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ABSTRACT

Ageing is usually combined with a decline of physical and cognitive capacity, which implies a
significant economic cost in terms of health care and social assistance. Early detection of people at
risk of developing ageelated Physical Capability (PC) decline is crucial for primary prevention.
Instrumenting Physical Performance (PP) tests and continuous monitoring of daily Physical Activity
(PA) by means of wearable inertial sensors allow the extraction of many objee@seimas, which

could help in detecting the agelated physical decline. However, little use is made in everyday
clinical practice, because of the lack of standardization, redundancy of information and the need for
normative data. A Factor Analysis apprbaallows to identify a smaller number of empirically
defined and statistically independent factors representing distinct domains. This technique can be
used to obtain a model of the ol der adul tso
interpretation of those measures.

The main goal of this thesis was the design of a general model for providing an objective and
comprehensive functional assessment tool, being able to also explore the relationships among
instrumented scores, clinical scores and spmedihpairments and diseases. More than 500
communitydwelling adults participating in three different EU studies (Prevejd)TINCHIANTI

[2] and PRE.C.I1.S.A3]) underwent a battery of PP tests, wearing an inertial sensor at L5. Térg bat
included the assessment of postural sway in Quiet Standing (QS), walking, Chair Stand test (CST)
and Timed Up and Go test (TUG) and the collection of a set of heddtfed measures. Age and
gender relationships have been investigated. ExploratatpiFAnalysis (EFA) was used to define

a conceptual model based on the set of sdmssed measures extracted. @veek continuous
monitoring of daily PA activity has also been recorded from a subset of 171 participants of the
INCHIANTI Study. PA measurascluded the percentage of sedentary, active, and walking time, the
duration and intensity (METS) of the activities, as well as the gait and turning characteristics. The
outcomes of both the sendmused assessments of PP and daily PA were consistentheith
conventional clinical outcomes. Instrumented functional testing showed the potential to i) advance
the quality of current mobility assessments;
and iii) disclose subtle changes in PC that watlgkrwise remain undetected.

In conclusion, the development and implementation of an easy to use, objective and comprehensive
t ool for the assessment of the individual sé P
conventional clinical owbmes, allowing to objectively measure several mobility skills that would
otherwise remain undetected and foster the achievement of the early detection ofrilatage

functional decline, facilitating the design of interventions and rehabilitatioregteat
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1. INTRODUCTION
1.1. PHYSICAL CAPABILITY A SA MEASUREOF HEALTHY AGEING AND WELLBEING

1.1.1. HEALTHY AGEING

The number oblderpeope is constantly increasingorldwide In the EiropeanUnion, 19% of the
whole population was aged over 652017 and this percentage will increase to 29.1% by the year
2080[4]. This will lead to the transition towards a rhuglder population structure, which will affect

the social andhealth caresystems of every countrignificant challenges must be faced to meet the
rising needs of amageingpopulation Ageingis usually combined with a decliref physical and
cognitive capacity, which implies a significant econonaigstin terms ofhealth careand social
assistance. A publibealth response to the ageipgenomenorshould act to reduce the losses
associated with oldexgeand reinforce recovery, adaptation and psychasgcowth[5]. For these
reasons, it is of the utmost importance to foateactive and healtrageingand monitor effectively

the p o p u | sahlealtlb stétus. In accordance with a recent resolution of the World Health
Organization and on the evidence of the world report on ageing and health, a comprehensive global

strategy andction plan on ageing and hedftasbeen develope[b].
1.1.2. PHYSICAL ACTIVITY AND PHYSICAL CAPABILITY

Since healthy ageing and wellbeing are becoming the main goals of modern societies, the focus of
researches on ageihgs moved to the d&gn of intervention strategies, aiming to reduce the risk of
developing ageelated disability and diseafd. One of the most important approaches to delay the
morbidity associated withgeing is to increas@hysicalActivity (PA) among older people. To raise
awareness of relationships between PA and health in older adults, better methods are needed to
facilitate monitoring in clinics, at home or @acommunitysetting[8]. A high number of biomarkers

of healthyageing have been suggested in the literatig:d0]. The most widely recognized by the
scientific community is Physical Capability (P{1)1]. By definition, PCincludes muscle strength

and physical performance against the ability to perform daily physical tasks, for instance: maintain
balance, rising from a chair or walking, which involve physiological functions of several body
systemd12]. The subdomains engaged in performing the activities of daily living include balance,
locomotion and strength and are strongly associated witlityjoélife, disability [13,14] and may

be predictive for subsequent healthtammes and mortality in communitivelling populations
[10,15,16]



1.1.3. CONVENTIONAL SELF AND OBJECTIVE ASSESMENT OF PHYSICAL CRABILITY

PC is conventionally assessed by questionnaires and clinical rating scales baseckparsglivhich

assess functional limitations or ability to perform activities of daily living (ADL). These tools aim to
measure latent variables and this implies thay are subjective, may have poor reliability, validity

and responsiveness and they may stiften ceiling and floor effecf17,18] To overcome the above
limitations and improve validity and reproducibility, objective and standardized tests of PC, also
called Physical Performance tests (PP), were introdirfedests require good balance and strength,

and theyneedthe good function of the musculoskeletal, cardiovascular, respiratory, and nervous
systems. Poor PP, like poor capacity to maintain the static balance with different feet position and
eyes open/closed, slow walking speed, or poor abilities to stamdaf chair and sit back down again

a set number of times, may predict subsequent health outcomes in cordwalligg populations

[15]. It isalso associated with greater risk of subsequent disability in terms of restrictions in activities

of daily living [19]. During the clinical assessment of P& set of different PP tests are often
administered together, such as the Short Physical Performance Battery (BREB)includes
measures of balance, gait and chair rise and foresees the computation of a total performance score.
This score has been demonstrated to predict mortality and institutionalization across a broad spectrum
of functional statuf20,21]. PP tests are also able to accurately capture the change of RGamith

reflecting the loss of functioning of the body systems engdgecently, Ferrucci et al. showed the
shape of the decline of walking speed and other measui@sefextremity performance over time.

They also showed that early decline in mobility is detectable and may guide strategies for prevention

targeted to individuals and populatid2g].
1.1.4. SENSORBASED MEASURES OF PMSICAL CAPABILITY

Many tools hae been developed to objectively measure physical capability and obtaid@taited
information in addition to the simple total time to perform the test. These techniques include
photogrammetry, kinematic and kinetic analyses, video matmiure, elecomyography, force

plate analysis. Tdése tools employ sophisticated biomechanical methods and produce highly accurate
functional parameters for clinical research, however, they are costly, cumbetisoerEgnsuming

and they require access to specializggigment and a dedicated laboratoryget Furthermore, in

lab measurements of movements may not accurately refiectéfunctional capability in the daily

living environment. Thifias given rise to the development of wearable sensors, which alleasitha

light, noninvasive and less expensive than thebabed instruments. They allow to objectively

monitor human movements, not onlyalmics but also in the freéving home environment. Inertial
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Measurementnits (IMUs) contain accelerometers aggroscopes and have become accessible
regarding measurement accuracy, size, cost and energy consui@plidkiUs have proven to be a
reliable method to monitor a range of different movements, like [84]t postural sway[25],
turnings, andSit-to-StandStandto-Sit transitions[26,27]. They allow to extract a high number of
taskspecific measures like the complexity of the motor control (19); step length, walking speed,
cadence][28,29] coordination indeX30], gait regularity symmetry[31] and smoothnesg32];
turnings and Sit-to-StandStandto-Sit range and smoothnef33,34]. It has been proven that these
measures are associated with similar effect sizes toedaped changes in physical performance in
middle-aged to older adultg35]. Furthermore, ihas beershown that balance and gait represent
independent control systes for mobility and not all balance and gait measures deteriorate the same
way with age[36]. Inertial sensors have alsthown to be appropriate in monitoring dalyysical
activity (PA) levels.In a recenstudy, an inertial sensorbasedPA classification system developed
with older adults as the target populatioas beerpresented and validatd87]. Thanks to the
diffusion of integrated inertial sensors into objects of daily living like smartphones and smartwatches,
continuous activity monitoringvill also likely goes beyond clinical outcome assessment to support
remote healtt38].

1.2. RESEARCH PROJECT AND AIMS

Early detection of people at risk of developing -aglated PC decline is crucial for primary
prevention. Objective measures of PC can provide a better understanding of the functional decline
process with age and hence may become aulusml for designing preventive and intervention
strategies. However, little use is made of these measures as yet in everyday clinical practice. This is
probably due to the lack of standardization and the feedormative data and longitudinal data.
Furthermore, larger and higiuality trials are needed for validating the sedsased approach. A

high number of sensdrased measures can be derived from the PP tests, which bring redundant
information (high covariance among measures) and sometimes thigaudinical meaning makes

the interpretation of the results difficult would be advisable to create consensus in the clinical and
research community on a minimum, recommended set of PPfr@stsvhich extract thesensor

based measure$o standardis these outcome tools, popularise their valuable use and increase
comparability between studi¢38]. Hence, there is need to reduce the dimension of the set of the
sensotbased measures computed, without compromising selectMity.suggested approachtas

group measures into latent factansing a ExploratoryFactor AnalysiEFA) approachEFA is a
multivariatestatistical methodvidely used in the social, health, biological, and, sometimes, physical
scienceso describe variability among correlategrmables |t enables to identify a smaller number of
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empirically defined and statistically independent factors representing distinct doEfadnis based

on the common factor model, whiaksumeshat each observed variable is influenced by underlying
common factors and unique factors. Unique factors are related to measurement error and variation in
the data. Variables that are highly correlated are likely to be influenced by the same factor, while
those that are relatively uncorrelated are likely infleehby different factor§39]. The respective

factor loading represents the strength of this relationship, which can be used to mapping the factors
into domains with a clear conceptual meaning. The conceptual interpretation of the discovered latent
factorscouldprovide a simplifiel framework to the starting datasehe so defined latent factoasd

their clinical interpretatiortonstitute the conceptual model and may be used to transform datasets
containing high number of correlated sensased measures into heatdiated relevat domains.

Such an approach has been widely adopted to characterize gait of both contwetiitg older
adults and people at risk of fall i n4pi46ldhese af f ¢
studies developed and validated a conceptual gait model from a set of instrumented temporal gait
parameters extracted from a computerized walk
However, these conceptual gait modwmigke use of onlfemporal parameters and the omission of
measures like step/stride regularity, jerk and RMS acceleration might lead to a loss of useful
information. Indeed, as an example, a recent study showed that not all information about impaired
PD gaitcan be captured through measuring spatiotemporal informptidjn Furthermore, these
additional measures showed to be related to different heath conditions during dynamic and static
balance assessmgnaB8,49] Suchanapproacltcanbe used t o obtain a model
and provide a uniform and standard clinical interpretatidmnch could contribute to facilitate the

adoption of the sensdrased assessment in everyday clinical practice

The main goalof this thesisis the design of a general model for providing an objective and
comprehensive functional assessment tool, being tablalso explore the relationships among
instrumented scores, clinical scores and specific impairments and diseases.

The research project has been carried out in close collaboration with medical doctors,
physiotherapists, and patients to obtain an assesdow usable in the everyday clinical practice,
which mees the needs and expectations of clinicians and patients. The objectives of the research

project were:

O1Definition of a standardised functional assessment protocol, based on wearable inertial
sensos, to be used for both healthy and pathological subjects; to properly validate existing

and novel algorithms and methods for signal processing and feature extraction in both healthy



and pathologicgbeople and to define normative values taking into actdbe effect of age,
gender, weight, and height.

O2Reduction of the redundancy of information derived from the large number of features
extracted for the raw signals by means of the exploratory factor analysis; to provide a uniform
clinical interpretation bsingle and aggregated features/factors; to verify the association of
single and aggregated features/factors with ‘@sfablished clinical assessment tools for
investigating physiological and pathological conditions.

O3.Computation of summary scores fronetproposed methods and models, in order to obtain a

model for objective physical capability assessnaéioth healthy and pathological peaple

1.3. THESIS OUTLINE

This thesis istructurednto six additional chaptergigure 1.1 summarises the research aggno
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ASSESSMENT * Task segmentation and task-specific

. features extraction
Y ¢ Investigation of the influence of age and
- &‘x o1 Signal gender on the computed features
processing and
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Healthy
people

¢ Reduce the redundancy of information

Z‘I‘; Performance% i\!'ﬁ

ﬁtests E_;] lfg
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. people J
Theraplsts clinical measures
Caregivers ¢ Provide a uniform clinical interpretation
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STANDARD CLINICAL Statistical
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PHYSICAL CAPABILITY
ASSESSMENT

( MODEL FOR OBJECTIVE

Figurel.1 Flowchart of the research approach



Chapter 2 compares standard clinical with instrumented measures of physical performance
in their ability to distinguish betwedtifferent levels offunctional statusn a very healthy
cohort of young older adult#t shows thaboth clinical and instrumented measures, recorded
through a smartphone, can discriminate early functional decline in healthy adults &géd 61
years supporing the assumption than early intervention strategy based on the instrumented
measures of physical performance is feaqi0lE).

Chapter 3 firstly, investigates thegreement between standard clinical and setased
measures of time&econdly, describes the influence of agd gender on a set of instrumented

PP measures alargecohort of healthy community dwelling adul&nally, it describes an

EFA approach to find latent structure thie TUG test suggestinghat the instrumented
measures ophysical performance agefeasibletool for assessing the functional decline in

the general populatiof©1).

Chapter 4 describeghe development process for designamgensoebased model for PC
assessmennisingan EFA approachA battery of PP tests was instrumented and a setrefor

based measures were extracted. The ainhkis chaptewere i)reduce the redundancy of
information derived from the large number of features extracted for the raw sigmats;ide

a uniform clinical interpretation of the new latent variab{demains) iv) verify the
association of these new variables with vestablished clinical assessment tools for
investigating physiological and pathological conditig@®). In this chapter the different
stageof the conceptual moddevelopmentand valichon are described

Chapter 5showstheapplication of the model to a different cohofblder adultswhichalso
included people withneurological conditionssuch as? a r k i wliseassafids Stroke It

shows also how the model could be adopted in @impcacticeO2 and O3)
Chapter 6 describeshow he i ndi vi dual sdé wusual perfor ma
through daily PA monitoring. The association between mean and extreme values of PA and
gait characteristics derived from daily living activiteesd weltestablished clinical tools were
alsoexplored for quantifying motor and cognitive impairments in a cohorbofneunity
dwelling older adult§O3).

Chapter 7 discusses thmainresultsand the limitations of the thesi also highlights the

extension of the work that can be the object of future research



2. COMPARISON OF STANDARD CLINICAL AND INSTR UMENTED
MEASURES OF PHYSICAL PERFORMANCE IN DISCRIMINATING
FUNCTIONAL STATUS OF HIGH FUNCTIONING PE OPLE AGED 61-70
YEARS OLD

SOME CONTENTS OF THISCHAPTER ARE TAKEN FROM CONI ALICE, ET AL. "COMPARISON OFSTANDARD CLINICAL AND INSTRUMENTED
PHYSICAL PERFORMANCE TESTS IN DISCRIMINATING FUNCTIONAL STATUS OF HIGH-FUNCTIONING PEOPLE AGED 611 70 YEARS OLD."
SENSORS19.3(2019):449[50].

2.1.INTRODUCTION

As discussed beforegerelated functional and cognitive declineveanegative consequences for
quality of life. Early identification of people at risk of functional decline is essential for targeting
preventiveand/or protectivénterventions Questionnaires as the Latée Function and Disability
Instrument (LLFDIN[51]lhave shown to be wuseful I n assessin
daily living. Physical performance is one domain of physical function and it could ketiwbjy
measured with senstwased PP tesAlthough the standard clinical outcomes of thEgdests are
commonly usedo assess oldgveople or patient populations, their potential ability to detect slight
changes in functional status for an early d@gbecof functional declines not clear.To investigate

the potential of inertial sensors in assessing functional steyosing older adults (agedi6lD years),

data from the baseline of the H2020 PreventIT prdg2}iwere analysedPreventIT[1] is a three

armed feasibility randomised triadcluding a total of 189 participants, with twehaviour change
exercise programmes and a control group. The goal d®rieentlTproject is he reducton of the

overall risk of functional decline artd empower people to improve their quality of lddopting a

healthy andactive lifestyleto reduce pessure on caregivers and the health care system. This project
targets mobility decline in particular, as it is related to falls, frailty, depression, inactivity and
cognitive impairment, and is important for independence in daily life and quality of life.

The aim of this study was to assess whether standard clinical and instrumented measures of PP can
distinguish between older adults with a High and Very High Functional Status, stratified by the
LLFDI [53].

2.2. METHODS
2.2.1. POPULATION

The PreventIT study is a multentre trial with three centres in Trondheim (Norway), Amsterdam
(The Netherlands), and Stuttgart (Germany). People were invited by a random draw from local
registries. Partigiants were included if they werpaged between 610 yearsji) retired for more

than six monthsiji ) homedwelling,iv) able to read newspaper or text on smartphorale to walk

500 m without walking aidsyi) without cognitive impairments (Montre&ognitive Assessment,
7



MoCA>24 pointg54]), andvii) they were excluded if they participated in exercise classes more than

once a week or did sport for more than 150 minutes per week.

2.2.2. DEMOGRAPHIC MEASURES

During the assessment, participants filled questionnalrest:age, gender, Body Mass Index (BMI),
Physical Activity (PA),hand gripstrength (HAND), and cognitive status (Montreal Cognitive
Assessment, MoCA).

2.2.3. OUTCOME

The function component of the Late Life Function and Disability Instrument (LLFDI) was used to
measire the functional status of participants. The LLFDI indeed assesses function and disability,
assessing the poor ability to perform specific physical tasks encountered in daily routines. The
function component evaluates sedported difficulty to perform32 activities in daily living
consisting of three dimensions: upper extremity, basic lower extremity and advanced lower extremity.
Questions are phrased, AHow much difficulty d
of someone elseandwitut t he use of assistive devices?0
the scoring category, the less difficulty the person has in doing activities). The overall function raw
score is obtained adding the scores of all the 32 if8&}sAs no validated cubff has been described

in literature to distinguish between people with different levels of fanatistatus, we dichotomized

the scaled scores (ranged 0 to 100) of the function domain of the LLFDI based on the median value
to classify the people in our cohort as high (HFS) and very high (VHFS) functional status.

2.2.4. STANDARD CLINICAL PHYSICAL PERFORMANCETESTS

Participants performed two physical performance tests under two instruction sets given by the
assessor: th80-secChair Stands Test (30CST) and the Timed Up and Go test (TUG)Dastg

the 30CST, participants sgaa,t etdh ey agteado ch nudp @l
seconds as quickly as they could, and the number of repetitions was recorded. During the TUG,
participantsst art ed seated on a chair, on the comman
meters ahead at a comifable and safe pace, made a 180° turn, walked back to the chair and sat down
again. The total number of repetitions performed during the 30CST and the stopastchtotal

time needed to perform the TU&stwere recorded by assessors accordingnéostindard clinical

protocol.

2.2.5. INSTRUMENTED PHYSICALPERFORMANCE TESTS

Participantsvore a smartphone at the lower back, attached with an elastic belt, whipetfayned
the 30CST and TUG tesftEhe smartphonéasedsystemused to instrument these two PBtsewas

8



developed within the FARSEEING projeld6]. A custom Android applicatiof27] running on
smartphones (Galaxy Sl or Galaxy Slll, Samsung) was used for recording the followanaalri
inertial signals: Anterd?osterior (AP), Medid.ateral (ML) and Vertical (V).Thesesignals were
thenprocessed using MATLABG7] to extract a set of instrumented meas(583.

Signals recorded during the 30C&€&re segmented into two splhases: Sito-Stand and Stantb-

Sit transitionsThe AP acceleration signal and the angular velocity about the ML axis wereoused t
identify postural transition83]. Twenty-oneinstrumented measures were extracted from the 30CST
test [33,49,59] including durations, measures of mov
RMS) and smoothnes®.(. Normalized Jerk ScordlJS [m]) in AP, ML and V direction. The
measures were computed for each Standit/Sit-to-Stand transition and then averaged over the Sit
to-Stand/Stando-Sit subphases (see Table A.3).

The TUG consists of four sythasesSit-to-Walk, Walk, 180Turn, Turto-Sit. The AP acceleration

and the angular velocity on the ML axis were used to identify postural transitions and the walking
phase, and the angular velocity around the V axis was used to identify3Bjrd/alking mesures

were derived from the AP, ML and V signals, excluding postural transitions and the turning phase,
and concatenating the two episodestadightwalk [60]. Twenty eight measures were extracted from

the TUG tesf28,31,33,4%9,61,62)ncluding durations, intensity and smoothness of eacipbabe,

as well as the mean and maximum angular velocity during the turns and the number of steps

performed while walking and turning (see Table A.4).

2.3. STATISTICAL ANALYSIS

Statistical anlyses were performed in R for Windows version 3[@3}.

Four logistic regression models were fitted @imelAreas Underthe ROC Curvewerecompared to

assss the performances 8CST and TUG standard clinical and instrumented outcome measures in
distinguishing between HFS and VHFS.

For each test, firstly a univariable logistic regression with the standard clinical measure as input
(number of repetitions foBOCST, total time in s for TUG) was fitted. Secondly, a multivariable
logistic regression with the instrumented measures was fitted. Then, for each test, the discriminative
ability of the resulting models was assessed by comparing the Area Under theeREgErating

Curve (AUC). We used the DelLong test to assess differences between AUC of the different models
[64]. Lastly, a bootstrapping method with backward stepn variable deletion (R function
oval i dat es) ) p waaddogrpepélly validate each model and assess the impact of
outliers. The instrumented measure®re preprocessed with the same procedure for both 30CST
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and TUG. The NJS for all the syihases in AP, ML and V direction, which are not normally
distributed, were logtransformed and all the instrumented measures were normalized to compare
measureshy-s cores (using the R function fAscal eo).
assessed by fitting a restricted cubic spline function (using the®Rtfunrocsdh Wi t h t hr ee
0.1, 0.5, 0.9 quantiles) in the logistic regression model. Usually, in order to avoid overfitting, the
assessment of multicollinearity is recommended before fitting the multivariable logistic regression
on the dataset. Fughmore, the validity of the multivariable logistic regression model becomes
problematic when the ratio of the numbers of subjects per variable inserted in the model is lesser than
10[65]. We addressed these issues by following the next steps. Firstly, the multicollinearity between

i nstrumented measures was imadage s sTeod ,d euseicntg atnhd
multicollineaity i) the Variance Inflation Factor (VIF) was computed on the entire dataset; ii) the
instrumented measure with highest VIF was selected and removed from the dataset; iii) the VIF was
computed on the new subset of measures. The procedure was repelateccotinearity was found

(i.e. all the elements in the VIF vector were below 10). Starting from the obtained subset of
instrumented measure, we seledtease measures that better discriminate between participants with
HFSand VHFS(@wal ue O 0.15) fitting one univariabl
measure.

The resulting subset @ensotbasedmeasure was entered into a stepwise backwaltvamiable

logistic regression. The instrumented measures withapl ue O 0. 05 were sel e

model.

At last, a sensitivity analysis was conducted for both the 30CST and TUG tests in order to compare
the discriminative ability in distingshing between HFS and VHFS of the following three models: i)
standard clinical model, obtained from the standard clinical mea30C&ST number of repetitions

or TUG duration); ii) instrumented model, obtained from the selected subset of instrumented
measues; and iii) combined model, obtained by including the instrumented 30CST number of
repetitions or TUG duration in the instrumented model. The multicollinearity between all the

instrumented measures included in the combined model was beforehand assessed.

2.4 .RESULTS

Among the participant recruited, 160 (mean age 66.3 £ 2.4 years, 87 festabes) (HAND
334N11.19 kg), whit a moderate | evel of declar
performed théwo instrumented PP tegtee Table 2.1 he population was divided into two groups:

HFS (range §4.33 71.33 and VHFS (range [2 10Q), based on the median value of the LLFDI
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score.The ketweengroup demographics perted in Table 2.5hows that the VHFS group was
significantly stronger (HAND) ashfaster during the PP tests with respect to the HFS group

Table2.1 Description of the PreventIT population

Gender, Female

Age, years

Height, cm

Weight, kg

Handgrip strength*, kg
Gait speed, m/s

30CST*, number of repetitions
TUG duration*, s

PA >=3

Falls, number >=2
MoCA, points
Medications, number >=4

Total population

N = 160
87 (54.38%)
66.29 (2.40)
170.94 (9.35)
79.49 (15.61)
34.41 (11.19)

2.05 (0.%)
13.41 (3.29)
8.70 (1.60)
144 (90%)
23 (14.38%)
27.08 (1.85)
44 (27.50%)

HFS
N=78

52 (66.67%)
66.13 (2.44)
169.32 (9.86)
79.97 (16.35)
31.06 (10.75)
1.82 (0.41)
12.36 (3.13)
9.25 (1.85)
71 (91.03%)
15 (19.23%)
27.06 (1.89)
29 (37.18%)

VHFS
N =82
35 (42.8%)
66.45 (2.37)
172.49 (8.63)
79.04 (14.95)
37.61 (10.71)
2.27 (0.40)
14.40 (3.14)
8.17 (1.10)
73 (89.02%)
8 (9.76%)
27.09 (1.83)
15 (18.29%)

LLFDI, points, median [range] 72.31 [44.33 100] 65.57 [44.33 71.33] 79.35 [72.31 100]

Values are presented as mean = SD or numbguifléss otherwisandicated.

ACRONYMS: 30CST: 3&sec Chair Stand test; HFS: High Functional Status; LLFDI:-L&teFunction and Disability
Instrument; MoCA: Montreal Cognitive Assessment; PA: declared physical activity level; TUG: Timed Up and Go
VHFS: Very HighFunctional StatusHFS and VHFS significantly different {palue<0.01)

Twenty-one and twentpineinstrumented measures were computed from the 30CST (A&)land
TUG (Table A.4) respectively.To avoid multicollinearity,6 and 4 instrumented measureseve

excluded from the original dataset of the 30CST and TUG respectively §TaBland 2.3
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Table2.2 Collinearity analysis of the 30CST instrumented measures

First step Last step
VIF detection VIF detection
Mean Sitto-Stand RMS A AP 5.79 0 3.30 0
Mean Sitto-Stand RMS A ML 6.01 0 291 0
Mean Sitto-Stand RMS A V 4.68 0 2.45 0
Mean Sitto-Stand NJS A AP 20.26 1 6.06 0
Mean Sitto-Stand NJS A ML 18.54 1 - -
Mean Sitto-Stand NJS AV 17.02 1 - -
Mean Sitto-Stand RMS G AP 3.28 0 2.85 0
Mean Sitto-Stand RMS G ML 4.27 0 3.88 0
Mean Stando-Sit RMS A AP 7.51 0 2.78 0
Mean Stando-Sit RMS A ML 7.31 0 3.16 0
Mean Stando-Sit RMS A V 4.14 0 2.09 0
Mean Stando-Sit NJS A AP 29.03 1 2.44 0
MeanStandto-Sit NJS A ML 27.97 1 - -
Mean Stando-Sit NJS AV 19.68 1 - -
Mean Stando-Sit RMS G AP 4.38 0 3.73 0
Mean Stando-Sit RMS G ML 5.34 0 3.86 0
Mean Duration Sito-Stand 11.18 1 4.84 0
SD Duration Sito-Stand 5.70 0 5.27 0
Mean DuratiorStandto-Sit 17.27 1 - -
SD Duration Stando-Sit 4.26 0 3.77 0
Instrumented number of repetitions 24.75 1 - -

ACRONYMS: A: Accelerometer; AP: AnterBosterior; G=Gyroscope; ML: Medicateral; RMS: Root Mean Square; SD:
Standard Deviation; NJS: Normadid Jerk Score; V: Vertical; VIF: Variance Inflation Factor
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Table2.3 Collinearity analysis of the TUG instrumented measures

First step Last step
VIF detection VIF detection
Sit-to-Walk Duration 11.44 1 6.20 0
180Turn Duration 12.11 1 6.90 0
Turn-to-Sit Turning Duration 9.43 0 9.35 0
Turnto-Sit Duration 37.85 1 9.36 0
Walk Duration 79.06 1 7.67 0
Sit-to-Walk RMS A AP 291 0 2.90 0
Sit-to-Walk RMS A ML 291 0 2.83 0
Sit-to-Walk RMS AV 18.24 1 2.3 0
Sit-to-Walk NJS A AP 10.17 1 9.97 0
Sit-to-Walk NJS A ML 8.11 0 8.02 0
Sit-to-Walk NJS AV 7.58 0 6.75 0
Turnto-Sit RMS A AP 2.77 0 2.36 0
Turnto-Sit RMS A ML 4.54 0 2.98 0
Turnto-Sit RMS AV 24.83 1 - -
Turnto-Sit NJS A AP 10.57 1 9.08 0
Turnto-Sit NJS A ML 12.85 1 - -
Turnto-Sit NJS AV 8.31 0 6.43 0
180Turn Mean Velocity 8.65 0 8.23 0
Turnto-Sit Turning Mean Velocity 9.82 0 9.70 0
180Turn Maximum Velocity 3.74 0 3.41 0
Turn-to-Sit Turning Maximum Velocity 6.01 0 5.97 0
180Turn N G V 3.58 0 3.39 0
Turnto-Sit Turning NJS G V 4.39 0 4.34 0
Walk RMS A AP 3.66 0 3.11 0
Walk RMS A ML 2.71 0 2.52 0
Walk RMS AV 18.69 1 - -
180Turn Number of Steps 2.46 0 2.41 0
Walk Number of Steps 6.88 0 6.43 0
Instrumented TUG total duration 132.41 1 - -

ACRONYMS: A: Accelerometer; AP: AnterBosterior; G=Gyroscope; ML: Medicateral; NJS: Normalized Jerk Score; RMS:
Root Mean Square; SD: Standard Deviation; V: Vertical; VIF: Variance Inflation Factor
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Discriminative ability of each instruméed measure, expressed as odds ratio (OR) determined by

univariate logistic regression, is reportad’ables2.4and2.5. Three and two instrumented measures

were selected by the univariable analyses @| u e for the 30CST)and TUG respectively

Discriminative ability of the subset of variables, expressed as odds ratio (OR) determined by stepwise

backward multivariate logistic regression, is reported in Tables 2.4 and 2.5. Three instrumented

measur es

for

Duration Sitto-St and 0)

t heto-SODCSTG R NMBanddoratigntSamset a n d o

and two

for

t he

showed a significant discriminative abilitg-¢galueO 0. 05) .

Table2.4 Univariable and multivariable analysis of the 30CST instrumented measures

TUG (fAwal k

and |

dur

Univariable logistic regression

Stepwise backward multivariable logistic

regression

OR

95% CI

p-value

OR

95% ClI

p-value

Mean Sitto-Stand RMS A AP
Mean Sitto-Stand RMS A ML
Mean Sitto-Stand RMS AV
Mean Sitto-Stand NJS A AP
Mean Sitto-Stand RMS G AP
Mean Sitto-Stand RMS G ML
Mean Stando-Sit RMS A AP
Mean Staneo-Sit RMS A ML
Mean Stando-Sit RMS AV
Mean Stando-Sit NJS A AP
Mean Stando-Sit RMS G AP
Mean Stando-Sit RMS G ML
Mean Duration Sito-Stand
SD Duration Sito-Stand

SD Duration Stando-Sit

0.67

0.78
0.59
0.65

[0.49-0.94]

[0.57-1.08]
[0.41-0.84]
[0.47-0.92]

0.019

0.131
0.004
0.014

0.71
0.69
0.62

[0.49 0.98]
[0.48 0.98]
[0.41 0.89]

0.045
0.041
0.014

Boldedpval ues i ndicate

respectively).

statistically

significant

uni vari a

ACRONYMS: A: accelerometer; AP: Antefi@osterior; G: gyroscope; NJS: Normalized Jerk Score; ML: Medteral; RMS:

Root Mean Square; SD: Standard Deviation; V: Vertitlalj transformed feature
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Table2.5 Univariable and multivariable analysis of the TUG instrumented measures

Stepwise backward multivariable

Univariable logisti :
ogistic regression

OR 95% Cl p-value OR 95% Cl p-value
Sit-to-Walk Duration
180TurnDuration
Turnto-Sit Turning Duration 0.62 [0.44-0.88] 0.008
Turn-to-Sit Duration 0.70 [0.50-0.97] 0.032
Walk Duration 0.54 [0.36-0.79] 0.002 0.59 [0.38-0.86] 0.010
Sit-to-Walk RMS A AP
Sit-to-Walk RMS A ML
Sit-to-Walk RMS AV
Sit-to-Walk NJS A AP
Sit-to-Walk NJS A ML
Sit-to-Walk NJS A
Turnto-Sit RMS A AP
Turnto-Sit RMS A ML
Turnto-Sit NJS A AP
Turnto-Sit NJS Av?
180Turn Mean Velocity
Turn-to-Sit Turning Mean Velocity 1.60 [1.14-2.25] 0.007
180Turn Maximum Velocity 1.38 [1.00-1.91] 0.051
Turnto-Sit Turning Maximum Velocity 1.66 [1.17-2.35] 0.004 1.50 [1.05-2.18] 0.031
180TurnNJS G \
Turnto-Sit Turning NJS G V¥ 0.76 [0.55-1.06] 0.104
Walk RMS A AP 1.35 [0.951.92] 0.098
Walk RMS A ML
180Turn Number of Steps
Walk Number of Steps 0.58 [0.40-0.85] 0.005
Boldedpval ues indicate statistically significant wunivari a

respectively).

ACRONYMS: A: accelerometer; AP: Antefi@osterior; G: gyroscope; ML: MéaxtLateral; NJS: Normalized Angular Jerk Score;
RMS: Root mean square; V: Verticdlpg transformed feature.

The internal validation of each of the models was assessed by applying a bootstrapping method with
backward stefglown variable deletion (Table6). The original AUC and optimistoorrected AUCs
were in the same range (with differences less than 0.04), indicating confirmation of the internal

validity of the models.

Table2.6 Bootstrapping validation dhe 30CST and TUG models

30CST TUG
AUC original AUC corrected AUC original AUC corrected
Standard clinical 0.682 0.684 0.684 0.685
Instrumented 0.680 0.654 0.650 0.627
Combined 0.661 0.630 0.684 0.670
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Discriminative ability of the six fitted modelis presented in Figurg.l. Standard clinical,
instrumented and combined models of #IEST showed moderate discriminative ability with an
AUC of 0.68 (95%CI 0.6®.76) and 0.69 (95%CI 0.61.77) respectively, palues 0.97 ftandard
clinical-instrumened), 0.74 (instrumentecbmbined), 0.4&tandard clinicatombined). The
discriminative ability of standard clinical, instrumented and combined models of the TUG was
similar: AUC of 0.68 (95%CI 0.60.77), 0.65 (95%CI 0.56.73) and 0.69 (95%CI 0.8D77)
respectively, pralues 0.26 gtandard clinicainstrumented), 0.94 (instrumentedmbined), 0.12

(standard clinicatombined).

30CST TUG
o | o |
w | w |
L=} L=
2 2o
£ 8 E 51
= ¥ 8 ¥
D o 0 ©
w2 )
o~ o | = Standard clinical
(=) o
= Instrumented
o | o | = Combined
(=) (=]
| T I | I | | T I | I I
1.0 0.8 0.6 04 0.2 0.0 1.0 0.8 0.6 0.4 02 0.0
Specificity Specificity

Figure2.1 Sensitivity analysis: discriminative ability (AUC and DelLong te$t3tandard clinical, instrumented and combined
models of the 30CST and TUG test [50]

Table2.7 Sensitivity analysis

AUC 95% CI p-Value of the DeLong test
Standard clinical 0.68 [0.60i0.76] Standarctlinicald Instrumented 0.97
30CST Instrumented 0.68 [0.60i0.76] Instrumented Combined 0.74
Combined 0.69 [0.6110.77] Standard clinicdl Combined 0.48
Standard clinical 0.68 [0.60i0.77] Standard clinic@l Instrumented 0.26
TUG Instrumented 0.65 [0.56i0.73] Instrumented Combined 0.94
Combined 0.69 [0.60/0.77] Standard clinic@ Combined 0.12

2.5.DISCUSSION

This study aimed to compare the discriminative ability of standard clinical with instrumented
measures of physical performance in distinguishing/éen High and Very High Functional Status
(HFS, VHES) in a relatively fit and healthy population of commuditelling adults aged 610

years.The 30CST number of repetitions and TW@ration (the standard clinical as well as the
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instrumenteyl showed modeate discriminative abilityThese two types of measurement showed
similar performances in the univariable logistic regressisnggestinghat the prediction of minor
functional status differences is possil®urfit and healthy population eithby thestandard clinical
protocol orthe instrumented measurésstrumented physical performance tests allow us to collect a
number of additional measures beyond the total 30CST repetition or TUG duration. These measures
could have the potential to add moedalled informatioraboutt he par ti ci pant so f
Three of the 30CST instrumented measures wer
Duration Sitto-St a n 8DbDuratidn Sitto-St and o and -tcASmeta nG SR M#ed ML 0 .
30CST, by efinition, is a measure of lower limbs strength and endurance. The time needed to stand
up from a sitting position represents the dynamic balance and the lower limbs strength. It is an index
of the power generated from muscles to stand up against giEwiyshorter the duration, the higher

the strength. Thetandard deviatiorSD) of theduration is a measure of variability, therefore higher

the SD, the higher is the difference between theationof this task among the repetitions. Indeed,

high SD of the standing duration could be related to fatigue and weakness. The&&ih RMS

in ML direction is a measure of the intensity of the forward trunk rotation while sitting. The sitting
phase requires dynamic balance and lower limbs strength to ctin@toWweringof the body to the

seated position. A more intense trunk rotation during the StaBit phase could be related to less
muscle strength, as demonstraited recent study for the Sib-Stand phasfs6].

The final mo d e | of the TUG included two instr
maxi mum velocityo. The dur at i onhsmatisinoldagRg]lt r ai g
Indeed, gait speed is traditionally usedagwedictorfor clinical outcomes, e.g. an older adult with

gait speed lower than 1 m/s waconsidered at risk of falg. The turn before sitting involves
cognition, motor planng and visual capacities in preparation for sitting. Difficulty turning is
associatedvith mild cognitive impairment in old agé7]. The DelLong test (Table 2.7) was not
significant, suggesting that these two types of measuremenatsavdardiscriminative ability. Yet,

in contrast to the conventional clinical measures, with the instrumented measures it is possible to
objectivelymeasue t he participantsdé capacities while
or sitting. Furthermore, the discriminative ability increased, albeit not significantly, when the
conventional clinical and instrumented measures have been combined.

The first limitation of thisstudyis the homogeneous population, characterized by a very skewed
distribution of the LLFDI scoresvhich may have led to a decrease in the discriminative afilugy

second limitation was the lack of literature for validatetaff for discriminating between different

LLFDI levels. A valid cutoff score can be helpful to identify people at risk of developing functional

decline.This aspect might btne subjectof future studies. Lastly, the ratio between the sample size
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and tre number of instrumented measures required the performance of a feature selection, before
fitting the stepwise backward logistic regression and this might have led to a loss of information.
Despite these limitations, instrumented 30CST and TUG measuefegito be comparable to the
standard clinical measures, with moderate discriminative ability, in detecting slight differences of
LLFDI even in this homogeneous populatidm.summary high power of the lower limbs muscle,

low duration and variability othe Sitto-Stand transition, high gait speed and good ability in
performing the turn before sitting, have shown a moderate ability in discriminating between HFS and
VHFS. It is reasonable to assume that the detection of differences in the functionalvstaltialso

be possible in less fit and homogeneous population of older adiagever, procedures for the
reduction of the high number and redundancy of instrumented measures and the influence of age,
gender and biometric measures on the instrumenteduresaneed to be investigated.

2.6.CONCLUSIONS

In a relatively fit and healthy population of adults aged761lyears, standard clinical and
instrumented measures distinguish between HFS and VHFS, with moderate discriminative ability.
This result supports theypothesis that an early identification of risktbe agerelatedfunctional
decline can be achieved. Thisrroborate the assumption that an early intervention strategy based

on the instrumented measures of physical performance is feasible.
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3. THE INCHIANTI -FARSEEING PROJECT

SOME CONTENTS OF THISSHAPTER ARE TAKEN RROM: CONI ALICE, ET AL. "INFLUENCE OF AGE ANDGENDER ON SENSORBASED FUNCTIONAL
MEASURES A FACTOR ANALYSIS APFRROACH" [68].

3.1.INTRODUCTION

The decline of gait stability and postural control with age is probably due to thelatgs loss of
function of the musculoskeletal, cardiovascular, respiratory, and nervous systems and the reduction
in the ability to detect and process propriocepane sensorial information. To understand these
mechanisms, thénCHIANTI study (Invecchiare nel Chianti, amng in the Chianti area)a
longitudinal study of the factors contributing to the decline of mobility in latewesdesigned by

the Laboratory bClinical Epidemiology of the Italian National Research Council on Aging, (INRCA,
Florence, Italy) in a partnership with the local administrators and the primary care physicians of Greve
in Chianti and Bagno a Ripoli, two small towns in the countrysideeoTuscany area where Chianti

wine is produced. The data collection started in September 1998 and was completed in March 2000
The main goals of this study were: i) understand the risk factors influencing the loss of walking
ability; ii) identify physiobgic subsystems critical for walking; and iigentify measures that
clinicians can use to understand the causes of walking difficulties in older dtheltstudy protocol,
selection of participants and information collectedpesentealIsewherg69].

As previously described, standard clinical outcomes of the PP tests (i.e. 78War@d TUG total
duration) recorded with stopwatches (SW) are extensively used as a screening tool in older age.
Sensothased measures computed from the PP tests might be sensitive markerelatadehanges

in PC providing possible insights into uniyarg determinant§22,35]. In a sensebased assessment,

it is possible to provide automatic algorithms for abjective and comprehensive picture of the
personds PC which goes well beyond a simple t
with the instrumented versiai the PP tests is possible to automaticaléxktractthe standard clinical
outcomeand other additional more detailed informatidn.deeper investigatihese aspects, the PP

tests were instrument&y means odsmartphon€SP)starting from the 4th wave of the INCHIANTI

study Eollow up 4, 20132015)

In Chapter 2 it was shown thatanrelatively fit and healthy population of adults agedr6lyears,
standard clinical and sensbased measures of PP are useful for an early identification of risk-of age
related functional decline. A recent walkowedhat sensebased measures of bat® and gait are
affected by age in a healthy communilwelling cohort[36]. Thus, further investigation of the
influence of age, gender and biometric measures on these measures is Imegiedection of the

thesis, he agreement between standard clinical and sdrasmd measures of time was firstly
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invedigated, then the functional decline associated with ageing emikgrelated differences were
exploredin a large group of communigwelling persons.

3.2. METHODS
The assessment provides for the collection of i) several heddited measures used to assess the

participantsd funct i on afrompiraddttery cf PP tasts and iii)iloagl S i
term PA monitoring at home. Sendmased PP tests included the assessment of postural sway in Quiet
Standing (QS), the-iheter Walk test (7MW), the-bmes Repeated Chair Stand test (CST), and the
Timed Up andGo test (TUG). Methods used for task segmentation andsfaetific measures
computation are based on stafethe-art methods to characterize postural s\2fy,70], walking
[28,31], postural transitionf33,49,59]and turningg61,62] The time taken to complete the 7MW,
CST and TUG tests was also recorded with a stopwatch followirgighdarctlinical protocol. The
daily PA wasalso recordedthrougha custom Android application designed to provide measures
representative of the participantsé motor pro
active, and walking time, the duration and intendiM§{T's) of the activites, as well as the gait and
turning characteristicsThe algorithms used for the signal processing and instrumented measures
computation are part of the system developed within the FARSEEING piit]éct

3.2.1. POPULATION
Four hundreccommunitydwelling participants (213 females), aged (71.95 £15.86, rang&(fb
years old) were recruited from the fourth wave of the INCHIANTI cohort s{kiyure 3.1)
Participants performed the battery of PP tests wearing a smartphone (SP) on the lower back (L5) by

means ban elastic case waist belt.

Age Groups Total Sample N=400 (274 over 65 years old)

| | | T
|
90-100] | I—

[85-89) -

males

females

[0-84]

[75-79)

[65-74)

[55-54]

[45-54]

I

[35-44]

B0 50 40 30 20 10 0 10 20 30 40 50 60

Figure3.1 Distribution of the participants assessed in the 4th wave of the INCHIANBIrcstudy.
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3.2.2. HEALTH-RELATED MEASURES

The healthrelated measures collected during the assessment includeilinhdental State
Examination (MMSE, measur e ,oahgetorn@to3p)dnstiumentalp ant
Activities of Daily Living[72] (IADL, i.e. the number of instrumental activitieswiich the person
requires helpe.g. preparing meals, performing housework, getting to places outside of walking
distance, managing medications, etange fromO to 8), Center for Epidemiologic Studies
Depression Scalg3] (CESD, a questionnaire used to assess depressive symgaongesfrom0 to

60), Physical Activity{74] (PA, declared level of physical activity assessed through a questignnaire
range froml to 7), the number of falls in the last year declared during the assessment (FALLN),
HandGrip strengthest[75] (HAND, kg stronger hand), the lower extremity muscle power measured
using the Nottingham leg extensor Power Rig] (PWR, watt), the Trail Making Test /7]
(TMTA, a neuropsychological test that assesses various cognitive abilities, including visual
conceptual, visuospatial, and visumabtor tracking second$¥ and the Short Physical Performance

Battery a measure of molily function [13] (SPPB, range from 0 to 12)

3.2.3. PHYSICAL PERFORMANCE TESTS

QS: participantstand for 30 seconds with their arms at their side, feevtdfh apart, wearing shoes,
with their eyes closefl1]. The assessors evaluatep ar t i cbilipydonperforén the testhe

standard clinical outcome is dichotomous (@lele/not able).

7MW : participants walk 7 meters at a comfortable and safe pace. The start and stop locations are
marked on thdloor [69]. Thestandard clinicabutcome of this test is the total time recatdeth a
stopwatch. Older persons with gait speeglculated as 7meters divided for the total duration of the

test,slower than 1 m/s argsuallyconsidered at high risk of adverse health outcdi@ls

CST: participantsstart seated on a chair with arms folded across the chest and with their back against
thechairbé6s backrest. On the command fAgod, they

[79]. Theconventionabutcome is the total time taken to perform the test, recorded with a stopwatch.

TUG: participantstart seated on a chair with their back againstthea¢ r 6 s backrest . O
fgoo, they rise from the chair, walk 3 meter:
coloured cone on the floor, walk back to the chair and sit down EB§finTheconventionabutcome

is the total duration of the tests, recorded with a stopwatcter@tlilts who took 13.5 seconds or

longer to perform the TUG are classified with high risk for fglg.
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3.2.4. STATISTICAL ANALYSIS

Bland-Altman plots were used to investigate the agreement between standard clinical and sensor
based measures of time. Polynohaiarve fitting was used to investigate the influence of age on the
sensotbased measures computed from the battery of PP tdststwas performed to investigate

genderrelateddifferences. All the analyses were performed using MATLUBH.

3.3. RESULTS
3.3.1. SENSORBASED PHYSICAL PERFORMANCEMEASURES

QS: in total, 23sensotbased measures were extracted from i) the acceleration in ML and AP
directions, including measures in thed& and frequency domains, and ii) the estimated displacement
of the body centre of mass (13), computed in the time domain to quantify the amount and direction
of sway (Table A.1).

7MW: in total, 19sensotbased measures were extracted from the acceleratiwih, AP and V
direction to describe temporal gait parameters and measures of smoothness, regularity, and
coordination (15,18) (Table A.2).

CST: this test was segmented into-8iStand and Stantb-Sit transitiong26]. The AP acceleration
and the anglar velocity about the ML axis are used to identify postural transifggjs Overall, 31
taskspecificsensoitbased measurese extracted from acceleration and angular velocity in AP, ML
and V direction to quantify mean values and standard deviatgnoss repetitions of relevant

parameters of the two sydhases (Table A.3).

TUG: this test consists of four syghases: Sito-Walk, Walk, 180Turn, Turto-Sit. Overall, 38 task
specific sensotbased measureare extracted, including measures of gaitning and postural
transitions (Table A.4).

3.3.2. ANALYSIS OFAGREEMENT

The BlandAltman plots (Figure 3.2) compare the SP to the SW in timing the 7MW, CST and TUG
tests. The red lines represent the mean value of the differences between measures (SP vs. SW) anc
the blue lines represent the limits of agreement between the two measures. Limits of agreement
between the SPand SWhbased durations of 7MW, CST and TUG wei@46 3.08] s and-0.13

5.09] s and{0.68 3.04] s, respectively.
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Figure3.2 Bland-Altman plots comparing the difference between the selpased measures and the stopwatch
measures for the total duration (seconds) of theefer Walk test (a),-imes RepeatkChair Stand test (b) and Tir
Up and Go test (c)Xhe red lines represent the mean value of the differences between measures éseubos.

stopwatch) and the blue lines represent the limits of agreement (+1.96 standard deviations).

3.3.3. INFLUENCE OF AGE AND GENDER ON SENSORBASED PHYSICAL PERF®MANCE

MEASURES

Figures 3.3, 3.4, 3.8nd 36 show the trend with age afrepresentative subsettbe sensebased
measures computed from the QS, 7MW, CST and TUG tests respectively. Black lines represent the
general poplation, pink and blue lines represent females and males respectively. Eight age groups
(ranging from 35 to 100 years) are reported inxkaxis For each aggroup,the filled circles
represent the median value and the dotted lines representtaed®0" percentile The green det

represensignificantgendedifferences |f-value<0.05).
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Figure3.3 Trend with age of the sensbased measures computed from the QS test
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Figure3.4 Trend with age of the sensbased measures computed from the 7MW test
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Figure3.5 Trend with age of the sensbased measures computed from@&T test
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Figure3.6 Trend with age of the sensbased measures computed from the TUG test



3.4.DISCUSSION
3.4.1. ANALYSIS OFAGREEMENT

The BlandAltman plotsreported inFigure 3.2, show the analysis of agreement between standard
clinical (i.e. SWbasel) and SPbhased7/MW, CST and TUG tests. The $ased overestimated the
duration of the tests determined by the SW durikh\, CST and TUG. The visual inspection of
signals recorded by means of SPs suggested that the values out of the limits of agressraue: we

to human errors. The positive bias between SPs and SW could be due to the accuracy of the operators
to press the start and stop button at the be
algorithm running on the SPs are more accurate 8Va in the detection of the beginning and end of

the movements and hence in timing the test. In conclusion, SPs agreed sufficiently with SW in timing
the7MW, CST and TUG tests.

3.4.2. INFLUENCE OF AGE AND GENDER ON SENSORBASED PHYSICAL PERF®MANCE
MEASURES

Among all the possible features that can be extracted from a wearable inertial sensor, features that
have been already clinically investigated in the literature, and that showed their reliability and
validity, were computed from the instrumented PP t&ssire 3.3.ashows the trend with age of the
sensothased features computed from the QS test. The trend appears flat until 75 years, then the
abilities to maintain the static balance clearly worsen. In general, there is no significant gender
difference in yoanger age. The differences became more pronounced when the performances start to
decrease, in accordance to the findings of Riva et al., which showed a significant difference between
women and men in the older subjectsi@years), as a consequence s leffective proprioceptive
control[82].
Figure 3.3.bshows the trend with age of the sendmsed features computed from HdW test.
Total duration, Cadence and coordination (Phase Coordination Index, PCI) showed a decline after
plateau. The linear decline starts above 75 years; women tend to have a lower speed and it might be
due to the lower mean height. Cadenceniberof steps peminute) increases on equal distance
walked meaning that steps are shorter, and the higher PCI indicates a more asymmetric walk. RMS
in AP, ML and V directions showed a linear deterioration with age. These results are consistent with
the results reported imwvo recent studies, demonstrating the decline of walking speed and other gait

measures duringme [22,36].
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Figure3.3.cshowsthe trend with age of the sendmased features computed from the CST test. The
total time required to perform the test can be considered as an index of lower limbs strength, high
values are associated with loss of functional capacity and naisahgth. Women tend to have lower
Range and RMS values (particularly above 75), but there are no substantialrgéatddrdifferences

in the total duration of the test. Range and RMS in V direction are associated with the muscular
strength of the lowdimbs.Hence, vamen tend to have lower values with respeaten. Low values

of these parameters could be associated with frailty, sarcopenia, and pathological conditions.
Compensatory strategies may help women to overcome the poorer lower limbs mrmaagkh stind
complete the test with a similar time with respect to men.

Figure3.3.dshowsthe trend with age of the sendmased features computed from the TUG test. The
TUG total duration is widelglinicallyu s ed t o assess t he Asoedxpectedad u | t
measures of time (Total/syihases durations) worsen with age, indicating the progressive loss of
functional capacities. As in the CST test, the RMS in V direction of th®-Sitalk decrease with

age. The intensity of the movements wistanding can be related to the muscle strength needed to
lift up the body weight, and to the motor planning for the gait initiation. FiguBalso show the
increased difficulties of turns (increased duration and NJS). The increased difficulties impegfo

this complex tasknayreflectthe reduceghhysicaland cognitiveunction

3.5. CONCLUSIONS

The agreement between standard clinical and sdras@d measures of time was firstly investigated.
SPs agreed sufficiently with SW in timing the 7MW, CST and T#gS§s, suggesting that sensor
based measures can provide a better understanding of the functional decline process with age and
hence becoming a useful tool for designing intervention stratégies, SPs can substitute the SW

in timing the tests, givinghe possibility to compute a high number of reliable measures from the
inertial signals in addition to this conventional outcomewever, the added value of the additional
information obtainedrom wearable sensoreeds further investigations

Many senspbased measures extracted from the four PP tests exhibited a significant association with
age. As expected, speed/time related features clearly worsen with aging, but many othéasedsor
measures showed a significadecrease: postural control andbsliy, coordination of walking,
cadenceweight shiftability, worsen withageing as well as features which can be relaiedhe

muscle weakness and dynamic bak

This preliminary study provides evidence that a sebased assessment can be a féasnd
effective tool for assessintpe functional decline in the general population. Standardization is

important in order to remove, as far as possible, the effect of confoulbes® results highlight the
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importance of considering the influence of agender and other variables, like body composition

(weight and height) in studies that make use of selnssed PP measures.

3.6. THE INSTRUMENTED TIMED UP AND GO TEST. AN EXPLORATORY FACTOR ANALYSIS

APPROACH

3.6.1. BACKGROUND AND AIM

From a motor point of view, &dr the age of 50, approximately2l6 of muscle mass is lost per year.

The loss in body mass density, which is related to muscle weakness, is greater in women compared
to men aged 60 years and olf&8]. Ageing implies not only a loss in musculoskeletahctioning

but also a decline in vision, reaction time, peripheral and vestibular sensations: all of which can reduce
upper body stability84]. Among the PP tests, the Timegg and Go (TUG) is one of the most widely

used, since it allows to assess balance, locomotion, and the ability to turn in the elderly. Instrumenting
the TUG with inertial sensors enables the computation of severadpasiic measures, whichay
enrichthe conventional clinical outcome. The purpose of this study was to investigate the functional
decline associated withgeing by means of a factor analysis, in order to classify domains of an
instrumented TUG in a group of commundwelling elderly peopleGendetrelateddifferences

were also investigated.

3.6.2. METHODS
3.6.2.1. POPULATION

A subsample of the INCHIANTI cohort stu®39communitydwellingelderly persons (128 females,
80.85 + 6.67 years old, range-88), wasassessedarticipants performed a TUG tesstiumented

by means of a waiatorn smartphone.

3.6.2.2. INSTRUMENTED TUG

The Android smartphone application used for managing the embedded inertial sensoial (tri
accelerometer and gyroscope) is an outcome of the FARSEEING gitfigcsamsung Galaxy 8l

and SlIl were used as sensing units. Signal processing and features extraction algorithms were
implemented irMATLAB [57]. The TUG was segmented into faubphasesSit-to-Walk, Walk,
180Turn, and Turto-Sitand the sensdrased features were computed for eackhphase as already

described in section 31.
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3.6.2.3. STATISTICAL ANALYSIS

A second order polynomial curve fitting with respect to age was applied to the exfeattaes.
Subjects with one or more features outside the 99.9% confidence interval were excluded from the
analysis in order to remove outliers due to performance errors and/or physical impairments.

Factor analysis was performed usRdor Windows version3.4.3[63] in order to reducéhe large

number of variables in the dataset and for underlining the structure in the relationships between
featuresVarimax otation was used to derive orthogonal factor scores. Sbased measures with

factor loading higher than 0.5 were considered relevant. The number of factors to retain was selected
usingthescreepldbear sondés Corr el at i o natilgthadsspdation betwaen u s
latentfactors and age. The sample was divided into six age groups spanning 5 years {89n¢65
[90-95]). A univariate Generalized Linear Model (GLM) was used to test the effects of the age group
and the gender. SPY85] was used for GLM with age groups as fixed effects and gendar as

covariate

3.6.3. RESULTS

The final sample included 214 elderly persons (115 females, 80.77 + 6.75 years old, r¥88pe 65
since 25 outliers were identified. Characteristics of the age groups are reported i.ILable

Factor Analysis grouped 35 out of 38 faais (Table3.1) into six factors, accounting for 70% of the

total variance. Taking into account the features in each group the factors were labelled as follows
(Table31) : A Gl obal Fitnesso, ATur nte-Wagl kAd,i A AR 0Dy mi
of the trunk during postural transitionso, AiM|
of the Turnto-S i Carrelation with age, multiple comparisons among age groups, and GLM results
are reported in Tabld.1. Significant correlatonswer f ound bet ween age an.

ATurning Abilityo, and AAP Dynamics38.f the tr
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Table3.1 Factor analysis of the instrumented TUsatures and statistical analysis

Total Duration
TtS Duration
Gait Duration

Duration 180T
DurationTtS
Mean Velocity

Range V Acc. Stw 180T

Peak velocity
180T

Mean VelocityTtS
NJS 180T

Peak VelocityltS ~ NJSTtS

N. of Steps
Range AP Acc
Gait

Range ML Acc
Gait

N. of Steps 180T

Range V Acc Gait
RMS AP Acc Gait
RMS ML Acc Gait
RMS V Acc Gait

StW Duration
NJSAP Acc StW
NJS ML Acc StW
NJSV Acc StwW

Range AP Acc StW Range ML Acc NJSAP Acc
RMS AP Acc StW  StwW TtS
Range AP AcdtS RMS ML Acc StW  NJS ML Acc
RMS AP AccTtS Range ML Acc TtS
TtS NJS V AccTtS
RMS ML Acc TtS

AP Trunk ML Weight
. . - Sit-to-Walk Dynamics durin Shift durin Turn-to-Sit
FEES Cllosell [Filness Vil Al Smoothness g Postural ’ Posturalg Smoothness
Transitions Transitions
Explained Variance 21% 16% 9% 9% 8% 8%
Cumulative Variance 21% 37% 46% 55% 63% 71%
GENERALISED LINEAR M ODELS AND CORRELATION ANALYSIS (p value)
Age Group * Gender 0.002
Age Group 0.003
Gender 0.007 0.003
Correlation with Age <0.001 <0.001 0.011
MuULTIPLE COMPARISONS BETWEEN AGE GROUPS (p value)
Age Group Vs AG 2
1 Vs AG 3 0.002
[65-69] VSAG 4 <0.001
N =23 Vs AG 5 <0.001 <0.001
15F. Vs AG 6 <0.001 <0.001 0.007
Age Group Vs AG 1
2 Vs AG 3
[70-74] Vs AG 4 0.007 0.041
N =16 Vs AG 5 <0.001 <0.001
10 F. Vs AG 6 <0.001 <0.001 0.036
Age Group VsSAG1 0.002
3 Vs AG 2
[75-79] Vs AG 4
N =22 Vs AG 5 0.001 0.026 0.033
14 F. Vs AG 6 <0.001 0.005 0.050
Age Group Vs AG1 <0.001
4 Vs AG 2 0.007 0.041
[80-84] Vs AG 3
N =90 Vs AG 5 0.017 0.001
43 F. Vs AG 6 <0.001 0.001
Age Group VSAG1 <0.001 <0.001
5 Vs AG 2 <0.001 <0.001
[85-90] Vs AG 3 0.001 0.026 0.033
N = 47 Vs AG 4 0.017 0.001
27 F. Vs AG 6 0.019
Age Group Vs AG1 <0.001 <0.001 0.007
6 VSAG 2 <0.001 <0.001 0.036
[90-95] Vs AG 3 <0.001 0.005 0.050
N =16 Vs AG 4 <0.001 0.001
6 F. Vs AG 5 0.019

ACRONYMS: M : Medio-Lateral;AP: AntercPosterior; VVertical; Vs AG Versus Age Group; StWBit-to-Walk; TtS Turn-to-Sit; 180T
180Turn; RMS Root Mean Square; Acécceleration; N. Number; F. femalesNJS: Normalised Jerk Score
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3.6.4. DISCUSSION

We aimed to investigate & EFA of the instrumented TUG teista suitabledol for the detection of

the agerelated functional declingsendesrelateddifferences were also investigate® significant

number of features can be derived fromitistrumented TUG. EFA grouped these features based on

the shared information. The sotaimed independent factors weheninterpreted and labelled based

on theirclinical meaning.The influence of age and gender on the factorseperted in Tabl&.1

and shown in Figur8.4. As expectedt he 1 Gl obal Fitnesso thkeeftecte as e
of the age group is not significant, there is a significant correlation withtagelear, looking at the

mul tiple comparisons, that the decrease of th
groups. The effect of gender is@significant, meaning that the decline is different between women

and menThe btal duration of the TUG, thetandard clinicabutcome of the test, is included in the

NGl obal F i, whitteisceherent veitiec theausual interpretation of thisalde Th e A Tur ni |
Abilityo also declines with &4 adasgconirmedrbytiie a b o
multiple comparisons. The ability to turn is essential for daily living activisexealmostevery

task performed during the day resps some amount of turning. The trend of this factor confirms

how its contribution significanty influences the functional decline. Theignificant interaction

between gender and age group suggdest at t he decline of theeeiTurn
women and men. The AAP Trunk Dynamics during
with age (Figure3.4) meaning that the AP trunk dynamics decreases with ageing with a relatively
slow trend and no ge ntaStrSmabihfnfeesrsedn cies . s iTdhrei fA°
between males and females with a generally higher smoothness in women with respect to men. The
final t wo f-toaMadks , Smoloe hM&s$0 and t he @AML We
Transitionso s tgeaerrelateddiffererees ara goeld be interesting candidates for
identifying frailty, motor impairment, and associations with the fall jg€4.

3.6.5. CONCLUSIONS

A TUG test, instrumented by means of a consumer electronic device like a smartphone, proves to be
a suitable testing solution for quantitative movement analysis. A significant number of features can
be derived from the signals of the embedded inertial sensdrthase features can be grouped in
factors with a clear clinical value allowing to investigate several mobility skills at once, well beyond
the total duration, which is the only outcome of the clinical TUG. Statistical analysis provides
evidence that a searbased assessment is a feasible and effective tool for assthesimgctional

decline in the general populatiofhe reduction of the dimension of the dataset of semsasures

extracted, without the loss of useful information can be achieved bysnoé&actor Analysis. The
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factors obtained might allow us to investigate several mobility skills, well beferstandard clinical
outcome of the testThe effect ofbody compositioncognitionand polypharmacy on the sensor
based measures computed fritva PP tests should also be investigated
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4. A SENSOR-BASED CONCEPTUAL M ODEL FOR PHYSICAL CAPABILITY
ASSESSMENT

SOME CONTENTS OF THISCHAPTER ARE TAKEN ROM:

CONI ALICE, ET AL. "FACTOR ANALYSIS MODEL OF THEINSTRUMENTED TIMED UP AND GO TEST FOR PHYSICALCAPABILITY ASSESSMENT"

[?Zg]r\n ALICE, ET AL. "A SENSORBASED CONCEPTUALMODEL FORPHYSICAL CAPABILITY ASSESSMENT [SUBMITTED TO SENSOR$

As previouslydescribedEFAallowsto discover the latent structure of thtarting datasetompuing

a few newvariablescalled factors.lt was previously shown how it could be applied to the
instrumentedlrUG: The underlinal latentfactors showed to be indicative of several mobility skills
and to have the potential to descrthe agerelated functional decline. The same principle can be
applied to theentire battery okensoibased PP teste obtain a general model ftire objective PC

assessmerf older adults

4.1. DEVELOPMENT OF THECONCEPTUALMODEL
4.1.1. POPULATION AND METHODS

A subsample of the INCHIANTI cohort studf] was assessed within the framework of the EU
FARSEEING projec{71]. Participantsnvere subjected to a battery of foRP tests performed in a

fixed order, including the QSMW, CST and TUGsee section 3.2.3 fanore detailed description)

The health status of the older adults was assessed by a number efdlatdthmeasures, including
MMSE, IADL, CESD, PA, FALLN, HAND, PWR, TMTA, and SPP. See section 3.2for more

detailed information.

Robust linear reg@ssion was used tdentify outliers and adjust fdhe effects of age, gender, height,
weight, and cognitive status (indexed by the MMSE). An older adult was considered outlier if at least
one of his/her sensdrased measure had a null weight in the robuear regression model
(MATLAB f u n c tobustfib )[A8]. One EFA washenperformed orthe residuals of each set of
sensotbased measures to reduce the dimension of the dataset and to uncover the underlying
relationships between sendmsed measureSince the EFA is based on the assumption of normally
distributed data, the jerk scores wdog transformed and all the sendmsed measures were
standardized to zero mean and unit variance before EFA. Varimax rotation was used to derive
orthogonal factor scores. Sendimsed measures with factor loading greater than 0.5 as the absolute
value were considered relevant. For each EFA, a scree plot (Parallel analysis) was used to determine
the minimum number of factors to retailVe verified that each resulting factor structure explained

at least 70% of the total varianf&9]. Since the factor model was obtained excluding the outliers,
their factor scores wetately predicted Hence all the participants weracluded in the subsequent
statistical analysisEach factor was interpretedsing a priori knowledge on the sendased
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measures that contribute toahd then mapped into a specific conceptual domenp e ar man 6 s
correlation aalysis was used to investigate both the association between domains in the conceptual
model and the associations between each domain and the residuals of theeladatthmeasures.

Signal processing and statistical analyses were performed using MATAABEXxploratory Factor
Analysis was performed usiigyfor Windows, version 3.4 [83]. Figure4.1 shows the flowchart of

the conceptual model development process.

Figure4.1 Flowchart of the conceptual model development process; N is the number oflsasethimeasures and fastor

domains of each instrumented test.
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