (19 studies) 39,736 34-90+ (61.8-77.0)

OLS, 60, eyes closed (6 studies) 536 60-84 (66.3-69.4)

OLS, 1205 (1 study) 501 65-74 (69.3-69.7)

Romberg Test (5 studies) 1262 50-80 (50.8-69.0)

Sharpened Romberg (2 studies) 76 62.5-72.8

Romberg with Jendrassik maneuver (1 study) 266 65-74 (69.5 £ 3.0)

Equi Test (1 study) 55 61-83 (693 £5.5)

SOT (1 study) 23 60-78 (66.2-71.3)

CTSIB (2 studies) 61 64.0-69.0
Dynamic steady-state balance

Tandem walk (8 studies) 260 55-85 (65.5-77.0)

Step test (2 studies) 67 53-83 (65.7-66.9)

Four Square step test (6 studies) 470 55-81 (62.0-71.5)

Step width & length, eyes open and eyes closed (1 study) 56 66.7-72.8

MSL test (2 studies) 59 60-81 (67.7-77.0)

360° turn (1 study) 282 60-74

180° turn (2 studies) 99 55+ (61.8-68.5)

6 m backwards walk (3 studies) 77 65-84 (68.9-69.7)

10-m walk under single- and dual-task condition (1 study) 54 65-80

Floor Transfer Task (1 study) 102 61.2-67.0

SEBT (2 studies) 212 65.4-68.9

Dynamic balance/agility (2 studies) 120 60-84 (66.1-69.8)



Bergquist et al. BMC Geriatrics (2019) 19:9

Table 1 Summarized description of balance and strength tests (Continued)
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Narrow corridor walk (1 study)
Sideway walk test (1 study)
Proactive balance
TUG (92 studies)
Chair rise and walk (1 study)
8-ft Up and Go (27 studies)
FRT (30 studies)
LRT (1 study)
7 m obstacle walk (1 study)
Curved walking (1 study)
Zigzag walking (1 study)
Reactive balance
Reactive balance test (1 study)
Push and release test (2 studies)
Adaptive gait test (1 study)
Step Execution Test (2 studies)
Backwards stepping test (1 study)
Crossover stepping test (1 study)
Limits of Stability test (1 study)
Performance batteries
BBS (35 studies)
SPPB (34 studies)
Tinetti Test / Performance Oriented Mobility Assessment (7 studies)
PPT (2 studies)
FAB scale (7 studies)
CS-PFP-10 (1 study)
PPB (4 studies)
CBM (3 studies)
8-level balance scale (2 studies)
FMM (1 study)
Strength test
One repetition maximum
Handgrip strength (81 studies)
Shoulder flexor strength (1 study)
Hip muscle strength (2 studies)
Knee extensor strength (1 study)
Leg strength (6 studies)
Toe grasping strength (2 studies)
Maximal Isometric Strength (MIS)
Elbow extensor strength (1 study)
Hip extensor strength (1 study)
Hip flexor strength (2 studies)
Hip abductor strength (2 studies)
Knee extensor strength (11 studies)

Knee flexor strength (1 study)

40
32

61,826
39
4724
13,679
28

134
1054

102
54
20
72
36
36
30

2324
17,687
8166

308
26
2149
132
102
90
NE

130,821
85

45

85

272
722

26
39

744
1595
39

69.8+7.5 (60+)
618+46

46-99 (61.4-77.0)
65-85

51-89 (62.1-70.1)
50-99 (61.5-71.3)
57-73 (65.9-66.0)
69.6-703
650+70

50-74 (59.0-61.0)

65-80 (69.8-70.0)
65-80

61-81

60-88 (67.7-69.6)
65-75 (66.2-68.3)
65-75 (66.2-68.3)
642+73

56-88 (61.4-74.0)
60-89 (65.4-72.3)
55.0-97.6 (62.5-66.8)
60-83 (67.4-68.8)
52-89 (61.8-69.5)
60+ (68.6-72.3)
64.0-69.9

55-70 (66.4-69.9)
55-70 (66.4-69.9)
653+46

Age

34-89 (60.4-70.5)
65-84 (69.0 +04)
55-75 (63.7-684)
65-84 (69.0 +04)
55-75 (61.1-69.3)
52-78 (66.3-67.6)

69.2-70.0
60-78 (68.5-69.7)
60-78 (68.5-69.7)
61.8-68.7
60.78 (61.1-71.6)
60-78 (68.5-69.7)
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Leg strength (6 studies)
Ankle dorsiflexor strength (7 studies)

Ankle plantar flexor strength (5 studies)

Functional muscle power

Upper body functional muscle power
305 arm curl (20 studies)
Abdominal Strength (2 studies)
Single forearm contractions (1 study)
Seated medicine ball throw (1 study)
Lower body functional muscle power
Five times Sit-to-Stand (61 studies)
One time sit-to-stand (7 studies)
Ten times sit-to-stand (6 studies)
15 s Sit-to-stand (1 study)
30's sit-to-stand (51 studies)
1 min sit-to-stand (2 studies)
One time kneel-to-stand (1 study)
Floor rise to standing (7 studies)
Five Step Test (1 study)
Stair climbing (2 studies)
Stair climbing (8 steps) (2 studies)
Stair climbing (10 steps) (3 studies)
3 studies)
Stair climbing

(
(i
(

Stair climbing (11 steps,
@

Stair climbing (14 steps) (1 study)
(

(
) (
) (

2 steps) (2 studies)
) (
) (1

Stair climbing (15 steps) (1 study)
Stair ascent (23 steps) (1 study)
Stair ascent (16 steps) (1 study)
Stair ascent (10 steps) (4 studies)
(2 studies)
@

Stair ascent (4 steps) (1 study)

(
(
Stair ascent (9 steps)
(
Stair ascent (one time) (1 study)
Stair descent (16 steps) (1 study)
Stair descent (14 steps) (1 study)

@

@

Stair descent (10 steps) (1 study)

Stair descent (9 steps) (1 study)
(

Stair descent (one time) (1 study)

Functional leg extensor strength (1 study)

Lift and reach (1 min) (2 studies)
Standing long jump (2 studies)
Squat jump (1 study)

Single knee extension contractions (1 study)

2544
357
832

5768
252
32
36

81,289
414
73,283
5777
7493
123

134
62
48
158
71
33
259
48
33
19
48

1133
123
98
63
32

50-79 (61.4-69.0)
60-78 (61.8-69.7)
50-80 (61.8-68.5)

51-89 (61.9-69.9)
59-60+ (63.0-66.9)
59-85 (66.0 +2)
68.8-68.9

40-90+ (58.7-71.0)
60-74 (61.6-69.9)
50-81 (62.6-69.0)
65-79 (69.8-70.1)
51-91 (61.2-71.6)
55-70 (62.2-70.7)
60+ (67.6+7.0)
65-84 (67.0-69.3)
50+ (66.8-69.4)
55-79 (63.8-67.5)
65.6-67.8

50-75 (62.7-71.5)
65-84 (68.9-69.3)
45-80 (58.7-64.8)
685+5.1
69.6-703

60-83 (66.6-71.0)
60-80 (686 +6.1)
62-80 (66.0-70.0)
62.7-70.0

60-74 (644-65.7)
60+ (67.6+7.0)
60-80 (686 +6.1)
67.0+45
660+10
69.8-70.0

60+ (67.6+7.0)
55-79 (63.8-64.1)
55-70 (62.6-70.7)
50-79 (63.7£1.1)
65-70 (67.5+04)
59-85 (66.0 + 2.0)

“The total number included was the total number of participants in all studies per balance/strength test; OLS One-leg standing balance, SEBT Star Excursion
Balance Test, TUG Timed Up and Go, FRT Functional Reach Test, LRT Lateral Reach Test, SOT Sensory Organization Test, BBS Berg Balance Scale, SPPB Short Physical
Performance Battery, PPT Physical Performance Test, FAB Fullerton Advanced Balance, CS-PFP-10 Continuous Scale-Physical Functional Performance-10 item test,

PPB Physical Performance Battery, CBM Community Balance & Mobility scale, FFM Functional Movement Measurement
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and 13 studies [42-55] included participants with an age
between 60 and 70 years exclusively.

Balance performance tests

Static steady-state balance tests

A total of 28 tests assessing static steady-state balance
were identified. Single-activity measures (24 tests) were
grouped into four main activity domains: (1) Side-by-side,
(2) Semi tandem, (3) Tandem, and (4) One-leg-stand. Var-
iations were found in performance within each category
regarding (1) time (range 10-120s), (2) vision (eyes open;
eyes closed), (3) surface (firm; foam), and (4) number of
trials (range 1-6 trials). The method of scoring included
(1) total time (s), (2) category of time intervals (catego-
rized according to the total time), (3) percentage of partic-
ipants able to hold the position, and (4) body sway
measures (e.g., displacement of the Center of Pressure,
CoP; sway velocity).

Three Romberg tests were identified, with variations in
(1) time (range 10-60s), (2) standing positions (Side-by-
Side; Side-by-Side and Tandem; Side-by-Side, Semi-tandem,
and Tandem), (3) vision (eyes open; eyes closed), and (4) in-
corporated muscle strength element (i.e., abduction of the
upper limbs). The method of scoring included (1) total time
(s), (2), scoring (categorized according to the total time),
and (3) percentage (ability to hold the position for a
pre-determined time). Four other tests identified were the
Equi test, the Sensory Organization Test (SOT), the modi-
fied Clinical Test of Sensory Interaction in Balance
(mCTSIB), assessing measures of body sway (e.g., CoP dis-
placement), and the 8-level balance scale, scoring balance
performance according to the ability to perform progres-
sively challenging standing positions.

Dynamic steady-state balance tests

A total of 14 tests assessing dynamic steady-state bal-
ance were identified: (1) the tandem walk, with varia-
tions in the distance walked (9.14 m; 10 m), (2) the Step
test, with variations in the demand of the activity (using
the worse leg), (3) The Four Square Step Test (FSST),
(4) a step width and length measuring walking test, (5)
the Maximum Step Length (MSL) test, (6) the 360° turn,
(7) the 180° turn, (8) the 6 m backwards walk test, (9)
the 10 m walk under single- and dual-task conditions,
(10) the floor transfer task, (11) the Star Excursion Bal-
ance Test (SEBT), (12) a walking test measuring dynamic
balance and agility, (13) the narrow corridor walk, and
(14) the sideways walk test. The method of scoring in-
cluded (1) total time (s), (2) distance (step width and
length), (3) number of steps, (4) number of missteps, (5)
percentage (inability to complete the test), and (6) scor-
ing (categorized according to the total time for comple-
tion of test).
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Proactive balance tests

Eight tests for assessing proactive balance control were
identified. The Timed Up and Go (TUG) test was used
in 92 studies, with variations in (1) set pace (self-paced;
fast paced), (2) distance walked (range 2.44—3.05m), (3)
turn (walk to a line on the floor and return; walk to a
cone, turn around the cone and return), (4) chair (with/
without armrests; with/without backrest; height range
40—46 cm), (5) number of trials (range 1-4), (6) incorpo-
rated cognitive (counting backwards; saying animal
names) and motor (carrying a cup of water) tasks, and
(7) outcome measure (s; m/s; step-related variables;
phase-related movement analyses; accelerations). One
study investigated the chair rise and walk test, and 27
studies the 8-ft Up-and-Go test, both tests evaluated by
time (s). Another 30 studies investigated the Functional
Reach Test (FRT), with variations in (1) number of trials
(range 1-5), (2) arms (extending the right or left arm
forward; raising both arms in front), (3) hands (making a
fist; with fingers extended), and (4) distance (tip of the
middle finger; position of the third metacarpal). The
method of scoring included (1) maximum distance
reached (cm; inches), and (2) percentage (maximum dis-
tance reached normalized to height). Four other tests
were the Lateral Reach Test (LAT), evaluated by the
maximum distance reached (cm), and the 7 m obstacle
walk, the Zigzag walking test, and the Curved walking
test, all three evaluated by the total time (s) [109].

Reactive balance tests

Seven tests for assessing reactive balance control were
identified: (1) the Reactive Balance Test, measuring os-
cillations in medio-lateral and anterior-posterior direc-
tions, (2) the Push and Release Test, measuring the
amount of steps needed to regain balance, (3) the adap-
tive gait test, measuring gait speed (m/s) and the num-
ber of step errors, (4) the Step Execution Test,
measuring reaction time (ms), (5) the Backwards Step-
ping Test, measuring ground reaction forces (N/kg),(6)
the Crossover Stepping Test, measuring ground reaction
forces (N/kg), and (7) the Limits of stability test, measur-
ing reaction time (s), movement velocity (m/s), and max-
imum excursion (%).

Performance test batteries/scales

Nine performance test batteries that included different
balance tasks were identified: (1) the Berg Balance Scale
(BBS) which was used in 35 studies, (2) the Short Phys-
ical Performance Battery (SPPB), which was investigated
in 34 studies, (3) the Tinetti Performance Oriented Mo-
bility Assessment (POMA), which was investigated in
seven studies, (4) the Fullerton Advanced Balance (FAB)
scale, which was investigated in seven studies, (5) the
Physical Performance Test (PPT) with variations in the
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number of included items (range 7-9), (6) the Continu-
ous Scale-Physical Functional Performance-10 item
(CS-PFP-10) test, (7) the Physical Performance Battery
(PPB), (8) the Community Balance & Mobility (CBM)
scale, and (9) the Functional Movement Measurement
(FMM). All performance test batteries used a scoring
scheme (e.g., 0 ‘unable to perform’ up to 4 ‘able to
perform the task safely’) for the assessment of the
performance.

Muscle strength performance

One repetition maximum tests

We identified six tests measuring the One Repetition
Maximum (1 RM) of upper- and lower-body extremities.
Eighty-one studies investigated handgrip strength, with
variations in (1) the measurement instrument (elec-
tronic; hydraulic; bulb hand dynamometer), (2) testing
position (sitting; standing), (3) demand (both hands;
dominant hand; preferred hand; adjusted size for men
and women), and (4) number of trials (1-3). The
method of scoring included (1) force (kg; pounds; kg/
bodyweight; pounds/square; Newton; kilopascal), (2) per-
centage (force scores, i.e., kg classified as weakness), and
(5) outcome (mean of trials; best trial). Other studies
used 1 RM of shoulder flexors, hip muscles, knee exten-
sors, legs, or toes, either assessed by force (kg) or
torques.

Maximum isometric strength tests

There were nine tests measuring Maximum Isometric
Strength (MIS). Eleven studies used MIS tests of knee
extensors, with variations in (1) outcome (mean of trials;
best trial), and (2) outcome dimension (kg; N/k; percent-
age, i.e,, muscle strength/bodyweight). Six studies evalu-
ated leg muscle strength, assessed by force (kg). Ankle
dorsiflexor MIS tests were used in seven studies, either
evaluated by force (kg, N/kg) or percentage (muscle
strength/bodyweight). Five studies assessed ankle plantar
flexor strength by force (kg). One study included MIS
tests of hip extensors, two of hip flexors and hip abduc-
tors, evaluated by force (kg) or percentage (i.e., muscle
strength in relation to total bodyweight). Elbow extensor
strength was measured in one study by force (kg), as
well as knee flexor strength, measured by percentage
(muscle strength/bodyweight).

Muscle power tests

We identified 36 muscle power tests. For upper-body ex-
tremities, four tests were identified. The 30s Arm Curl
Test was used in 20 studies, with variations in the weight
used (2.0 kg for all participants; 2.27 kg for women and
3.63 kg for men). The test recorded the number of repe-
titions in 30s. Abdominal muscle power was investi-
gated in two studies and the number of repetitions in 30

Page 9 of 14

s was recorded. Single forearm contractions, evaluated
by Maximum Voluntary Contraction (MVC, in kg), and
seated medicinal ball throws, measured by maximum
distance reached (cm), were investigated in one study
each.

For lower-body extremities, six versions of sit-to-stand
(STS) were used in 128 studies, with variations in (1)
method of measurement (time to perform one repeti-
tion; time to perform five repetitions (5STS); time to
perform ten repetitions (10STS); number of repetitions
in 15s (15s STS); 30s (30s STS); 60s (60s STS)), (2)
chair (height: standard; adjusted; range 30-60 cm; with
backrest; without backrest; without armrests), (3) pos-
ition (back at the back of the chair; sitting in the middle
of the chair; sitting in the front half of the chair; sitting
on the edge of the chair), (4) time of measurement
(starting/finishing in a sitting or standing position), (5)
pace (self-paced; fast paced), (6) number of trials (range
1-3), and (7) outcome (mean of trials; best trial). The
method of scoring included (1) total time (s), (2) repeti-
tions, (3) scoring, (4) force (N/s in kg; W in kg), and (5)
speed (stands per minute).

There were seven different types of stair climbing tests
investigated in 11 studies with variations in (1) number of
steps (standard flight of stairs; range 8-15 steps), and (2)
method of measurement (time; stair climbing power; W).

Six studies investigated stair ascent, and 4 studies in-
vestigated stair descent. Tests varied in (1) number of
stair steps (range 1-23) and (2) method of measurement
(time; score).

Eight other tests for measuring muscle power of
lower-body extremities were identified: (1) Lift and
Reach, assessed by repetitions over 1 min, (2) Floor rise
to standing, assessed by time (s), (3) Five Step Test,
assessed by time (s), (4) One-Time Kneel-to-Stand,
assessed by time (s), (5) Functional Leg Extensor Muscle
Strength, assessed by the maximum weight in relation to
bodyweight, (6) Standing Long Jump, assessed by dis-
tance (cm), (7) Squat jump, assessed by maximum
ground reaction force (N*kg-1), rate of force develop-
ment (N*kg-1), and force (N), and (8) Single Knee Ex-
tension Contractions, assessed by maximum work rate.

Assessment of measurement properties

Thirty-nine tests were used in 23 articles that were iden-
tified through step 1. In step 2, nine studies were identi-
fied that assessed measurement properties of four
balance tests/scales (10s Tandem stance, TUG, SPPB,
CBM) and one strength test (5STS). The quality assess-
ment of these nine included method studies [42, 52, 56—
63] are shown in an additional file (see Additional file 3).
The quality of the study that assessed validity and reli-
ability of the 10s Tandem stance [61] was rated “poor”
according to the COSMIN checklist [40]. Four studies
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assessed the measurement properties of the TUG, with
their study quality rated “good” [42, 59] for measures of
validity, and “poor” for measures of reliability [59, 60].
Three studies assessed measurement properties of the
CBM, and for measures of validity, the quality of these
studies were rated as “fair” [52, 58, 62], for internal
consistency as “poor” [52], and for reliability as “good”
[52, 62]. The quality of the study assessing the SPPB was
rated “excellent” for validity and “good” for reliability
[57] in younger seniors. For strength, the study assessing
reliability of the 5STS was rated as “fair” [56].

Discussion

In the first step, this systematic review identified 120
performance-based clinical tests used to measure bal-
ance and/or muscle strength in young seniors, of which
69 measured balance and 51 measured muscle strength.
The TUG (92 articles), BBS (35 articles), and SPPB (34
articles) were the most used balance tests in our sample.
Different variations of STS (e.g. 5STS, 30s STS) were
most often used to assess muscle strength (128 articles),
with the 5STS as the most commonly used test (51 arti-
cles), followed by the 30s STS (51 studies). In the second
step, ten method studies were identified for the 39
performance-based clinical tests which were most com-
monly used. The method studies evaluated measurement
properties of the 10s Tandem stance, TUG, SPPB, CBM,
and 5STS n samples of young seniors.

Proactive balance was the aspect of balance that was
tested most frequently, with TUG as the most frequently
used test (92 articles; 61,826 participants). This finding
aligns with an earlier review that found TUG to be the
most used test to predict falls in healthy community-
dwelling older adults aged =60 years [31]. TUG is fast to
perform and easy to administer, and cut-offs between 12
and 13 s have shown moderate to high sensitivity and
specificity in predicting falls in older adults [42, 64].
However, the TUG is a general test of mobility that
provides little or no information on underlying bal-
ance deficits [30]. Performance of TUG is a relatively
complex task in terms of motor performance, includ-
ing a ‘sit-to-stand’-movement, walking, turning and a
‘turn-to-sit’-movement, but for young seniors, the
score of total duration may not be sensitive enough
to reveal early signs of functional decline [20]. The
instrumented version of TUG could potentially be a
more useful test of balance and mobility in higher
functioning groups, as more details of the quality and
quantity of the performance can be obtained object-
ively than merely the total duration [65].

For balance performance test batteries, BBS was the
most commonly used test (35 articles; 2324 participants),
closely followed by the SPPB (34 articles; 17,687 partici-
pants). BBS is widely used and has been coined the “gold
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standard” of balance assessment tools [66]. BBS is a sig-
nificant predictor for ADL disability onset in older adults
aged 80 and over [67], but in samples with a mean age in
the mid-seventies it suffers from ceiling effects [68-70],
even in older adults with a falls history [31]. A previous
systematic review recommended the SPPB as the best
performance-based tool for measuring physical function
in older adults due to superior qualities related to validity,
reliability, and responsiveness compared to other tests
[71]. This review generally reported little ceiling effects for
the SPPB in the “general (mixed) population” of
community-dwelling older adults. However, when applied
in higher-functioning community-dwelling older adults,
the SPPB also showed ceiling effects [32, 72]. Despite be-
ing extensively used in older people in general and receiv-
ing appraisals for its measurement properties, the BBS
and SPPB do not appear to be good enough for assessing
physical performance in well-functioning young seniors
due to ceiling effects. In this review, the method study
assessing the measurement properties of the SPPB was
rated “excellent” for its measure of validity and “good” for
its measure of reliability [57]. However, the result of the
method studies are not considered in this quality rating,
but relatively high mean scores on the SPPB in this study
(9.7£2.0) align with the findings of other studies in
healthy young seniors [32, 72].

The most frequently used muscle strength test across
all categories were those including some variation of the
‘sit-to-stand’-movement (128 studies), with the 5STS (61
articles; 81,289 participants) and the 30s STS (51 arti-
cles; 7493 participants) being the most popular among
them.

The 5STS is commonly used as a test of physical per-
formance in clinical assessments [73], and is also part of
the SPPB test battery. We found a large variety in how
this test was administered, thus making comparisons be-
tween versions a challenge. In the original and most ap-
plied protocol, the subject is “timed from the initial
sitting position to the final standing position at the end
of the fifth stand” [74]. In an earlier meta-analysis, the
mean score on 5STS from 4184 participants between 60
and 69 years was 11.4's [75]. This is relatively fast com-
pared to identified cut-offs of 13.6 s for indication of in-
creased disability and morbidity [76], and 15s for
predicting recurrent fallers [77]. However, as also this
test lacks validation in young seniors, we have no basis
for recommending this performance-based clinical test
as a good measure for this specific population.

The second most used tool with a STS-variation was
the 30s STS, originally developed to overcome floor ef-
fects of the 5STS [78]. We did not identify any method
study that assessed the measurement properties of 30s
STS, but in community-dwelling adults with a mean age
of 70.5 + 5.5 years, the test-retest reliability (ICC .89) and
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concurrent validity was moderate, with associations with
weight-adjusted 1 RM leg-press of r=.71 (women) and
.78 (men) [78]. Therefore, the 30s STS could be suitable
to measure physical performance in young seniors, but
further studies are warranted to confirm this.

In the second step, nine method studies were identi-
fied, with only four out of 26 balance tests and one out
of 13 strength tests having been used in >3 articles. It is
apparent that very few of all available tests for measuring
balance and/or strength have been assessed for their
measurement properties in healthy young seniors. The
quality of most of the method studies rated in this re-
view ranged only from “poor” to “fair”. However, there
seems to be a shift in focus towards the current target
group in the literature, as indicated by the high number
of new studies that was identified in the updated litera-
ture search (Figs. 1 and 2).

The CBM and the 10s Tandem Stance were two of the
tests that emerged as being used in >3 studies in the up-
dated search. Therefore, these tests were added to the
updated search of method studies. In two of three
method studies assessing the CBM [52, 58], the mea-
sures of reliability were all high (>.97) and validity good
to excellent in young seniors [52, 58]. However, study
quality was rated “poor” with regard to validity measures
with the COSMIN checklist. The studies assessing the
CBM reported no ceiling effects in young seniors due to
its challenging, higher level tasks [52, 58], and the CBM
could be considered a feasible tool to adequately assess
balance performance in healthy, higher functioning
young seniors. The study assessing the 10s Tandem
Stance found that valid and reliable measures of the
Centre of Pressure (COP) can be obtained from a Wii
Balance Board (WBB), compared to a laboratory force
plate [61]. Such a device could be a suitable tool for a
home-based assessment of balance/posture measures.
However, COP measures as assessed by the WBB have
not been evaluated in younger seniors so far.

New method studies of tests that were already in-
cluded before the updated search, such as TUG, SPPB,
and 5STS, indicate that not only new tests, but also
well-established tests are evaluated for their potential
suitability in measuring balance and/or strength in
young seniors. The TUG showed excellent reliability, but
both studies were rated as “poor” regarding their overall
methodological quality [59, 60]. Another study, rated
“good” according to COSMIN, found cut-off scores of
1247s on the TUG to be an accurate measure for
screening of fall risk [42], while another study reported
low discriminative ability of the TUG for healthy older
adults vs. older adults with a history of falls [63], which
is in line with previous findings concluding that the
TUG is able to discriminate between fallers and multiple
fallers, but not between non-fallers and fallers [79].
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Based on the findings in this review, there seems
to be only one promising scale for adequately asses-
sing balance in healthy young seniors, i.e. showing
no ceiling effects and having measures of high valid-
ity and reliability, namely the CBM, However, im-
portant measures such as responsiveness to identify
intervention-related changes are currently lacking for
this balance scale.

A limitation of this systematic review is the restric-
tion to English written articles which might have influ-
enced the final number of identified tests. However,
this review was based on a broadly designed literature
search which aimed at getting a broad overview of
existing performance-based clinical tests used for meas-
uring balance and/or muscle strength in young seniors.
Due to the large number of identified and included arti-
cles, our search is unlikely to have missed any fre-
quently used tests.

Conclusion

This systematic review identified a large number of
performance-based clinical tests that have been used
to measure balance and/or muscle strength in young
seniors. The most commonly used balance tests suffer
from ceiling effects in young seniors. Additionally,
there is a wide variety and hence lack of consensus
on how to administer balance and muscle strength
tests, and how to report their outcomes. There is a
need for guidance on how to administer and conduct
balance and strength tests to improve their inform-
ative value and comparability of outcomes. Only nine
method studies were identified that assessed the
measurement properties of tests used in young se-
niors, indicating that more studies are required to
identify suitable tests for assessing balance and
strength in young seniors. Only in the last 2 years,
three studies assessing the measurement properties of
the CBM in healthy young seniors have been identi-
fied, indicating that it could be a promising tool to
adequately measure balance. The CBM has a standar-
dised assessment procedure and studies show that it
is the only scale applied in young seniors not showing
ceiling effects [52, 58], being more challenging and
thus more sensitive to detect changes in balance per-
formance in healthy younger seniors. However, more
research is needed to further analyse its measurement
properties, especially in terms of responsiveness and
sensitivity to change [52, 58, 62].

In general, more challenging tests are needed to ad-
equately assess young senior’s physical performance, es-
pecially when aiming to identify early declines in
function so that preventive strategies can be initiated in
a timely manner.
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Additional files

Additional file 1: Database search. Brief description: includes all search
strings for MEDLINE and EMBASE for both, part 1, i.e, identifying existing
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which have been used in =3 studies (identified thorugh part 1).
(DOCX 15 kb)

Additional file 2: Description of balance and strength tests. Brief
description: Large table which contains all identified balance and
strength tests with detailed description of test administration, scale
design, and study population. (DOCX 1691 kb)

Additional file 3: The quality of studies assessing validity and/or reliability
of included balance and strength tools and the rating of the reported
results. Brief description: Overview of the identified methodological studies.
(DOCX 28 kb)
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Additional file 1

Database searches

Search for performance-based tests in MEDLINE (from 1946) to 5 November 2018

(last update).

1. ((young or younger or early) adj2 (retired or retirement or elderly or senior*1
or elder*1)).ti,ab.

2. (older adult*1 or older healthy adult*1 or older active adult*1 or older healthy
individual*1 or older active individual*1 or older active men or older active
women or older healthy men or older healthy women).ti,ab.

3. ((year*1 or age or aged) and ("50-70" or "50-65" or "51-69" or "55-70" or "55-
69" or "60-70" or "60-65" or "61-69")).ab.

4. 1or2or3

5. muscle strength/ or movement/ or motor activity/ or physical exertion/ or
physical endurance/ or exercise tolerance/ or physical fithess/ or postural
balance/

6. (measured or measurement® or measuring or assess* or test*1 or
scale*1).ti,ab. or Geriatric assessment/ or Anthropometry/ or outcome*.mp.

7. (fitness or physical function or physical performance or balance or
strength).ti,ab.

8. limit 7 to medline

9. 7 not 8

10.  (gait or leg*1 or walking or walk or knee or knees or postural sway or stand or
standing or lower extremit* or lower limb*1).mp. or (go or step or steps or
stepping).ti,ab.

11. (4 and (5 or 9) and 6 and 10) not animals/



Search for methodological studies of identified performance-based tests in MEDLINE

(from 1946) and EMBASE (from 1974) to 23 November 2018 (last update).

1. (tandem walk* or tandem stand* or (side-by-side and (stand or feet or standing))
or feet together or semi-tandem or one leg* stand* or step test or timed up go or
"8 foot up" or eight foot or functional reach or (grip strength and (measur* or test*
or assess*)) or arm curl or sit to stand or chair stand or chair rise or stair climbing
or stair ascent or isometric strength or handheld dynamomet* or performance
oriented mobility scale or tinetti or fullerton advanced balance scale or berg
balance or short physical performance battery).m_titl.

2. Observer variation/ or "Predictive value of tests"/ or Psychometrics/ or
psychometr*.ti. or Reference Values/ or exp "Reproducibility of Results"/ or
"Sensitivity and Specificity"/ or Validation studies.pt. or Evaluation Studies.pt. or
accura*.ti. or clinimetr*.ti. or consisten*.ti. or develop®.ti. or discrimina*.ti. or
feasib™.ti. or predictiv*.ti. or propert*.ti. or psychometr*.ti. or reliab®.ti. or
repeatab®.ti. or reproducib*.ti. or responsive®.ti. or sensitiv*.ti. or specificity*.ti. or
subscale®.ti. or suitab™.ti. or test-retest.ti,ab. or useful®.ti. or utility.ti. or valid®.ti. or
varia™.ti.

3. 1and 2



Search for methodological studies of newly identified performance-based tests in

MEDLINE (from 1946) and EMBASE (from 1974) to 23 November 2018 (last update).

1.

3.

tandem stan* or standing balance or short physical performance battery or
SPPB or ankle dorsiflexor or floor transfer or sit* ris* test or "community
balance and mobility scale" or "timed up and go" or "instrumented timed up
and go" or itug

Observer variation/ or "Predictive value of tests"/ or Psychometrics/

or psychometr*.ti. or Reference Values/ or exp "Reproducibility of
Results"/ or "Sensitivity and Specificity"/ or Validation studies.pt.

or Evaluation Studies.pt. or accura*.ti. or clinimetr*.ti. or consisten*.ti. or
develop®*.ti. or discrimina®.ti. or feasib*.ti. or predictiv*.ti. or propert*.ti. or
psychometr*.ti. or reliab*.ti. or repeatab*.ti. or reproducib*.ti. or
responsive*.ti. or sensitiv.ti. or specificity*.ti. or subscale*.ti. or suitab*.ti.
or test-retest.ti. or useful*.ti. or utility.ti. or valid*.ti. or varia*.ti.

1and 2
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Abstract

Background: Objective measures of physical function in older adults are widely used to predict health outcomes such as
disability, institutionalization, and mortality. App-based clinical tests allow users to assess their own physical function and have
objective tracking of changes over time by use of their smartphones. Such tests can potentially guide interventions remotely and
provide more detailed prognostic information about the participant’s physical performance for the users, therapists, and other
health care personnel. We developed 3 smartphone apps with instrumented versions of the Timed Up and Go (Self-TUG), tandem
stance (Self-Tandem), and Five Times Sit-to-Stand (Self-STS) tests.

Objective: This study aimed to test the usability of 3 smartphone app—based self-tests of physical function using an iterative
design.

Methods: The apps were tested in 3 iterations: the first (n=189) and second (n=134) in a lab setting and the third (n=20) in a
separate home-based study. Participants were healthy adults between 60 and 80 years of age. Assessors observed while participants
self-administered the tests without any guidance. Errors were recorded, and usability problems were defined. Problems were
addressed in each subsequent iteration. Perceived usability in the home-based setting was assessed by use of the System Usability
Scale, the User Experience Questionnaire, and semi-structured interviews.

Results: In the first iteration, 7 usability problems were identified; 42 (42/189, 22.0%) and 127 (127/189, 67.2%) participants
were able to correctly perform the Self-TUG and Self-Tandem, respectively. In the second iteration, errors caused by the problems
identified in the first iteration were drastically reduced, and 108 (108/134, 83.1%) and 106 (106/134, 79.1%) of the participants
correctly performed the Self-TUG and Self-Tandem, respectively. The first version of the Self-STS was also tested in this iteration,
and 40 (40/134, 30.1%) of the participants performed it correctly. For the third usability test, the 7 usability problems initially
identified were further improved. Testing the apps in a home setting gave rise to some new usability problems, and for Self-TUG
and Self-STS, the rates of correctly performed trials were slightly reduced from the second version, while for Self-Tandem, the
rate increased. The mean System Usability Scale score was 77.63 points (SD 16.1 points), and 80-95% of the participants reported
the highest or second highest positive rating on all items in the User Experience Questionnaire.

Conclusions: The study results suggest that the apps have the potential to be used to self-test physical function in seniors in a
nonsupervised home-based setting. The participants reported a high degree of ease of use. Evaluating the usability in a home
setting allowed us to identify new usability problems that could affect the validity of the tests. These usability problems are not
easily found in the lab setting, indicating that, if possible, app usability should be evaluated in both settings. Before being made
available to end users, the apps require further improvements and validation.

(JMIR Mhealth Uhealth 2020;8(4):e16507) doi: 10.2196/16507
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Introduction

At the time of retirement, at the age of 60-70 years, many people
experience a significant decline in physical activity levels [1],
and balance, gait, and mobility typically start to decline at a
higher rate than before [2,3]. Thus, detection of changes in
physical function at an early stage could be crucial to improve
or prevent future declines in physical function and to sustain
physical function over time. Objective assessment of physical
function in health care settings is resource-demanding and
therefore limited to people with a pressing need to have their
function assessed, such as individuals who have experienced
falls or who have been diagnosed with a condition known to
affect physical functioning. Because functional decline typically
occurs slowly, it might not pose an issue for the individual until
their ability to perform activities of daily life is affected.
Consequently, it might not be obvious why younger or
well-functioning seniors should have their physical function
assessed until it has come to this stage.

Innovations in mobile health (mHealth) technology have paved
the way for new possibilities in assessing physical function.
Most smartphones are equipped with sensors such as
accelerometers, gyroscopes, and magnetometers and have high
computational power; therefore, smartphones can be considered
an inertial measurement unit enabling an objective and reliable
assessment of physical function [4]. Considering that seniors
are the fastest growing group of smartphone users [5] and that,
in 2017, 42% of adults aged 65 or older in the United States
owned a smartphone [6], there is great potential for using
smartphones as a tool for self-assessing physical function [7].
Furthermore, well-designed and evidence-based apps represent
new opportunities in preventive strategies for the senior
population as a valuable tool in helping to make changes in their
lives that can prevent functional decline.

Three such smartphone apps for self-assessment of physical
function were developed as part of the PreventIT (early risk
detection and prevention in aging people by self-administered
ICT-supported assessment and a behavioral change intervention,
delivered by use of smartphones and smartwatches) project.
PreventIT was a European Union Horizon 2020 Personalising
Health and Care project. The apps allow users to self-administer
instrumented versions of the Timed Up and Go (Self-TUG),
tandem stance (Self-Tandem), and Five Times Sit-to-Stand
(Self-STS) tests in order to measure mobility and dynamic
balance, static balance, and leg strength, respectively.

When developing an mHealth app for self-assessment of
physical function, the usability of the app must be carefully
considered, as it has been shown to be a fundamental
determinant for technology adoption among older adults [8].
Usability is defined in the official International Organization
for Standardization (ISO) guidelines as “the extent to which a
product can be used by specified users to achieve specified goals
with effectiveness, efficiency and satisfaction in a specified
context of use” [9]. Furthermore, when measuring aspects of
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one’s health, the accuracy of the results relies on correct
administration of the test. Thus, any usability problem associated
with using an app-based test should be identified and addressed
before it is made available to end users. This is usually done
through several iterations of testing with target user groups,
ideally until no major usability problems exist with regards to
using the apps and administering the test. Usability studies are
most often carried out in a lab setting, which is convenient and
offers a high degree of control, as opposed to field-based
usability testing. However, field-based testing, which, in this
context, would be a home setting, provides insight into how the
system is used under more realistic situations. Depending on
the system being tested and the phase of development, usability
should ideally be tested in both lab and home settings.

The overall aim of this study was to evaluate whether people
in our target group of seniors between the ages of 60 years and
80 years were able to reliably self-administer the tests on their
own using the smartphone, apps, and instructions we provided
without any interaction with the assessors. In this paper, we
describe the 3 iterations of usability testing with target user
groups that were needed to identify all major usability problems.
Each iteration consisted of a development phase and subsequent
testing phase. In the first 2 iterations, we performed the usability
tests in a controlled lab setting, where the assessors had prepared
the test setup and necessary materials for the participants
beforehand. For the third testing phase, participants were in
their own homes, where they needed to prepare the test setup
themselves by following instructions presented within the apps.
This study does not address the topic of algorithms for signals
and data processing nor how to present specific information
and feedback to the users based on the test results.

Methods

Design Overview

We developed 3 app-based self-tests of physical function within
the European Union Horizon 2020 project PreventIT [10].
Technology development in PreventIT followed the ISO
standard 9241-210 [9] on user-centered development of
products, and an iterative design approach was used to develop
and test the usability of the apps. Because our target group is
community dwellers and not clinical patients, we did not follow
the ISO norm for medical devices. The target group of the apps
was community-dwelling people aged 60 years and older, able
to walk independently, and without any cognitive, functional
hearing, or visual impairments. The overall aim of the
mobile-based, self-administrable functional tests is early
identification of risk for age-related functional decline by
extracting  relevant  digital  biomarkers from the
smartphone-embedded inertial sensors. The intended context
of use for the apps is to guide preventive intervention strategies
for the general population.

Aninitial version (version 1) of the Self-TUG and Self-Tandem
apps was included for the first iteration. The apps were upgraded
based on the results of this testing, and the Self-STS was added

IMIR Mhealth Uhealth 2020 | vol. 8 | iss. 4| e16507 | p. 2
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as a third self-test. All 3 apps were tested under similar
conditions during the second iteration (apps version 2). After
further upgrades, version 3 of the apps was tested in a
summative usability evaluation with a new group of volunteers
in a home setting.

Participants

We included participants from two studies. First, we included
participants from a multicenter, 3-armed, feasibility randomized
controlled trial conducted within the PreventIT project. For the
first and second iterations, we included participants from the
main study if they had performed the self-administration of the
apps during baseline (iteration 1) and follow-up (iteration 2).
The inclusion criteria for the participants are described in detail
in the protocol paper for the PreventIT trial [10]. In short, for
iterations 1 and 2, we included 189 and 134 community-dwelling
adults, respectively, aged between 61 and 70 years from
Trondheim, Norway; Stuttgart, Germany; and Amsterdam, the
Netherlands.

For iteration 3, we included 20 community-dwelling adults
ranging in age from 60 years to 80 years (mean 68.7 years, SD
5.2 years) in Trondheim, Norway. Inclusion criteria were
community-dwelling status, age between 60 years and 80 years,
ability to walk 500 meters independently, Norwegian-speaking,
ability to hear sound from a smartphone, and current user of a
smartphone. Participants were excluded if they reported any
severe cardiovascular, pulmonary, neurological, or mental
diseases.

Description and Development of the Apps — From
Version 1 to Version 3

We developed the apps using Android Studio 3.1.2 (Google,
Mountain View, CA). Versions 1 and 2 of the apps were
installed on a Samsung Galaxy S3 (Samsung, Seoul, Korea),
while version 3 was installed on a Samsung Galaxy S8
(Samsung, Seoul, Korea).

Self-Timed Up and Go, Self-Sit to Stand, and
Self-Tandem Apps

We created separate apps for each of the clinical tests (TUG,
Five Times STS, and tandem stance). The apps were developed
to be used as standalone tests, so one or more tests could be
skipped if participants felt unsafe or did not want to perform a
test. The TUG is a measure of mobility, in which the participant
is timed while rising up from a chair, walking 3 meters, turning
around, walking back, and sitting down again. In the Five Times
STS, the participant is supposed to stand up from a chair and
sit down again repeatedly 5 times as fast as possible, while being
timed. In the tandem stance, the participant is supposed to place
one foot in front of the other, heel-to-toe, in a straight line for
15 seconds, if possible. The Self-TUG uses an algorithm to
detect the different phases of the TUG and the transitions
between them (ie, sit-to-stand, walking, turning, turn-to-sit)
from the sensor signals. Further, it calculates features from these
phases, such as duration, velocity, jerkiness, and signal range,
as well as gait features including number of steps, step duration,
and gait speed. For the Self-STS, the algorithms analyze the
sensor signals and calculate several features from the whole
task, transitions, and separate sit-to-stand and stand-to-sit phases
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of each repetition. Finally, for Self-Tandem, the algorithms
analyze the sensor signals and calculate features such as signal
frequency, ellipse area, velocity, sway path, jerkiness, signal
range, and spectral entropy.

Version 1

A multidisciplinary team designed the apps with emphasis on
ease of use for the target group, corresponding to the term
“perceived satisfaction” in the ISO terminology [9]. This
included displaying buttons and icons in relatively large sizes
and using contrasting colors on a white background. In addition,
to ease the demands on working memory, the app screens were
designed with as few elements and text as possible.

All apps are based on the same structure (Figure 1). For
example, when opening the self-TUG app, a green “play” button
appears. Pressing the button prompts a dialog box with a
S-second countdown and a red stop button. The countdown
gives the user time to attach the smartphone to the lower back
by means of a waist belt case (see Procedures). After the
countdown and as soon as no movement is detected by the
inertial sensors, an audio signal initiates the start of the test. At
the end of the test, when the user is again sitting still, an audio
signal indicates that the test is completed. The Self-STS has the
same structure (ie, audio signals for both the start and end of
the test when the participant is sitting still). One important
difference for the Self-Tandem is that the start and end signals
are activated by time and not by movement. Thus, the audio
start signal is initiated immediately after a 5-second countdown,
followed by the end signal after 15 seconds.

Version 2

In version 2 of the Self-TUG and Self-STS, the smartphone was
worn in the front trouser pocket instead of the waist belt case.
We also integrated instruction videos into the apps. By pressing
“play,” a dialog box appears with a question asking whether
the participants want to see the instruction video (with a yes/no
choice; Figure 2). Pressing “yes” starts the instruction video for
how to perform the self-test. Pressing “no” results in the question
“Do you want to start the test?” with the options “Yes” or “No,
play the instruction video.” A reminder of what to do (insert
phone in pocket for Self-TUG and Self-STS, hold against chest
for Self-Tandem) was added to the countdown dialog box. The
apps were otherwise similar in structure as in version 1.

Version 3

The upgrades made for the third version of the apps included
new instructional videos, with updated voiceover and footage,
and new graphical elements in the video to emphasize important
details of how to perform the tests (Multimedia Appendix 1) as
well as a new menu structure where the user could choose to
view instructions or start the test. Instructions consisted of a
submenu with two options: watch the instructions for how to
prepare the test setup or how to perform the test.

In addition, new features (Figure 3) included a warning message
that popped up if a user tried to perform a test without having
watched both instructions; voiceover that instructed the user on
what to do once the test sequence had been initiated (ie, “Put
the phone gently in your right pocket. Sit down and wait for my

IMIR Mhealth Uhealth 2020 | vol. 8 | iss. 4| 16507 | p. 3
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instructions”); and real-time verbal feedback based on the
inertial signals from the smartphone (eg, “sit down,” “get up
proceed with the test,” and count of repetitions

from the chair,”
for the Self-STS). The instruction videos were made for

Figure 1. Screenshots of the first version of the Self-Timed Up and Go test.

Self Test
starting in

00:00:00

Figure 2. Screenshots of the second version of the Self-Timed Up and Go test.

Would you like to watch the video
instructions?

o e

4 sec

e e Viges Instructions

Bergquist et al

Norwegian study participants; thus, voiceover and text elements
were in Norwegian. The text on the menu and dialog box was
automatically adapted to the system language of the phone.

Test Result:
Total Duration [s}:
B48

Sitto-Walk Duration [s]
145

Put the phone gently in your pocket. ..

4 sec

Would you like o perform the test without
watching the video instructions?

e e Tast

Figure 3. Screenshots of the third version of the Self-Timed Up and Go, including the start menu, instructions menu, test setup, instruction video
screenshots, warning prompt when trying to start the test without having opened the instructions first, and instructions after starting the test.

i3 P

Instructions Start the test

Strength test

You have not seen any of the instructions.
Are you sure you want to start the test
without looking at them?

Start the test

Watch the instructions

Procedures

Testing of Version 1

The testing of version 1 was carried out in a lab setting by
trained assessors. Before testing, the assessors prepared the
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BACK TO THE TEST

Trykk pa
start testen

Mobility test

setup, which included a chair placed against the wall with a
3-meter walkway in front of it and a beanbag at the 3-meter
mark. Following a standardized introduction of the general
purpose and procedures of a usability test, the participants were
asked to self-administer the tests using the app on the
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smartphone. The participants did not receive any guidance from
the assessors during the tests, and the materials they needed to
perform the test were placed on a chair in front of them. This
included the smartphone, written instructions, and a belt case
for wearing the phone during the Self-TUG.

The assessors observed while the participants attempted to
self-administer the tests, recording issues and errors on a sheet
with predefined errors and issues that we expected in addition
to a free-text box to record other errors and issues.

Testing of Version 2

For the second step, the Self-STS was added to the self-test
battery. Testing happened under the same conditions as during
testing of the first version, with one exception for the Self-TUG
and Self-STS, namely that the smartphone placement was
changed from the belt case to the front trousers pocket.

Testing of Version 3

An instructor visited the participants in their homes to get a
realistic impression of how the system would be used in a
real-world home setting. After a standardized introduction, the
participants were asked to prepare and self-administer each of
the 3 self-tests 3 times, without guidance from the instructor.
One GoPro camera (GoPro, San Mateo, CA) was attached with
a harness to the participant’s chest and worn during the test
sequence to record the participant’s interaction with the
smartphone. A second GoPro camera was placed in the room
in a position where all movements could be recorded. The
participants were encouraged to think aloud when using the
system. After performing the self-tests, we asked participants
to complete two questionnaires: User Experience Questionnaire
(UEQ) and Systems Usability Scale (SUS) [11]. This was
followed by an audiotaped semistructured interview that was
developed specifically for this study, where we aimed to collect
end users’ views on topics relevant to the apps, such as user

Table 1. Participant characteristics.

Bergquist et al

experience, feedback/results, suggestions for improvements,
and general usefulness of the apps.

Data Processing and Analyses

We defined errors as deviations from the test instructions and
counted the number of errors from the clinical record forms in
the first and second iterations and from video recordings in the
third iteration (Multimedia Appendix 2). SUS scores, based on
S-point Likert-scale items, were averaged for each participant
and converted into a usability score with a range from 0 to 100
(with a higher score indicating better usability). UEQ
Likert-scale items were scored from 0 (highly agree) to 4 (highly
disagree), and frequencies of responses within each category
across all items were calculated.

The interview transcripts were analyzed using thematic analysis
[12] to identify relevant themes. Quotes were extracted for each
subtheme and translated from Norwegian to English for analysis.
The questions presented to the participants were “What did you
think about using these apps to test your physical function?”
and “Do you have any ideas for how the apps can be improved?”

Ethics

The data collection was performed in accordance with the
Helsinki ethical guidelines. The first and second usability testing
phases were approved by the ethical committees in Norway
(REK midt, 2016/1891), Stuttgart (registration number
770/2016BO1), and Amsterdam (METc VUmc registration
number 2016.539 [NL59977.029.16]). The Norwegian Center
for Research Data approved that the data protection for the third
usability testing was in accordance with current regulations (ref.
no. 391684). All participants included in this study gave their
informed consent.

Results

Participants’ characteristics are presented in Table 1.

Cohort App version n Age (years), mean Male gender,n (%) Has smartphone experience, Years of education, mean (SD)
(SD) n (%)

PreventIT study 1 189 66.3(2.4) 90 (47.4) 157 (83.1) 15.6 (4.6)

PreventIT study 2 134 66.3(2.5) 64 (47.8) 108 (80.0) 15.9 (4.8)

Summative usability 3 20 68.7(5.2) 11 (55.0) 20 (100.0) _a

evaluation

“Data were not collected.

The usability problems identified, numbers of participants who
experienced these problems, and what was done to eliminate or
reduce these problems are presented in Tables 2-4.
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Table 2. Usability problems in version 1 of the Self-Timed Up and Go and Self-Tandem apps, rate of errors, and solutions (n=189).

Problem ID Usability problem Rate of errors/trials Improvements made

1 Incorrect performance 120/378 (32%) Added instruction video

2 Performed test without starting app  22/378 (6%) Implemented instruction video that clearly demonstrates that
the play button needs to be pressed before performing the test

3 Did not sit still and wait for start 23/189 (12%) Added instruction video (demonstrating sitting still and waiting

signal after test was started for the start signal before starting the test) and shortened the

delay in the algorithm to limit any confusion

4 Incorrect placement of phone 32/378 (8%) Changed placement to front pocket for Self-TUG® and Self-
STSP and added a reminder in the countdown screen on what
to do first (eg, “put the phone gently in your pocket™)

5 Did not hear/perceive instructions  18/378 (5%) Changed placement to front pocket for Self-TUG and Self-STS

6 Accidentally cancelled the test 15/378 (4%) Not possible to override the home button function in the android

OS, change of placement the preferred solution to reduce this
problem

*TUG: Timed Up and Go.

PSTS: Sit to Stand.

Table 3. Usability problems in version 2 of all 3 self-tests, rate of errors, and solutions (n=134).

Problem ID Usability problem Rate of errors/trials Improvements made
1 Incorrect performance 66/402 (16%) Added new, improved instructions to the videos (new voiceover
and added graphical elements to draw attention to the details
of the test procedures); added a warning message that appears
if trying to start the test without watching instructions; and
added real-time TTS" voice feedback on the number of repeti-
tions in the Self-STS?
2 Started performing test (during in-  28/402 (7%) Changed structure of the app: main window now has two sepa-
struction video) without starting the rate buttons, one for “start test” and one for “instructions”
test in the app
3 Did not sit still and wait for start 39/268 (15%) Added real-time verbal step-by-step instructions that are initiated
signal after test was started in the after the test is started in the app
app
4 Incorrect placement of phone 11/402 (3%) Added real-time verbal instruction explaining where to place
the phone and when to do this
5 Did not hear/perceive instructions — 4/402 (1%) Changed settings in the app so that the volume is always on
maximum levels during testing, to prevent participants from
accidentally pressing the “volume down” button
6 Accidentally cancelled the test 8/402 (2%) Reduced the size of the “stop” button

TTS: text-to-speech.

PSTS: Sit to Stand.

Table 4. Usability problems identified in version 3 of all 3 self-tests and the rate of errors (n=20).

Problem ID Usability problem Rate of errors/trials
1 Incorrect performance 19/60 (32%)

2 Performed test (during instruction video) without starting the test in the app 5/60 (8%)

3 Did not sit still and wait for start signal after test was started in the app 0/40 (0%)

4 Incorrect placement of phone 0/60 (0%)

5 Did not hear/perceive instructions 2/60 (3%)

6 Accidentally cancelled the test 1/60 (2%)
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Iteration 1

In total, at least 1 error was made in 120 of 378 (32%) trials
during the first usability testing with the Self-TUG and
Self-Tandem. Forgetting or misunderstanding the written
instructions were the leading causes of errors. In order to reduce
the errors caused by this usability problem, we created video
instructions to replace the written instructions.

Iteration 2

In the second usability test, errors due to usability problem 1
(incorrect performance of test) were made in 66 of 402 trials
(16%). Percentage of errors due to usability problems 2
(performs test without starting app) and 3 (did not sit still and
wait for start signal after test was started) increased from the
first usability test, while the frequency of problems 4-6

Bergquist et al

(incorrect placement of phone, did not hear/perceive instructions,
accidentally cancelled the test, respectively) decreased.

Iteration 3

In the third summative usability evaluation, errors due to
usability problem 1 (incorrect performance of test) were made
in 19 of 60 (32%) trials. Usability problems 3 (did not sit still
and wait for start signal after test was started) and 4 (incorrect
placement of phone) were eliminated, while the frequencies of
usability problems 2 (performs test without starting app), 5 (did
not hear/perceive instructions), and 6 (accidentally cancels the
test) remained similar.

Table 5 presents an overview of the proportions of correctly
performed (first) trials of self-tests for all tests in all iterations.

Table 5. Number of correctly performed self-tests (first trial) with versions 1, 2, and 3.

Self-TUG?, n (%) Self-STS®, n (%) Self-Tandem, n (%)

Testing of version 1 42 (22.0) N/A® 127 (67.2)
Testing of version 2 108 (83.1) 40 (30.1) 106 (79.1)
Testing of version 3 14 (70.0) 5(25.0) 18 (90.0)

*TUG: Timed Up and Go.
°STS: Sit to Stand.
“Not yet developed.

Perceived Ease of Use

UEQ scores for iteration 3 are presented in Table 6, indicating
a positive or very positive user experience on all 6 items. Seven

sub-themes of perceived ease of use were identified in the
analysis of interview transcripts and are presented in Multimedia
Appendix 3 with accompanying sample quotes, mapped to
proposed solutions.

Table 6. Frequency of scores across the 6 items in the User Experience Questionnaire administered in the summative user evaluation (n=19).

Likert scale items Strongly agree ~ Agree Neither agree/disagree  Disagree Strongly disagree
The set-up instructions were clear and easy to follow 14 4 1 0 0

The text in the app was easy to read 15 4 0 0 0

The buttons in the app were easy to discern from other ele- 12 5 0 2 0

ments

The signals were easy to hear 15 3 0 1 0

It was easy to navigate around in the apps 10 6 0 1 1

The instruction videos were clear and easy to follow 14 5 0 0 0

The mean score on the SUS for version 3 was 77.63 points (SD
16.1 points, range 42.5-97.4 points). Of the 20 participants, 14
participants scored the SUS above 66.5 points, which is the
average SUS score for cell phones [13].

Discussion

Principal Findings

This paper describes the development and usability testing of
the Self-TUG, Self-STS, and Self-Tandem through 2 iterations
in the lab and 1 in a home setting. Our aim was to develop
app-based, self-administrable tests of physical function that
participants could use with a high degree of effectiveness and
perceived ease of use. The first phase of testing revealed
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usability problems that affected the validity of the test results,
illustrating a clear need for improvements. We addressed all
usability problems by making changes to the app design, test
algorithms, and test setup, which led to a large decrease in the
number of trial errors in the second usability testing. The work
on the third version of the apps then started, which included
updating and adding new instructions for a version fully adapted
for use in a home-based setting.

The results from the SUS, UEQ, and thematic analysis from the
usability testing in the home setting indicated that the
participants experienced high levels of perceived ease of use
when using the apps. Still, errors were made that may affect the
validity of the tests, most of which were caused by
misunderstanding the instructions. As an example, the most
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common error for Self-STS was not performing it as fast as
possible, which was the main reason why only 25.0% (5/20)
performed it correctly on their first attempt. This is lower than
in the second version tested in the lab (40/134, 30.1%). This
misunderstanding was caused by a delay in the real-time
counting of repetitions that was implemented in the third version
of Self-STS. The verbal announcement of repetitions, which is
also done by the assessor when the original Five Times STS is
administered in the clinic, was implemented to motivate the
participant to perform it faster and as a way for the participant
to keep track. However, as can be seen in the sample quotes
from the participant interviews (Multimedia Appendix 3), there
was a delay in the real-time feedback, making many of the
participants stop and wait in a standing position for the TTS to
announce the repetition before sitting down. This slowed down
the performance and thus impaired instead of improving the
validity of the test.

During the Self-TUG, a common error was to measure an
incorrect distance for the walkway during the set-up. Although
the instructions state that the walkway should be 3 meters, the
participant responses indicate that they did not consider it crucial
to measure exactly 3 meters. However, it has to be exactly 3
meters if the total test duration, walking duration, or gait speed
is to be used as an outcome measure, as these features rely on
a standardized distance walked. A clarification in the instruction,
where it is specified that the walkway needs to follow a straight
line of exactly 3 meters, could be one way to increase the
reliability of the test. However, as the distance walked by the
participant cannot be accurately measured by the app, another
approach could be to only exploit the distance-independent
signal features, such as those calculated from the sit-to-stand,
turning, and turn-to-sit phases. This will improve the system
reliability in assessing motor performance, but it will not ensure
full compatibility with the standard clinical measure of the total
test duration.

Another common error with the Self-TUG was to press “Start
test” without watching the instructions first. Although we had
implemented a pop-up warning if this happened, a bug prevented
this from happening in 5 of the 7 times this occurred. For the 2
participants who received the pop-up warning, 1 ended up
watching the instruction video and performing the test correctly,
while the other ignored the warning and proceeded to perform
the test without watching the instruction video, thus performing
it incorrectly. Because of the bug, we do not have sufficient
information to make a safe claim regarding the effectiveness of
the warning message. However, we assume that this problem
will be resolved by fixing the bug and specifying in the warning
message that a correct trial depends on having watched the
instruction video first.

A common usability problem observed with the Self-Tandem,
and also mentioned by many of the participants in the interviews,
was the discrepancy between the instructions and actual duration
required to stand in the tandem position. The instructions state
that the participant is supposed to place the feet in tandem, hold
the phone against the chest, and, after hearing the start signal,
keep as still as possible for 15 seconds. What often happened
in the current version, however, was that the app tried to detect
and verify the position of the smartphone after the participant
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had been instructed to place the feet in a tandem position. The
TTS then instructed the participant to hold the tandem position
and keep as still as possible for 15 seconds, until the end signal.
Depending on how fast they placed the phone against the chest,
the participant could thus stand up to 25 seconds in total.
However, if the instructions had said that the participant should
assume the tandem position after hearing the start signal,
different people would likely need a different amount of time
to get into the correct position, thereby risking that we would
get less than 15 seconds of actual tandem balancing. The
outcome measure in Self-Tandem is mediolateral sway, which
was found to be a strong predictor of age-related decline in a
study in which an eyes-open condition was used [14]. We
therefore designed the test in a way that would ensure, or at
least increase the chance, that we would have at least 15 seconds
of the participant standing in tandem.

A limitation with the Self-Tandem test is that we cannot infer
whether the participant was keeping the correct tandem position
for the entire 15 seconds from the inertial sensor signals. This
is not true for the Self-STS and Self-TUG tests, where the
correct performance of all phases of the test can be identified
reliably from the signal. A potential solution could be to
implement a pop-up question where the user self-reports whether
they actually held the position for the entire duration. Such a
solution has been implemented in the mHealth app “Steady”
[14]. Steady is a falls risk app that consists of a health history
questionnaire, 4 balance tasks (eyes open, eyes closed, tandem,
and single leg), and a 30-second sit-to-stand test. The binary
outcome measure of whether a user is able to complete a static
steady-state balance task in various conditions and durations,
such as those used in Steady, has been used extensively in
studies assessing healthy young seniors [ 15].Therefore, adding
this feature could potentially increase the Self-Tandem’s
diagnostic/prognostic abilities.

Implications and Future Work

The 3 iterations of usability testing described in this paper were
sufficient to identify all major usability problems with the
self-tests. The only problem remaining after the third cycle is
the real-time counting in the Self-STS, described earlier in the
discussion, which can easily be fixed.

We have demonstrated what challenges can be expected when
developing app-based tests of physical function for seniors and
how solutions to specific usability problems identified in one
iteration affected the same problems in the next iterations
(Tables 2-5). In addition, we described the perspectives of the
seniors regarding their experience of using the apps to
self-administer the tests (Multimedia Appendix 3). Another
interesting insight is how going from the lab to a home-setting
influenced the type of usability problems observed, in particular
those related to the test setup. In the lab setting, the setup was
prepared beforehand, whereas in the home setting, participants
needed to follow the instructions in the app describing how to
measure the walkway in the TUG, secure the chair for Self-STS,
and perform the Self-Tandem in a spot with a secure object
within hands reach, without any guidance from the assessor.

The next step in the developmental process of the apps is to
implement the solutions proposed in Multimedia Appendix 3
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to address the remaining usability problems and conduct new
usability tests to ensure that the apps are ready to be used by
the target group to self-administer the tests safely and correctly.
Furthermore, the algorithms used for signal processing in
Self-TUG and Self-STS need to be validated with the changed
placement of the smartphone from the lower back (version 1)
to the thigh (versions 2 and 3). Although we experienced some
issues with this new placement in the usability testing (eg, some
trousers were too loose), with the smartphone tilting down on
either side of the thigh and making the trial invalid, we
nevertheless believe that this solution offers the best trade-off
between motion detection ability on one side and ease of use
on the other side.

Our app-based tests of physical function could be applicable in
many contexts, and different contexts may require different test
outcomes. In the current version of the apps, the results
presented to the user after performing the tests are total durations
for the Self-TUG and Self-STS and sway path distance in the
Self-Tandem. As discussed, however, these might not be feasible
to exploit from an unsupervised test, where correct test set-up
cannot be verified. The data processed by the inertial sensors
within the smartphone provide additional features, and we aim
to review existing literature to identify which of the signal
features from instrumented versions of the TUG, Five Times
STS, and standing tandem are the most predictive of functional
decline in seniors. Given that these features can be reliably
measured with the smartphone worn in the trouser pocket, they
will be exploited as outcomes presented to the app users.

Although many tests of physical function have been
instrumented by the use of smartphones, the authors are only
aware of one other app that is developed for unsupervised
self-assessment, the Steady app [14]. What separates the Steady
app from ours is the type of tests implemented in the app. In
addition to static balance and repeated sit-to-stands, we
integrated the instrumented TUG. Furthermore, we performed
usability assessments of the app in the participants’ own homes,
in contrast to Steady, where an unoccupied apartment was used
for all non-lab test sessions in order to mimic a home
environment.

Limitations

In our first 2 usability tests, the apps were tested by 189 and
134 participants, respectively. Although this was very useful
for identifying what did and did not work well, we might have
achieved similar results with fewer participants. Earlier studies
have suggested that as few as 12 test users can be sufficient to
detect the majority of usability problems [16]. Thus, with shorter
and faster test cycles, the apps could potentially have been at a
more mature stage today.

Acknowledgments

Bergquist et al

The participants in the summative usability evaluation differed
to those from the PreventIT study in terms of age and
smartphone experience. This makes it more difficult to say
something about the impact that each app improvement had, as
opposed to testing all app versions in 3 different, but
homogenous, cohorts. However, we see it as an advantage that
the apps are also tested in a slightly older cohort, as these
participants can help us identify problems that could be more
relevant to how they experience the usability of the apps, as
compared to seniors that are younger or more experienced with
technology in their daily life. Furthermore, the self-tests have
not been validated in persons with tremor or pathologies; thus,
the results do not necessarily generalize to these populations.

ISO’s definition of usability comprises 3 main aspects:
effectiveness, which is the accuracy and completeness with
which users achieve certain goals; efficiency, which is the
relationship between the accuracy and completeness with which
users achieve certain goals and the resources expended in
achieving them; and satisfaction, which is the user’s comfort
with and positive attitudes towards the use of the system [17].
Efficiency was not measured in our usability studies. It is often
measured as task completion time or learning time, but in the
context of testing physical function, where the time spent on
completing a task also depends on the person’s physical abilities,
we did not consider task completion time to be an appropriate
outcome measure of usability, but rather of functional level of
the participant.

Although we have assessed the usability of these apps and
identified solutions to the remaining usability problems, the
validity of the outcome measures from the tests also needs to
be further investigated before being made available to end users.
Another point worth mentioning is that the correct use of the
apps and, accordingly, valid test results could be ensured by
giving the end users a one-time demonstration of how to use
apps and perform the tests correctly. This could be given in a
home visit or in an appointment at the lab or clinic, depending
on the context of use.

Conclusion

The study results suggest that the apps have the potential to be
offered as a solution for self-testing of physical function in a
nonsupervised, home-based setting. Participants found the apps
easy to use. The summative user evaluation in a home setting
revealed important usability problems that were not identified
in the lab, highlighting the importance of utilizing both test
settings when assessing app usability. The current version of
the apps has some remaining usability problems that can affect
the test results, indicating that the apps need to be further
improved and then validated before being made available to
end users.
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Video instruction available within version 3 of the Self-TUG app, demonstrating how to perform the Self-TUG, with voiceover
in Norwegian.
[MP4 File (MP4 Video), 21012 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Detailed description of usability problems.
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Sub-themes within perceived ease of use and sample quotes from participant interviews following the third iteration of usability
testing and proposed solutions.
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Abstract: Extensive test batteries are often needed to obtain a comprehensive picture of a person’s
functional status. Many test batteries are not suitable for active and healthy adults due to ceiling
effects, or require a lot of space, time and training. The Community Balance and Mobility Scale (CBMS)
is considered a gold standard for this population, but it is complex, time- and resource intensive. There
is a strong need for a faster, yet sensitive and robust test of physical function in seniors. We sought to
investigate whether an instrumented Timed Up and Go (iTUG) could predict the CBMS score in 60
outpatients and healthy community-dwelling seniors, which features of the iTUG were predictive,
and how the prediction of CBMS with the iTUG compared to standard clinical tests. A partial least
squares regression analysis was used to identify latent components explaining variation in CBMS total
score. The model with iTUG features was able to predict the CBMS total score with an accuracy of
85.2% (84.9-85.5%), while standard clinical tests predicted 82.5% (82.2-82.8%) of the score. These
findings suggest that a fast and easily administered iTUG could be used to predict CBMS score,
providing a valuable tool for research and clinical care.

Keywords: iTUG; physical function; functional assessment; balance; mobility; older adults; partial
least squares

1. Introduction

Physical function can be measured using self-report questionnaires or supervised clinical tests that
quantify the observable ability to perform tasks, such as standing up from a chair, walking, turning, or
standing on a differing base of support, such as a single leg stance [1]. Single tests can rarely capture
multiple aspects of mobility, so a battery of tests is often administered to obtain a comprehensive
picture of functional status. Many test batteries commonly used in geriatric testing and ageing research
are not sensitive to change due to floor and ceiling effects [2, 3], or they require considerable assessor
training.

The Community Balance and Mobility Scale (CBMS) has recently been identified as a valid, reliable
and comprehensive performance-based assessment for measuring physical function in seniors [2, 4]. It
contains a range of challenging balance and physical tasks. The scale is complex, time- and resource
intensive. This limits its feasibility for use in large scale public health approaches [5], or in daily clinical
practice. While difficult to administer, the CBMS can be considered a current gold standard for the
measurement of simple to advanced balance tasks in seniors [2, 4, 6].

There is a need for quicker yet sensitive and robust measures to assess balance, strength and
functional decline in young and older seniors. An alternative to developing new tests is to use
instrumented versions of existing validated measures. In clinical environments and ageing research,
three procedures are commonly used: the Short Physical Performance Battery [7], the Timed Up and
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Go (TUG) [8] and the measure of gait speed [9]. The TUG consists of sit-to-stand transitions, walking
and turning in one test that is deployable and scalable. The test is face valid to most populations and
can be easily taught to health care professionals; it is widely recognized and quick to administer. The
outcome measure of the TUG is the time taken to complete the whole task, measured in seconds. The
‘score’ does not discriminate fallers from non-fallers [3], identify frailty, or accurately predict falls in
higher-functioning seniors [10]. Instrumenting the TUG (iTUG), using inertial sensor signals, allows
measurement of spatial and temporal features from different segments of an iTUG trial, such as sit-to-
stand transitions, walking, and turning. The iTUG has shown improved performance compared to the
original TUG at assessing seniors at risk of falling or with Parkinson’s disease, disability or cognitive
impairment [10]. Here, we hypothesized that an iTUG performed several times back-to-back might be
a comprehensive, robust, quick and feasible way to assess and extract advanced balance and mobility
scores in seniors.

In order to obtain a quick and meaningful measure of functional decline in young and older
seniors, we aimed to evaluate how well the averaged inertial sensor features from 5 iTUG repetitions
can predict the CBMS total score within a group of geriatric outpatients and healthy community-
dwelling seniors. Further, we sought to investigate whether the iTUG and which components of the
iTUG can predict the CBMS total score accurately, compared to standard clinical tests used in routine
assessments today.

2. Materials and Methods

2.1 Population

Sixty participants from two different cohorts (40 community dwelling healthy seniors and 20
geriatric patients from an outpatient clinic) in Stuttgart, Germany, were invited to participate in this
cross-sectional method study. Participants were included if they were a) aged between 60 and 85 years
and b) able to walk 30 meters independently. Exclusion criteria were any patient-reported
cardiovascular, pulmonary, neurological, or mental diseases. The study was approved by the local
medical ethical committee (Germany, no: 850/2018BO1), and adhered to the Declaration of Helsinki.
All participants gave their written informed consent prior to inclusion.

2.2 Measurements

Demographic data and medical history were obtained from all participants. The following
measurements were completed (in order): Late Life Function and Disability Index (LLFDI) [11],
Montreal Cognitive Assessment (MoCA) [12] Short Falls Efficacy Scale-International (FES-I) [13], Eight-
level balance scale (8-LBS) [14], Community Balance and Mobility Scale (CBMS) [15], 7-meters walk test
(habitual and fast), 30-second chair-stand test (30-CST) [16], Short Physical Performance Battery (SPPB)
[7]. A complete description of test administration and -outcomes can be found in Appendix Table A.

2.3 Procedures

Participants underwent assessments in a hospital gait lab, which were administered by trained
research assistants (physiotherapists or sport scientists). The assessment battery consisted of self-
reported and objectively measured tests of physical ability, including the iTUG. The test order was
randomised, with participants starting with either the iTUG or traditional non-instrumented clinical
tests. The entire assessment battery took on average 1.5 hours and participants could take breaks
between tests when needed.

24 TUG and iTUG

The TUG was performed as five consecutive repetitions of the original TUG, with 30 seconds break
between each repetition. We used a chair that was 46 centimeters high, with armrests. A cone was
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placed at a mark 3 meters from the front legs of the chair. Instructions were given in accordance with
those from the original TUG [8].

During the trials the participants wore a Huawei smartphone (Huawei Technologies Co, Ltd,
Shenzhen, Guangdong, China) running a custom-made Android application, originally developed
within the FARSEEING project [17]. The smartphone was worn on their lower back in a belt case. The
assessor controlled a second smartphone which was connected via Bluetooth to the smartphone worn
by the participant, to manually time each trial according to the original guidelines [8]. The set-up is
illustrated in Error! Reference source not found..

Figure 1. Illustration of the test set-up for the iTUG.

Sensor signals were recorded from the triaxial gyroscope and accelerometer embedded within the
smartphone worn by the participants during the iTUG. The procedures have been described elsewhere
[18], but in short we divided the iTUG into four segments: Sit-to-walk (StW), Walking (W), First turn
(FT), and Turn-to-sit (TtS). Anterior-posterior (AP) acceleration and angular velocity around the medio-
lateral (ML) axis were used to identify the sit-to-stand (StS) and walking segments. To identify the
turning segments, we used the angular velocity around the vertical (V) axis. We computed 78 features
from the inertial sensor signals (see Appendix Table A2), including segment durations, intensity
measured as root mean square (RMS), and the smoothness of the signal measured as normalized jerk
scores (NJS). Mean and maximum angular velocities were computed from the turning segments, as
well as number of steps from the walking and turning segments.

2.5 Statistical Analysis

The descriptive information was calculated and reported as number of participants, mean age,
height, weight, BMI, education, and gender distribution. Descriptive variables were included in the
PLSR (partial least squares regression) analysis in both models (Figure 2).
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Predictor model 1

Descriptives:

. Age
* Education
* Height

.+ Weight See Appendix
« BMI Table 5.
Response variable

. Partial least squares Measured
Predictor model 2 e - CBMS
regression total score
Descriptives: Standard clinical

tests:

. Age

« Education . SPPB
+ Height + 30-CST
« Weight

*  Gait speed (fast)
+ BMI * Gait speed (habitual)

iTUG features:

+ 8-LBS .
. TUG Predicted

+ Short FES-I CBMS total
* MoCA score

—

Figure 2. Illustration of predictor and response variables used as input for the two separate PLSR
models.

The iTUG was performed with five repetitions to eliminate variance in performance across trials
(16). The average value for each feature across the five repetitions was used for maximal robustness in
the final model presented.

2.5.1 Partial least squares regression (PLSR)

To find the variables that most accurately described the variation in CBMS total score, we used a
PLSR analysis. This analysis finds components that explain as much of the covariance as possible
between the predictor variables X (i.e. the iTUG features or the standard clinical tests) and the response
variable Y (CBMS total score).

The PLSR model was validated in a 7-step cross-validation procedure. The iTUG features that were
significantly (p<0.05) correlated with the training data, Xtrain and Ytrain, were selected for the PLSR
model. Data were then cross-validated to identify the robust components without overfitting the model,
using a Monte Carlo simulation procedure with 100 repeated random iterations of repartitioning the
Xtrain and Ytrain data. The optimal number of components (see Figure 1B and Figure 3B) were chosen
by calculating the root mean square error of prediction (RMSEP), by which we chose the number with
the minimum RMSEP and RMSEP confidence interval for the PLSR. We then calculated the variable
importance in projection (VIP), which is an accumulated measure of the importance of each variable
from each component in the PLSR model. The most common VIP cut-off for variable selection is a VIP
value of >1, but variables with VIP values between 0.83 and 1.21 are also used in some situations [19],
hence we chose to illustrate how the variables selected in our PLSR method align with all these three
cut-offs (Figure 2 and Figure 4). Finally, Z-scores were obtained to analyze the statistical difference in
RMSEP between the iTUG model and the model of standard clinical tests. Alpha was set to 0.05. All
computations were performed in Matlab 2019b [20].

3. Results

Sixty participants were included in the study (mean age 74.2 years + 7.6), 32 females (53.3%)). The
characteristics and scores of physical function are presented in Table 1.
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Table 1. Participants’ characteristics. Mean and standard deviation (SD) for all variables except sex

distribution.
Community-dwellers (n=40) Outpatients (n=20)
Age, in years 71.8 (7.3) 78.9 (5.9)
Sex (M/F) 17/23 11/9

Years of education 14.6 (3.7) 11.5 (4.3)
BMI (kg/m?) 25.0 (3.6) 27.3 (4.3)
MoCA (0-30) 27.1 (4.9) 23.7 (2.2)
CBMS (0-96) 66.7 (18.3) 15.0 (17.2)
LLFDI (0-100) 75.5(9.9) 51.3 (14.4)

TUG (s) 8.3(1.2) 13.9 (4.0)

SPPB (0-12) 11.7 (0.9) 9.0 (2.4)

8-LBS (1-8) 5.4 (1.5) 43 (14)

30-CST (no. of repetitions) 15.3 (2.9) 8.8 (3.3)
Gait speed, habitual (m/s) 1.36 (0.20) 0.88 (0.21)
Gait speed, fast (m/s) 1.83 (0.27) 1.18 (0.30)
Short FES-I (7-28) 8.1 (1.5) 10.7 (4.0)

M, male; F, female; BMI, body mass index; MoCA, Montreal Cognitive Assessment; CBMS, Community Balance
and Mobility Scale; LLFDI, Late Life Function and Disability Index; TUG, Timed Up and Go; SPPB, Short Physical
Performance Battery; 8-LBS, Eight Level Balance Scale; 30-CST, 30-second Chair Stand; FES-I, Falls Efficacy Scale-
International

3.1. PLSR of iTUG features versus the CBMS

Using the PLSR model with iTUG-features as predictors and CBMS total score as the response
variable, we found that the first three components of iTUG features predicted the CBMS total score
with an R? of 0.852 (95% CI 0.849-0.855, see Table 2).

Table 2. Loading scores, R? and VIP scores for all variables selected and R? of the first three components
in the PLSR analysis for iTUG features and descriptive variables.

Variables selected by PLSR  Loading scores, Loading scores, Loadingscores,  VIP R2
component 1 component 2 component 3
iTUG features

Mean velocity first turn 0.215 0.032 -0.091 1.123 0.739
Walk duration -0.222 0.024 0.028 1.123 0.739
Mean velocity TtS 0.207 0.094 -0.069 1.124 0.722
Total duration -0.218 0.030 0.015 1.104 0.706
Total number of steps -0.213 -0.039 0.079 1.099 0.706
Peak velocity TtS 0.209 0.045 -0.035 1.092 0.700
Peak velocity first turn 0.207 -0.001 -0.056 1.074 0.674
Average step length 0.204 0.067 -0.054 1.064 0.654
TtS turning duration -0.205 -0.032 0.065 1.055 0.647
Turn duration -0.208 0.000 0.130 1.056 0.643
Gait speed 0.207 -0.009 0.009 1.055 0.634
Number of steps in first turn -0.201 -0.020 0.200 1.032 0.601
NAJS first turn -0.182 -0.121 0.205 1.004 0.560

RMS acc. walking V 0.196 -0.112 0.074 0.991 0.548
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NAJS TtS -0.173 -0.177 0.130 0.985 0.523
RMS acc. walking AP 0.191 -0.266 0.080 1.014 0.449
RMS angular velocity walking V 0.185 -0.188 0.012 0.953 0.443
Range angular velocity walking 0.181 -0.182 0.042 0.929 0.433
\
TtS duration -0.173 0.061 0.091 0.887 0.419
Jerk score walking AP 0.174 -0.137 -0.048 0.884 0.416
StW duration -0.140 -0.076 -0.203 0.891 0.373
Step regularity V 0.138 0.163 -0.070 0.899 0.366
Jerk score walking V 0.143 0.073 -0.047 0.785 0.338
Descriptive
Age -0.129 -0.401 -0.327 1.404 0.472
Education 0.113 0.496 0.047 1.188 0.352
Component1 Component2 Component3 Total
Mean explained variation (R?) 0.771 0.058 0.023 0.852
95% CI 0.849-
0.769-0.772 0.054-0.061 0.020-0.027 0.855

The RMSEP (see Figure 3) was found to be lowest with 3 and 4 components, where 4 was slightly
lower than 3 (11.79 vs 11.81), albeit not significantly so (p=0.9).

120

100 |

30

CBMS predicted
= = ] 2

=2

40

RMSEP

0 10 20 30 40 50

60

70 80

CBMS measured

20

100

5

6

7

Number of Components

Figure 1. (a) Predicted vs. measured CBMS total score from iTUG. Outpatients presented by dots and

community-dwellers by circles; (b) RMSEP (black line) with +/- one standard deviation (grey lines)

across 10 components.



14

—
[
T

L
+

mmmmﬂﬂm

0.6

04

Variable importance in Projection (\/’IF‘)IR2

=
¥

5250 5 2 5974774371426978 4 44 3 45 40 41
Predictor variables

7 1 6 3839

7 of 14

Mean velocity TtS

Mean velocity first turn
‘Walk duration

Total duration

Total number of steps

Peak velocity TtS

Peak velocity first furn
Average step length

Turn duration

Gait speed

TtS turning duration
Number of steps in first turn
RMS acc. walking AP

NAJS first turn

RMS acc. walking vV

NAJS TtS

RMS angular velocity walking V'
Range angular velocity walking V
Step regularity V'

StW duration

TtS duration

Jerk score walking AP

Jerk score walking V

Figure 2. The VIP scores (light grey) and R? (dark grey) of the iTUG features selected in the PLSR model.
The horizontal lines represent the lower (0.83), middle (1) and upper (1.21) cut-off values used for
interpreting the VIP of individual predictor variables. TtS, Turn to sit; RMS, Root mean square; acc,
acceleration; AP, Anterior-posterior; NAJS, Normalised angular jerk score; V, vertical axis; StW, Sit to

walk.

3.2. PLSR of standard clinical tests vs. the CBMS

In the PLSR model with standard clinical test scores as predictors and CBMS total score as the
response variable, we found that the first two components predicted the CBMS total score with an R?
of 0.825 (95% CI 0.822-0.828, see Error! Reference source not found.).

Table 3. Loading scores, R2 and VIP scores for all variables selected and R2 of the first two components

in the PLSR analysis for standard clinical tests and descriptive variables.

Variables selected Loading Loading scores, vIP R2
by PLSR scores, component 2
component 1
Clinical
TUG -0.398 0.102 1.133 0.698
Gait speed, fast 0.385 -0.057 1.115 0.676
Gait speed, habitual 0.381 -0.034 1.113 0.672
SPPB 0.371 -0.260 1.010 0.533
30-CST 0.346 -0.320 0.985 0.504
8-LBS 0.257 0.215 0.814 0.335
Short FES-I -0.314 0.451 0.855 0.307
Descriptive
Age -0.250 -0.728 1.065 0.472
Education 0.270 0.331 0.843 0.352
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Component 1 Component 2 Total
Mean explained
variation (R?) 0.798 0.027 0.825
95% CI 0.796-0.801 0.024-0.029 0.822-0.828

The RMSEP was not significantly lower with more than two components, and mean RMSEP with
two components was 12.85 (Figure 5). RMSEP of CBMS prediction with the iTUG model was
significantly lower than with standard clinical tests (Figure 3B and 5B, p=<0.0001).
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Figure 3. (a) Predicted vs. measured CBMS total score from clinical variables. Outpatients presented by
dots and community-dwellers by circles; (b) RMSEP (black line) with +/- one standard deviation (grey
lines) across 8 components.
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4. Discussion
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This study aimed to assess whether signal features averaged from 5 iTUG trials could predict
CBMS scores as a ground truth model in community-dwelling seniors and geriatric outpatients, using
a PLSR analysis. In addition, this study sought to investigate whether the predictive ability of iTUG
was superior to standard clinical tests in predicting CBMS scores.

The PLSR model of iTUG features could predict the CBMS score with a substantial level of
predictive accuracy (mean explained variation of 85.2%) [21]. The iTUG model had a similar predictive
ability of CBMS scores as a battery of clinical tests, and significantly less error of prediction.

CBMS evaluates high-level gait, balance and mobility, required for safe and independent living in
the community [4, 6]. Our findings suggest that a 5-times repeated iTUG, which requires little floor
space, a smartphone, and about 5 minutes in the clinic or lab, can accurately predict a person’s score on
the CBMS, which otherwise would require 20-25 min and larger facilities and resources to administer.
While the standard clinical tests were also able to predict the CBMS score with high accuracy, the test
battery took approximately 35 minutes to administer, and staff needed specific to be able to collect those
data. For iTUG, testing can be completed within 5 minutes and minimal training is required to
administer the test.

The signal features with highest loading scores on the first component are features that represent
several different segments of the iTUG, including walking, turning and turn-to-sit. We also found that
they represent different units, such as velocity, duration, number of steps, and step length. These
findings indicate that no specific signal features stand out from the others in terms of how much of the
variation in CBMS they describe, but rather that a good prediction of CBMS relies on several
complementary pieces of information. However, six of the ten features with highest R? scores were
features obtained from the two turning phases of the iTUG, perhaps not coincidental, as the importance
of turning for predicting balance have been recognized in several other studies. For example, an earlier
study on older adults found that those who had poorer scores on the Berg Balance Scale and the
Fullerton Advanced Balance scale, exhibited slower turns in the iTUG [22]. In a study of high-
functioning young seniors, the features ‘Walk duration’ and ‘TtS maximum velocity’ both had
significant discriminative ability on self-reported physical function as measured by the LLFDI [18].
Turning features of the iTUG have also been found to be sensitive for testing people with impaired
motor control due to neurological conditions [23-25], fallers [26], and in persons with mild cognitive
impairment [27], which could also be explained by motor control impairment [27, 28].

4.1 Limitations

We acknowledge that this study has some limitations. First, the sample size was relatively small.
It is generally recognized that machine learning-based prediction models trained on small sample-sizes
are vulnerable to biased performance estimates [29]. This study was intended as a pilot study, and a
larger study with additional or larger cohorts is necessary to confirm the findings. In addition, the
model described here has not been validated on an external dataset in which the same procedures have
been applied. Therefore, the presented results need to be interpreted with caution and cannot be
generalised to other populations without further confirmation of this work.

4.2 Implications for clinical practice and future research

We found that five trials of iTUG, which require very little time, space and training to administer,
could predict the CBMS with a substantial and slightly higher accuracy than a battery of standard
clinical tests. The potential implications of these findings are that the use of instrumented tests would
save time for the individual and clinicians, and avoid fatigue in the patients related to comprehensive
test batteries. Furthermore, self-administrable iTUGs are on the rise, which would allow seniors to
assess their ability from the comfort of their own living room [30]. The adoption of electronic
technologies has been recognized as a key strategy for cutting costs in healthcare [31], and with the
iTUG, healthy seniors as well as patients could use their own smartphone and have their physical
function monitored remotely by clinicians or researchers. Furthermore, access to physical activity levels
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objectively measured by the smartphone could increase the predictive ability of not only CBMS, but
other outcomes as well.

In future work, the iTUG PLSR model should be trained on a larger dataset and validated
externally in new, unseen data collected using the same procedures as the training data. The same
procedure used in the current analysis could also be used to evaluate how well the iTUG can predict
relevant outcomes for other populations with impaired physical function, such as Parkinson’s disease,
multiple sclerosis, chronic obstructive pulmonary disease, stroke, and others.

5. Conclusions

In this study, we demonstrated that averaged signal features from a smartphone worn during a 5-
times repeated iTUG could predict the CBMS score in community-dwellers and outpatients with 85.2%
accuracy, while more elaborate standard clinical tests could predict it with 82.5% accuracy. The results
suggest that an iTUG, which is potentially cost-saving, fast and easy to administer, may be used to
predict a person’s score on the CBMS in research, clinical care and from remote.
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Appendix A

Table Al. Complete list of standard clinical tests with description.

Late Life Function and Disability Index (LLFDI)

The LLFDI [11] consists of two parts; function, and disability with 32 and 16 items respectively.
Both parts of the LLFDI were administered, but for the purpose of this study, only the functional
scores will be used in the analysis. The items are regarding how much difficulty the participant
experiences with carrying out different activities of daily life with a rating scale of 1-5, ranging from
no difficulty to cannot do. The questions span across three dimensions; upper extremity, lower
extremity, and advanced lower extremity. The total score is scaled, resulting in scores ranging from
0-100 (higher score indicating better performance), allowing comparison to other trials and cohorts.

Short Falls-Efficacy Scale International (Short FES-I)

The Short FES-I (9) is a 10-item questionnaire developed to assess the fear of falling in
community-dwelling older adults. The outcome is a sum score ranging from minimum 7 (no concern
about falling) to maximum 28 (severe concern about falling).

Montreal Cognitive Assessment (MoCA)
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MoCA [12] is a screening tool used identify mild cognitive impairment (MCI) that assesses short
term memory, visuospatial abilities, executive functions, attention, concentration and working
memory, language, and orientation to time and place. The score ranges from 0 to a maximal score of
30, with a higher score indicating better cognitive function.

Eight-level balance scale (8-LBS)

The 8-LBS (11) is a test of static balance in which the participants attempt increasingly difficult
positions for 15 seconds. The test ends when (if) the participants are not able to hold the position for
15 seconds. The positions are 1) side-by-side standing, narrow base, eyes open; 2) side-by-side
standing, narrow base, eyes closed; 3) semi-tandem, eyes open; 4) tandem, eyes open; 5) tandem,
eyes closed; 6) one-leg standing, eyes open; 7) one-leg standing, eyes closed; 8) one-leg stand, eyes
closed + cognitive distraction (mentioning of the months of the year in a backwards order). The
outcome is the number (in order) of the most difficult position attempted, ranging from 1 (least
difficult) to 8 (most difficult).

Community Balance and Mobility Scale (CBMS)

The CBMS (14) is a test battery of balance and mobility consisting of 13 tasks, of which six are
assessed unilaterally. It has been shown to be a promising performance-based test of physical
function in higher-functioning seniors (2, 6). Each task is rated at the assessor’s discretion, and a score
given from 0 (unable) to 5 (coordinated and controlled, without excessive equilibrium reactions). The
scores are summed and the total score ranges from 0 to 96, where a higher score indicates better
performance. The bonus point (95 +1) is given if the participants can descend a staircase while
holding a weighted basket in front of them, allowed only intermittently to look at the steps.

7-meters walk test (habitual and fast)

Participants are timed over 7 meters within a 9-meter track, allowing one meter in each end for
acceleration/deceleration. The best time from two trials in both habitual and fast walking conditions
were used to calculate respective gait speeds (m/s).

30-second chair-stand test (30-CST)

In the 30-CST the assessor counts the number of repetitions of sit-to-stands the participants can
perform in 30 seconds. The test was developed to overcome the floor-effect associated with the Five
times sit-to-stand, and is originally a part of the Fullerton Functional Fitness Test battery (12).

Short Physical Performance Battery (SPPB)

SPPB is a test of physical functioning of the lower extremities in older adults (13). The test
consists of three parts, where the participants 1) attempts to keep their balance in three different feet-
positions for 10 seconds in each, 2) walk four meters in habitual pace (performed twice), and 3)
perform five repeated sit-to-stands as fast as possible. Each part is scored, and a combined score from
0-12 is given, where a higher score indicates better performance.

Table A2. Complete list of extracted iTUG features used in the PLSR analysis.

Total Duration RMS ML gyro StW Peak Velocity TtS Stride Regularity
ML
StW Duration RMS V gyro StW NA]JS 180° Turn Stride Regularity V
180° Turn Duration range AP acc TtS NAJS TtS Gait Symmetry AP
TtS Turning Duration range ML acc TtS Gait Speed Gait Symmetry ML
TtS Duration range V acc TtS Average Step Length Gait Symmetry V
Walk Duration RMS AP acc TtS Step Duration Range Acceleration
Walking AP
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Total Number of Steps RMS ML acc TtS Standard Dev. of Step Range Acceleration
Duration Walking ML
range AP acc StW RMS V acc TtS Coef. Variation of Step Range Acceleration
Duration Walking V
range ML acc StW Jerk Score AP TtS Coordination Index RMS Acceleration
Walking AP
range V acc StW Jerk Score ML TtS Jerk Score Walking AP RMS Acceleration
Walking ML
RMS AP acc StW Jerk Score V TtS Jerk Score Walking ML RMS Acceleration
Walking V
RMS ML acc StW range AP gyro TtS Jerk Score Walking V Range Angular
Velocity Walking
AP
RMS V acc StW range ML gyro TtS Normalised Jerk Score Range Angular
Walking AP Velocity Walking
ML
Jerk Score AP StW range V gyro TtS Harmonic Ration AP Range Angular
Velocity Walking V
Jerk Score ML StW RMS AP gyro TtS Harmonic Ration ML RMS Angular
Velocity Walking
AP
Jerk Score V StW RMS ML gyro TtS Harmonic Ration V RMS Angular
Velocity Walking
ML
range AP gyro StW RMS V gyro TtS Step Regularity AP RMS Angular
Velocity Walking V
range ML gyro StW Mean Velocity 180° Step Regularity ML Number of Steps in
Turn 180° Turn
range V gyro StW Mean Velocity TtS Step Regularity V
RMS AP gyro StW Peak Velocity 180° Stride Regularity AP
Turn
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