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Abstract

INTRODUCTION: The two most common neurodegenerative disorders are Alzheimer’s disease (AD) and
Parkinson’s disease (PD). They affect millions of people worldwide and will increase in the upcoming decades.
Mild cognitive impairment (MCI) is considered an intermediate stage between unimpaired cognition and major
neurocognitive disorder (i.e., “dementia”). Decreased gait speed seems to precede cognitive decline, but little is
known about how objective gait is structured as well as how it is associated with common AD-related brain
pathologies in patients with MCI. Such knowledge can be of value for future longitudinal follow-ups, which could
determine whether specific gait components or parameters are of diagnostic or prognostic value. Although gait
impairments are common in people with PD and considerable research have been published on objective gait
measures in people with PD, less is known about subjective aspects related to walking in people with PD. A better
understanding of perceived walking difficulties and concerns about falling in people with PD could lead to a better
targeted rehabilitative and physiotherapeutic care.

AIM: The overarching aim was to explore objective gait characteristics in people with MCI (Studies I-11) and without
MCI (Study 1) in terms of structure and relation to brain pathology. Moreover, the aim was to explore how
perceived walking difficulties and concerns about falling evolve over time in people with PD and to identify
predictive factors.

METHODS: This thesis comprises four studies. Studies I-1l had a cross-sectional design and focused on objective
gait (comfortable speed) as a single task. Study | included 333 individuals (MCI, n = 114; cognitively unimpaired, n
=219) and two principal component analyses of common gait parameters were performed. Study Il (n = 96
patients with MCI) investigated the effect of AD-related brain pathologies (i.e., tau, amyloid-B and white matter
hyperintensities) on distinct gait parameters using multivariable linear regression analysis (MLR). Studies -1V
included people with PD and used longitudinal (baseline and a 3-year follow-up) data. Using paired samples t-test,
Study IIl (n = 148) investigated the evolution of perceived walking difficulties (assessed with the generic Walk-12)
as well as identified important factors for predicting perceived walking difficulties after a 3-year period (analysis:
MLR). Study IV (n = 151) focused on how concerns about falling (assessed with the Falls Efficacy Scale-
International) evolved over time and also identified predictors of concerns about falling (analysis: MLR).
RESULTS: Four independent components of gait were identified when analyzing objective gait measures in
people with and without MCI; Variability, Pace/Stability, Rhythm and Asymmetry. In patients with MCI, increased
tau-PET pathology in AD-related regions of interest was associated (p<0.024) with increased step velocity
variability and step length. In people with PD, perceived walking difficulties and concerns about falling had
increased after 3 years (p<0.001). Motor (e.g., perceived balance problems while dual tasking and concerns about
falling) and non-motor related factors (i.e., pain) predicted perceived walking difficulties. Personal (i.e., age) and
motor related factors (e.g., perceived balance problems while dual tasking) predicted concerns about falling.
Perceived balance problems while dual tasking predicted both a change in perceived walking difficulties (other
predictors: global cognitive function) and concerns about falling (other predictors: age and sex) (p<0.043).
CONCLUSIONS: Relationships between common gait parameters seem similar in people with and without MCI.
The identified components of gait provide a basis for how common gait parameters are related during single task
gait. A better understanding of the effect of tau-PET pathology on distinct aspects of gait (i.e., increased step
length and step velocity variability) is of interest for physical therapists that assess these patients. Future
longitudinal studies (as well as studies including other samples and settings) need to corroborate or refute these
findings. Importantly, future longitudinal studies should also address the diagnostic and prognostic value of
different gait parameters. In addition, rehabilitation efforts for people with PD could target significant predictors
related to perceived walking difficulties and concerns about falling, such as motor (e.g., perceived balance
problems while dual tasking) as well as non-motor factors (e.g., pain). That is, future intervention studies could
target modifiable factors when aiming at improving subjective aspects related to walking in people with PD.
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Svensk popularvetenskaplig
sammanfattning

De tva vanligaste neurodegenerativa sjukdomarna dr Alzheimers sjukdom och
Parkinsons sjukdom. Vid dessa sjukdomar sker en ansamling av proteiner i hjarnan
som tros bidra till nedbrytning av nervceller; denna nedbrytning kan pdga under
flera decennier innan diagnos kan stillas. Dessa sjukdomar har en stor paverkan pa
de drabbades livskvalité och sjélvsténdighet i vardagen. Gangférméga ar en viktig
faktor som ar kopplad till sjdlvstindighet. Att utvirdera och atgérda gangsvarigheter
utgor centrala uppgifter for en fysioterapeut.

Ganghastighet har ofta anvénts som en tillforlitlig markdr for hélsostatus. Lag
ganghastighet har dven kopplats samman med en 6kad risk for att utveckla kognitiv
nedséttning och kognitiv sjukdom (’demens”). Kanske kan dven andra
gingaspekter, till exempel variation i steglingd, vara relevanta att undersoka nar det
giller kognitiv nedsittning. Lindrig kognitiv funktionsnedséttning (MCI) kan ses
som ett mellanliggande stadium mellan kognitivt frisk och demenssjuk. I detta skede
finns en objektiv forsdmring 1 kognitiv formiga men den paverkar inte
sjalvstandigheten i vardagen. I dagsldget finns det lite forskning som géller hur
objektiv gang kan klassificeras hos personer med MCI. Det vill sdga, hur olika
gingmatt, sd som stegldngd och génghastighet, kan struktureras och hur de relaterar
till varandra. Dessutom finns det bristfallig kunskap huruvida Alzheimertypiska
sjukdomsmarkorer i hjarnan relaterar till olika gdngaspekter hos personer med MCI.

Nér det giller Parkinsons sjukdom finns det mycket forskning som visar hur
objektiva gangaspekter paverkas av sjukdomen. Daremot finns det mindre kunskap
om hur subjektiva aspekter (upplevda géngsvarigheter och en bekymran for att falla)
paverkas oOver tid, inklusive en bristféllig kunskap kring vilka faktorer som kan
forklara en framtida forsdmring av dessa aspekter.

Det overgripande syftet med denna avhandling var att fi en béttre forstaelse av bade
objektiva och subjektiva aspekter relaterade till gang i olika neurodegenerativa
sjukdomar. Avhandlingen inkluderar personer med MCI (studier I-II) och personer
med Parkinsons sjukdom (studier I1I-1V).

Tre av fyra studier (studier I-III) berdr objektiva eller subjektiva géngaspekter,
medan den fjarde studien berdr bekymran for att falla i samband med olika
vardagsaktiviteter. Avhandlingens tva forsta studier anvénder sig av tvérsnittsdata



(det vill sdga data inhdmtad under ett tillfdlle). Studie [ undersoker hur objektiv gang
kan klassificeras och studerar relationen mellan olika objektiva gangparametrar hos
personer med MCI respektive hos kognitivt opédverkade individer. Studie II
undersoker effekten av olika Alzheimerrelaterade sjukdomsforédndringar
(exempelvis sjukliga proteinansamlingar) i hjdrnan pé objektiva gangparametrar hos
personer med MCI.

Studie III och IV anvénder sig av data insamlad vid tva olika tidpunkter: en baslinje-
mitning och en uppfoljning 3 ar senare. Studierna underséker hur upplevda
gingsvarigheter och bekymran for att falla fordndras 6ver tid hos personer med
Parkinsons sjukdom. Utover detta undersoks vilka faktorer som kan forutsdga dessa
tva subjektiva gangrelaterade aspekter.

Avhandlingens resultat

Hos bade kognitivt opaverkade individer samt personer med MCl identifierades fyra
komponenter av ging: variabilitet (variationen i ett gangmatt), tempol/stabilitet,
rytm samt asymmetri (skillnaden mellan hoger och vénster sida). Hos patienter med
MCI ségs okad tau-inlagring (ett protein nira kopplat till Alzheimers sjukdom) i
Alzheimerrelaterade omriden i hjdrnan vara associerat med okad steglingd, samt
med Okad variation i ganghastigheten. Sistnimnda indikerar att variationsmatt av
ganghastighet kan vara av virde for personer med en oOkad risk att utveckla
Alzheimers sjukdom. Det kravs dock studier med upprepade uppfoljningar under
flera &r for att kunna faststilla huruvida gangparametrar kan vara av
diagnostiskt/prognostiskt virde for personer som har en okad risk att utveckla
demens.

Hos personer med Parkinsons sjukdom 6kade bade upplevda gangsvérigheter samt
bekymran for att falla efter 3 ar. Att bade upplevda gangsvarigheter och bekymran
for att falla okar efter en 3-arsperiod antyder att det &ar viktigt att f6lja upp dessa
aspekter kontinuerligt. Detta eftersom de kan bidra till sidnkt fysisk aktivitetsniva,
upplevd delaktighet och livskvalité. Flera faktorer visade sig kunna fOrutspa
upplevda géngsvarigheter och bekymran for att falla hos personer med Parkinsons
sjukdom. Upplevda balanssvérigheter nér tva saker gors samtidigt fdrutséig bade
okade upplevda gangsvérigheter och mer uttalad bekymran for att falla 3 ar senare.
Aven smirta forutsdg upplevda gangsvarigheter hos personer med Parkinsons
sjukdom. Dessa potentiellt fordndringsbara faktorer skulle kunna adresseras i
framtida insatser som syftar till att forbéttra subjektiva aspekter kopplat till gang
hos personer med Parkinsons sjukdom.
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Abstract

INTRODUCTION: The two most common neurodegenerative disorders are
Alzheimer’s disease (AD) and Parkinson’s disease (PD). They affect millions of
people worldwide and will increase in the upcoming decades. Mild cognitive
impairment (MCI) is considered an intermediate stage between unimpaired
cognition and major neurocognitive disorder (i.e., “dementia”). Decreased gait
speed seems to precede cognitive decline, but little is known about how objective
gait is structured as well as how it is associated with common AD-related brain
pathologies in patients with MCI. Such knowledge can be of value for future
longitudinal follow-ups, which could determine whether specific gait components
or parameters are of diagnostic or prognostic value. Although gait impairments are
common in people with PD and considerable research have been published on
objective gait measures in people with PD, less is known about subjective aspects
related to walking in people with PD. A better understanding of perceived walking
difficulties and concerns about falling in people with PD could lead to a better
targeted rehabilitative and physiotherapeutic care.

AIM: The overarching aim was to explore objective gait characteristics in people
with MCI (Studies I-1I) and without MCI (Study I) in terms of structure and relation
to brain pathology. Moreover, the aim was to explore how perceived walking
difficulties and concerns about falling evolve over time in people with PD and to
identify predictive factors.

METHODS: This thesis comprises four studies. Studies I-II had a cross-sectional
design and focused on objective gait (comfortable speed) as a single task. Study I
included 333 individuals (MCI, n = 114; cognitively unimpaired, n = 219) and two
principal component analyses of common gait parameters were performed. Study II
(n = 96 patients with MCI) investigated the effect of AD-related brain pathologies
(i.e., tau, amyloid-p and white matter hyperintensities) on distinct gait parameters
using multivariable linear regression analysis (MLR). Studies II-IV included
people with PD and used longitudinal (baseline and a 3-year follow-up) data. Using
paired samples t-test, Study III (n = 148) investigated the evolution of perceived
walking difficulties (assessed with the generic Walk-12) as well as identified
important factors for predicting perceived walking difficulties after a 3-year period
(analysis: MLR). Study IV (n = 151) focused on how concerns about falling
(assessed with the Falls Efficacy Scale-International) evolved over time and also
identified predictors of concerns about falling (analysis: MLR).

12



RESULTS: Four independent components of gait were identified when analyzing
objective gait measures in people with and without MCI; Variability, Pace/Stability,
Rhythm and Asymmetry. In patients with MCI, increased tau-PET pathology in AD-
related regions of interest was associated (p<0.024) with increased step velocity
variability and step length. In people with PD, perceived walking difficulties and
concerns about falling had increased after 3 years (p<0.001). Motor (e.g., perceived
balance problems while dual tasking and concerns about falling) and non-motor
related factors (i.e., pain) predicted perceived walking difficulties. Personal (i.e.,
age) and motor related factors (e.g., perceived balance problems while dual tasking)
predicted concerns about falling. Perceived balance problems while dual tasking
predicted both a change in perceived walking difficulties (other predictors: global
cognitive function) and concerns about falling (other predictors: age and sex)
(p=<0.043).

CONCLUSIONS: Relationships between common gait parameters seem similar in
people with and without MCI. The identified components of gait provide a basis for
how common gait parameters are related during single task gait. A better
understanding of the effect of tau-PET pathology on distinct aspects of gait (i.e.,
increased step length and step velocity variability) is of interest for physical
therapists that assess these patients. Future longitudinal studies (as well as studies
including other samples and settings) need to corroborate or refute these findings.
Importantly, future longitudinal studies should also address the diagnostic and
prognostic value of different gait parameters. In addition, rehabilitation efforts for
people with PD could target significant predictors related to perceived walking
difficulties and concerns about falling, such as motor (e.g., perceived balance
problems while dual tasking) as well as non-motor factors (e.g., pain). That is, future
intervention studies could target modifiable factors when aiming at improving
subjective aspects related to walking in people with PD.
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AD

ADAS (cog)
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Alzheimer’s disease

Alzheimer’s Disease Assessment Scale, cognitive subscale
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Biomarkers for identifying neurodegenerative disorders early and
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Vascular dementia

Generic Walk-12

White matter hyperintensities
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Thesis at a glance

Study |. Components of gait in people with and without mild cognitive impairment, n = 333.

Aim

Methods

Results

Conclusions

To define components of single task gait by exploring objective gait characteristics in people with
MCI (with signs of an incipient neurocognitive disorder) and cognitiviely unimpaired (CU) people.

Cross-sectional data included 114 persons with MCI and 219 CU. Gait at comfortable speed was
assessed by using an electronic walkway (GAITRite®). Principal component analyses (PCAs,
varimax rotation) included 17 (MCI) and 15 (CU) gait parameters, respectively.

Four components of gait were identified in both the MCI and the CU group: Variability,
Pace/Stability, Rhythm and Asymmetry. Three components had the same highest loading gait
parameter (step velocity variability, step length and step time) in both groups. For Asymmetry, the
highest loading parameter was stance time asymmetry (MCI) and swing time asymmetry (CU).
Gait components are similar in people with and without MCI, however some differences exists.
Highly loading gait parameters in the various components might be suitable core variables in
future studies, as they represent distinct components of gait.

Study Il. Effects of brain pathologies on objective gait parameters in patients with MCI, n = 96.

Aim

Methods

Results

Conclusions

To explore independent effects of tau and amyloid-B (AB) pathology as well as white matter
hyperintensities (WMH), on objective gait parameters (i.e., step velocity variability, step length,
step time and stance time asymmetry) from various components of gait in patients with MCI.

Multivariable linear regression analyses using cross-sectional data. Independent variables:
Positron emission tomography (PET) tau, PET AR and WMH. Dependent variables: four gait
parameters (see aim).

Tau pathology was associated with increased step velocity variability as well as with increased
step length. The effects remained when investigating specific Braak regions (I-II, llI-IV and V-VI).
AB-PET load and WMH showed no significant associations with the studied gait parameters

Gait variability might be a sensitive gait component in relation to tau pathology in people with MCI
with an incipient neurocognitive disorder. Physical therapists should pay specific attention to step
velocity variability when assessing gait in patients with MCI

Study lil. Evolution of perceived walking difficulties in people with Parkinson’s disease (PD), n = 148.

Aim

Methods

Results

Conclusions

To investigate how perceived walking difficulties evolve over a 3-year period in people with PD. A
specific aim was to identify predictive factors of perceived walking difficulties.

Perceived walking difficulties was assessed with the generic Walk-12 (Walk-12G) questionnaire.
Paired samples t-test examined the change after 3 years. Walk-12G scores at the 3-year follow-
up were the dependent variable in multivariable linear regression analyses. Model 1 investigated
predictors of perceived walking difficulties (controlled for age). Model 2 also controlled for
baseline Walk-12G, targeting predictors of a change in perceived walking difficulties.

Perceived walking difficulties increased after 3 years; the increase exceeded the standard error
of measurement. Model 1 identified concerns about falling, perceived balance problems while
dual tasking (DT) and pain as statistically significant predictors. Model 2 identified perceived
balance problems while DT and global cognitive functioning as predictors of a change in
perceived walking difficulties.

Perceived walking difficulties increased after 3 years in people with PD. Motor and non-motor

aspects were predictive factors. Targeting modifiable aspects (e.g., perceived balance problems
while DT) might have an effect on perceived walking difficulties in future intervention studies.

Study IV. Predictive factors of concerns about falling in people with Parkinson’s disease, n = 151.

Aim

Methods

Results

Conclusions

16

To identify predictive factors of concerns about falling after 3 years in people with PD, with and
without adjusting for concerns about falling at baseline.

Concerns about falling was assessed with the Falls Efficacy Scale — International (FES-I) at
baseline and after 3 years. The latter was dependent variable in multivariable linear regression
analyses that identified predictive factors of concerns about falling (model 1) after 3 years and
predictors of a change in concerns about falling (model 2, controlling for baseline FES-I).

In Model 1, perceived walking difficulties was the strongest predictive factor, followed by age,
perceived balance problems while DT and difficulties/dependence in activities of daily living.
Model 2 identified perceived balance problems while DT, increased age and female sex as
significant predictors of a change in concerns about falling.

Perceived balance problems in DT and age predicted both concerns about falling and a change
in concerns about falling. Several modifiable factors were identified as predictors. Targeting
these factors could help address concerns about falling in rehabilitation of people with PD.



Rationale

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common
forms of neurodegenerative disorders. To date, there is no curative treatment for the
underlying pathology. Physiotherapists often assess and treat aspects related to
walking in their clinical practice. A comprehensive understanding of both objective
and subjective aspects related to walking in people with AD and PD could nurture
interventions that result in that individuals remain physically active, independent
and maintain their quality of life for as long as possible. A better understanding of
these aspects of walking may also be important from a diagnostic and prognostic
perspective.

The number of people living with a major neurocognitive disorder (“dementia”) is
expected to greatly increase until 2050. AD is the most common form of dementia,
i.e., about 70% of all dementia cases. Gait disturbances can be seen as a prodromal
sign of future cognitive decline. In the AD continuum, mild cognitive impairment
(MCI) can be seen as an intermediate stage between cognitively healthy and
dementia. People with MCI perform worse than cognitively healthy on objective
gait measures. However, they walk better than people with dementia. Little is known
about how common gait parameters in people with MCI relate to each other as well
as how their structure differs in comparison to the structure of gait parameters in
people without MCI. Moreover, there are knowledge gaps regarding the
independent effects of common dementia related pathology on objective gait
performance in people with MCI. A better understanding of the effect of specific
Alzheimer-related pathology on various aspects of gait might help in directing focus
on more specific gait parameters in people with MCIL.

As PD is clearly affecting motor functions, objective aspects of gait in people with
PD have been researched in depth. However, subjective aspects relating to walking
reflect how the person perceives their difficulties or concerns. A better
understanding of which variables that affect perceived walking difficulties and
concerns about falling, as well as how they evolve over time is warranted. This
information might help target modifiable factors in future intervention studies and
help direct the rehabilitative care that is provided.
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Introduction

This thesis has a specific focus on gait (studies I-IIT) and concerns about falling
(study IV). In this first part of the introduction, I focus on these constructs in
general terms and in relation to cognitively healthy older people.

Gait

Gait is a person’s manner of walking [1]. In this thesis the terms gait and walking
are often seen and used interchangeably. Although, in relation to the International
Classification of Function, Disability and Health (ICF), gait is considered a
neuromusculoskeletal and movement-related body function [2]. The term gait
focuses on movement patterns, often involving descriptions of these patterns. Gait
can for example be described in terms of having an asymmetrical or hemiplegic gait
pattern. Gait parameters that objectively describe measures of gait, such as step
length, step time or variability are commonly used when discussing different
patterns of gait. Walking in relation to ICF is more specifically seen as an activity
of mobility [2]. Walking (i.e., the process of coordinated locomotion, step by step,
with one foot in contact with the ground at all times) is often intended to keep us
moving in a goal-directed course. Walking might seem automated, demanding little
interaction across different abilities. However, far from such a simplistic view,
walking involves a highly complex set of movements and interactions between
different systems and functions to keep us erect and moving. The abilities needed to
walk safely involve e.g., muscular, visual, vestibular, proprioceptive, neurological
and cognitive functioning [3, 4]. In everyday situations, walking is often performed
concurrently while performing another task (e.g., talking), often referred to as dual
task walk [5]. This thesis focuses on gait as a single task.

Gait and cognition

Gait has previously been considered an automated process with little involvement
from the more cognitively complex domains (e.g., executive or attentional
functioning). However, gait should rather be considered a task requiring several
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cognitive functions, such as executive and attentional ability [4-6]. Gait not only
demands the direct execution of movements, but also adjustments of gait patterns
due to anticipatory movements and predictive gait programs [7]. No single part of
the brain is exclusively in control of all motor tasks involved in gait. When
performing single task gait, several different brain areas such as the basal ganglia,
cerebellum and cerebral cortex are involved in initiating, executing and regulating
gait movement [8, 9]. These areas are affected by the visual and somatosensory
input that also affect gait [8].

Different situations and surroundings demand different abilities to manage
incoming information [5]. To walk safely in everyday life, gait needs to be both
repetitive and flexible in altering for example gait speed, step length and step width
[5]. Altering gait requires variability in gait. Variability has been proposed as one
aspect of gait enabling and considering gait control [5, 10, 11].

Objective and subjective gait measures

Walking performance can be measured both objectively and subjectively. Objective
measures include for example using a stopwatch, wearable sensors or an
instrumented walkway. The person can then be asked to walk for example at a
comfortable self-selected pace, fast pace or while performing an additional
concurrent task (i.e., dual task walking). Body-worn sensors and instrumented
walkways provide more detailed objective data, such as spatiotemporal parameters.
These additional measures are not obtained when only using a stopwatch. The same
gait variables measured with different electronic gait instruments, such as body-
worn sensors and instrumented walkways, are often well correlated when assessed
in clinical settings [12]. While instrumented walkways are more often used in a
research setting, body-worn sensors can more easily be used in a home-based
context [13].

Subjective walking ability can be measured from different perspectives, such as the
perspective of the clinician or the patient’s own perspective. Examples of clinician-
based outcome measures include item 29 of the unified Parkinson’s disease rating
scale part III (UPDRS III) [14], the Functional Gait Assessment [15] and the gait
oriented sub assessment of the Tinetti performance oriented mobility assessment
[16]. Measuring walking performance from the patient’s point of view requires use
of a patient-reported outcome measure (PROM) [17, 18]. PROMs are commonly
used to evaluate the effectiveness of clinical studies from the patients perspective
and can provide an additional perspective on a trial or health status [18]. In relation
to gait, PROMs often relate to how the individual perceives their walking ability.
One such subjective walking assessment is the generic Walk-12 (Walk-12G) [19].
The Walk-12G includes 12 items regarding the patient’s perception of their walking
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difficulties during the last two weeks. In people with Parkinson’s disease (PD),
Walk-12G has been moderately correlated with the objective gait parameter step
velocity, which indicates that the Walk-12G might represent another perspective of
gait than objective gait performance [20].

Gait cycle

During habitual straightforward walking, a gait cycle starts with the initiation of a
foot’s contact with the ground (e.g., right foot) and ends when the same foot is in
contact with the ground again [1, 21]. The gait cycle consists of the combined step
length of each foot. The step length is the distance between the contact of one foot
and the initial step contact of the opposite foot. The distance starting from the heel
center of one foot to the consecutive footprint of the same foot is named stride length
[1, 21, 22]. During continuous walking in a straightforward direction, this gait cycle
is repeated. Gait cycle time periods can be divided into stance phases and swing
phases of the limbs [1, 21]. A stance period is the period when a foot or limb is in
contact with the ground and supports the body weight. It can involve periods of both
single and double support. When the body weight is supported by a single foot, the
opposite foot can swing forward (i.e., the swing phase) and ends the swing phase by
touching the ground again. When both feet are on the ground, the body weight is
shifted from one foot to the other and the cycle repeats [1, 21]. Figure 1 illustrates
a schematic view of commonly used temporal gait measures.
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Figure 1. Schematic view of temporal gait parameters. Figure reprinted with permission from the GAITRite
Electronic Walkway Technical Reference (WI-02-15), Revision L.
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Gait parameters

Gait can be assessed objectively and quantitatively in different dimensions. It is
most commonly measured in dimensions using temporal parameters (e.g., step or
stride time), spatial parameters (e.g., step or stride length) or through the
combination of the two dimensions, i.e., spatiotemporal parameters (e.g., gait
velocity).

Gait velocity or gait speed is a commonly investigated gait parameter. It is regarded
as a reliable and valid measure of overall physical health [23-25], linked to both
future survival [25, 26] and cognitive function [25, 27]. Gait speed is easily
measured using a marked path and a stopwatch [23, 28]. However, other gait
parameters might provide more precise associations with pathology [10, 29], gait
control [10, 11, 30] and falling [10, 30] in older adults. These other parameters (e.g.,
variability and asymmetry measures) retaining to spatiotemporal gait require more
sensitive technology. Objective data collections of gait often produce an abundance
of gait parameters [13, 31]. Variables generated through more advanced
technologies frequently include mean measures and standard deviances of step or
stride time, length and width, stance time, swing time and double support time [13,
31]. Several gait parameters are closely related, and it can be difficult to differentiate
the relationship between the different parameters.

Components of gait

Gait parameters can be categorized using different dimension reduction techniques,
such as exploratory factor analysis or principal component analysis (PCA). Using
these dimension reduction techniques have led to the identification of several gait
components in older adults, explaining approximately 80-85% of the variance of the
included gait parameters [32-37]. Components named pace, rhythm and variability
have been identified in several PCAs that included older adults [32-37]. While some
gait parameters consistently tend to load to similar components of gait, the gait
parameters identified in the components of previous PCAs are not always identical.

Studies in older adults without dementia showed that the pace component includes
gait speed and step or stride length [32-37]. As gait speed is closely related to the
pace component, multiple studies have investigated gait parameters relating to pace.
In older adults without dementia, a reduced gait speed has been associated with
several factors, such as reduced balance self-efficacy, decreased attentional ability,
reduced muscle strength and older age [34]. Using a standardized composite score
of the pace component, decreased pace has been associated with a decline in
executive functioning [32].

A rhythm component of gait in older adults without dementia is often comprised of
temporal gait parameters such as step time, swing time or cadence, and generally
have to do with the repetitive nature of walking as well as timing of gait [1, 34].
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Variability measures are measures of the intra-individual inconsistencies of a
specific gait parameter [38] and can be linked to the control of gait [10, 11, 30],
underlying pathology [29, 32] and future falls [10, 39]. Such measures are based on
the within-person standard deviation of a spatial, temporal or spatiotemporal gait
parameter [10]. It can be computed using standard deviation (SD) or coefficient of
variation (CoV). Using within-person SD is regarded as an absolute measure of
variability whereas CoV is regarded as a relative measure of variability [39, 40].
Step-based gait parameters have shown to be more reliable than stride-based gait
parameters for measuring gait variability [41].

Other components of gait include asymmetry [34, 36], base of support [33, 35, 37],
postural control [34] and phases [33, 35, 37]. Including other types of walking tasks,
such as turning or tandem walking generate additional components [35, 37].

Asymmetry gait parameters concern the bilateral coordination of the limbs and
relate to the differences between the two sides of the body (i.e., left and right steps)
during walking [42, 43]. All people have some form of asymmetry in their gait, but
these asymmetries are often clinically insignificant [1]. Gait asymmetry is more
pronounced in older people with underlying pathology (such as a chronic
neurological disease, e.g., PD [44] or stroke [42]), indicating that a more
pronounced asymmetry measure could signal disturbances of functions relating to
safe gait [44]. Asymmetry measures are generated by using step-based gait
parameters. [34, 41]. In PCAs only including stride-based measures, no gait
asymmetry parameter can be included, and an asymmetry component is thus not
generated in such PCAs.
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Asymmetry Phases
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Figure 2. Overview of commonly reported components of gait, based on prior studies of older adults without
dementia.
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A postural component, including step or stride width together with an additional gait
parameter, has been identified in several PCAs on older adults [33-35]. The
additional gait parameter differs in the various PCAs. One study included step
length asymmetry [34], whereas other included step or stride width variability [33,
35]. Including phases of the gait cycle (i.e., percentages of the gait cycle) identified
a phase component as well [33, 35, 37]. As components of gait, derived from the
PCA:s, are distinct from one another they can be said to represent various aspects of
gait; aspects that might be differently affected, depending on cognitive status or type
of brain pathology. Figure 2 depicts an overview of commonly reported components
of gait.

The performance on certain objective gait parameters, representing different
components of gait have been associated with the presence of fear of falling (FOF)
[45-49]. The following section discusses these concepts and their relationship.

Fear of falling — concerns about falling

Concerns about falling is a construct relating to FOF and the terms are often
discussed interchangeably [50]. Other aspects of FOF include balance confidence
[51], fall-related activity avoidance [52] and fall-related self-efficacy [53]. Several
of these constructs of FOF are conceptualized relating to Bandura’s model of self-
efficacy [54]. The model suggests that the level of belief in one’s own capabilities
to manage an event is an important factor to consider in regard to individual
performance in a particular situation [54]. Importantly, FOF can be a realistic
appraisal of one’s situation, due to near falls or previous falls leading to pain, injury
or embarrassment [50]. This can be considered a well adaptive response to a
significant risk (i.e., falling). The response can also be maladaptive, leading to
avoidance behavior and subsequently leading to negative effects on several aspects
of life [55]. These types of appraisals and responses can be seen in people both with
[56] and without known neurological pathology [55]. In older adults, FOF is related
to an increased risk of falling [57] and a decreased level of physical activity [58]. It
can have a profound negative effect on quality of life [55].

The prevalence of FOF in community dwelling older adults range between 20-85%
[55, 59, 60]. Depending on the measure used for assessing FOF, prevalence numbers
vary, but generally FOF increases with age and is more pronounced in women [55,
61]. A large proportion of older adults with FOF have not experienced a fall event
[61]. FOF is associated with objective gait parameters related to more cautious gait,
such as slower gait speed [45-48], shorter stride length [45-48] as well as increased
stride width [46, 48] and double support time [45-48] independent of previous falls,
in older adults [45]. The presence of FOF is also associated with increased gait
variability in older adults [47, 49].
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This thesis focuses on concerns about falling. The Falls Efficacy Scale-International
(FES-I) assesses the level of concerns about falling in 16 specific activities,
including social events. The total score ranges 16-64, with a higher score indicating
more concerns about falling. Several of the items incorporate walking, such as
“walking in the neighborhood”, “going to the shop” and “walking in a crowded
place” [62].

Few longitudinal studies have identified predictors of FOF; even fewer so relating
to concerns about falling. Using a dichotomized question regarding FOF in Mexican
American older adults identified both personal and environmental predictors of FOF
(i.e., female sex, depression, limitations in instrumental activities of daily living
(ADL), global cognitive functioning, comorbidities, multiple prior falls and
frequent familial interactions) [63]. Prior experiences of falls have shown
conflicting results in predicting a change in concerns about falling over time [64,
65]. Concerns about falling increased in short term (one month) but did not increase
over a longer period (12 months) [64]. Another study reported no difference in
change of concerns about falling in older adult fallers and non-fallers over a 3-month
period [65]. Reasons for the discrepancies in findings could be that the short-term
effect did not last for a 3-month period as well as differences in samples, and prior
falls during the previous year was an exclusion criterion in one of the studies [64].

A longitudinal perspective is a prerequisite for identifying predictive factors. Such
a perspective can help clarify the impact of predictors of an outcome and the
outcome variable as well as identify similarities and differences in relation to cross-
sectional associations. A better understanding of which specific variables that
independently predict concerns about falling could assist in deciding which
variables that primarily should be addressed in future intervention studies.

25



Neurodegenerative disorders

This thesis has a specific focus on people with mild cognitive impairment (MCI)
(studies I-IT) and PD (studies III-IV). MCI can be seen as an intermediate stage
of cognitive function between normal cognitive function and major
neurocognitive disorder (dementia). Those with MCI who also have markers of a
neurodegenerative disorder have a higher risk of progression to dementia.
Persons who have subjective cognitively decline (SCD) but no objective
deterioration in cognitive performance (study I) are according to guidelines
considered cognitively unimpaired (CU) [66].

Neurodegenerative disorders consist of a heterogenous group of diseases where
different areas of the brain degenerate. The two most common forms are Alzheimer’s
disease (AD) and PD, which affect millions of people worldwide [67].
Neurodegenerative diseases are not a consequence of ageing, although they are
strongly age-related [67, 68]. Symptoms from neurodegenerative disorders generally
manifest later in life [68, 69] and are uncommon in people under the age of 60 (with
noticeable exceptions such as familial AD [70] and Huntington’s disease [71]).

Neurodegenerative diseases are generally characterized by the accumulation of
aggregates of specific proteins in the brain and the subsequent degeneration of the
cerebral cortex [72]. The neurodegeneration initially occurs in specific areas of the
brain; as the disease progresses, the degeneration is generalized to more widespread
areas of the cortex [72].

Alzheimer’s disease and dementia

AD accounts for between 60-70% of all cases of major neurocognitive disorder
(commonly known as dementia and described as dementia in this text) [67, 69, 73].
Dementia is a global health challenge as the prevalence is estimated to treble by the
year 2050 [74]. It is a syndrome that can originate from different causes and leads
to a significant decline or impairment in several cognitive functions. These
impairments have a profound impact on the independence of executing everyday
activities, such as paying bills [75].

The two most common types of dementia are AD dementia (ADD), followed by
vascular dementia (VaD) [69]. AD is linked to symptoms relating to memory
storage, decision making and planning familiar tasks [76], whereas symptoms
relating to VaD are much more variable, depending on severity and affected
location. VaD is however often linked to slower processing speed and attentional
deficits [77]. These dementias originate from different pathologies, although the
presence of a mixed pathology is not uncommon [69, 78]. AD pathology includes
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aggregation of amyloid-p (AB) plaques and tau tangles. The aggregations can be
measured directly by using a positron emission tomography (PET) or indirectly in
cerebrospinal fluid (CSF) or blood plasma. From a conceptual perspective, PET
measures have often been related to a disease stage, closely related to atrophy of the
brain and severity of clinical cognitive severity [79, 80]. CSF measures might
instead be considered markers of disease state, indicating the intensity of the disease
process [79-81]. Although, certain CSF tau measures (e.g., phosphorylated tau, [p-
tau] 217) seem to change dynamically throughout the disease process and could
therefore provide some disease stage information [82]. In studies looking over the
entire cognitive spectrum (i.e., CU, MCI and people with ADD), CSF tau measures
will likely correspond to structural imaging and atrophy degree [83]. However, in
earlier cognitive clinical stages, pathological CSF tau measures more closely
correlate with Ap PET deposition [84] than with tau PET deposition thresholds in
the brain [73]. AP and tau CSF measures are likely indicating an AD pathological
process [84]. Compared to CSF measures, using a PET measure for measuring the
different brain pathologies can more precisely provide an in depth look at the
specific effect of pathology deposition in specific subgroups of people, such as
people with MCI, on objective gait parameters.

VaD commonly originates from hemorrhages or a loss of blood to smaller blood
vessels of the brain [85]. The blood loss leads to lesions in white matter of the brain
[85]. These lesions can be identified with the help of magnetic resonance imaging
(MRI), where hyperintensities in the white matter (WMH) of the brain are detected
[86]. The WMHSs can lead to an array of different symptoms and have been linked
to several gait impairments in older adults with MCI [87-89] and older adults
without dementia [90-92]. These prior studies did not consider amyloid or tau
pathology in their analyses. While not a neurodegenerative disorder, older people
with WMH have an increased risk of developing cognitive impairment and dementia
[86, 93].

Subjective cognitive decline and mild cognitive impairment

Subjective cognitive decline (SCD)

Two main features characterize SCD. First, a persistent decline in cognitive
functioning perceived by the person in question. This decline should not be related to
a recent event. The second feature is that the cognitive decline is not shown on
standardized cognitive tests [94]. Many individuals experience some form of
cognitive decline with increasing age [94]. Although people with SCD have an
increased risk of progression to dementia compared to people without cognitive
symptoms [95], most of them will not progress into further cognitive decline [94]. As
people with SCD are classified partly based on their lack of decline in cognitive tests,
this group can in certain regards be considered pertaining to a CU subset [66, 94].
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Mild cognitive impairment (MCI)

The clinical criteria for classifying people with MCI are: i) a cognitive impairment
reported by the individual or a close informant (e.g., spouse), ii) evidence of modest
cognitive impairment as per objective standardized measures, in one or more
cognitive areas, iii) preserved independence in performing everyday activities, and
iv) not fulfilling the criteria for dementia [96]. The diagnostic and statistical manual
of mental disorders (DSM-5) has similar criteria although mild and major
neurocognitive disorder are differentiated by the severity of the cognitive
impairment and the effect of the cognitive deficit on the ability to function
independently [75].

People with MCI can be further subclassified by differentiating which cognitive
domain that is primarily affected (e.g., impairment in memory or executive
functioning). Furthermore, individuals with MCI are often subclassified by an
impairment in amnestic ability, i.e., the ability to retain and recall information from
the past: amnestic MCI (aMCI) versus non-amnestic impairment (naMCI) [97].
People can also be classified as having multidomain cognitive impairment with or
without a memory component impairment (multidomain aMCI and multidomain
naMCI, respectively) [97].

Parkinson’s disease

PD is characterized by a decreased production of dopamine in the substantia nigra
pars compacta in the brain [71, 98, 99]. The loss of dopamine producing cells leads
to the deterioration of motor functions [71, 100]. Later in the disease process, Lewy
bodies (aggregations of the protein alpha-synuclein) are identified throughout the
cortex [71, 98, 101].

PD is initially characterized (i.e., cardinal signs of the disease) by bradykinesia
(slowness of movement), rest tremor, rigidity and postural instability [71, 102]; the
symptoms often begin unilaterally. Diagnosing PD is mainly based on clinical
evaluation that requires the presence of bradykinesia and at least one of the cardinal
signs; tremor or rigidity [102]. Other common motor impairments in PD include
reduced arm swing, a stooped posture and reduced gait speed [103]. As the disease
progresses, the severity of motor symptoms are enhanced and festinations (i.e., a
quickening and shortening of the step length) [103, 104] and freezing of gait [105]
will affect a great number of people with PD [103].

Although PD is often considered a disease primarily affecting motor aspects of life,
several non-motor symptoms are also common, including fatigue, pain, anxiety,
autonomic dysfunction, orthostatic hypotension and cognitive impairment [106].

No curative treatment for PD exists as of today [71]. Medication including levodopa
often has a symptomatic effect on motor symptoms, although the treatment
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effectiveness on motor symptoms is not uncommon to waiver off after some years
[103]. The diminishing responsiveness to the levodopa treatment leads to
fluctuations in motor functions with so called “on and off periods” when the motor
symptoms are well managed (“on”) or less well managed (“off”) [103].

The next part of the introduction will focus on objective gait in people with MCI
(studies I-II) as well as perceived walking difficulties and concerns about falling
in people with PD (studies III-1V).

Neurodegenerative disorder and gait

Gait in people with MCI

People with MCI walk slower than cognitively healthy during single task (i.e.,
walking as a single activity) [107-111]. Objective gait parameters (e.g., gait speed,
stride length, stride time and stride time variability) generally seem to worsen in
parallel with cognitive decline [107-111]. In turn, people with MCI exhibit better
gait capacity than people with dementia [107]. Comparing different subcategories
of MCI, Allali et al., showed consistently worse capacity across all included
spatiotemporal gait parameters in people with naMCI compared to those with aMCI
[107]. This difference in gait capacity between those who had an amnestic deficit
and those who had a non-amnestic deficit was seen across all included cognitive
stages (i.e., in people with MCI, mild dementia and moderate dementia) [107].
Differences in spatiotemporal gait parameters between different cognitive stages
(i.e., CU, MCI, mild dementia and moderate dementia) and subtypes of MCI are
often exacerbated when the gait task is either performed at a faster speed [110, 112]
or during a dual task setting [108, 109, 113].

While certain aspects of objective gait have been thoroughly investigated in older
adults without dementia and in people with MCI (e.g., gait speed), other aspects are
much less studied (e.g., asymmetry measures and step-based variability measures).
In contrast to older adults without dementia, the relationships between the large
number of gait parameters have not been thoroughly explored in people with MCI.
The only published PCA study that focused on people with MCI considered seven
stride-based gait parameters relating to gait and falling. That study identified three
components of gait: pace, rhythm and variability [114]. Other aspects relating to
habitual single task gait might provide a more comprehensive perspective on the
relationships between gait parameters in people with MCI than specifically fall-
focused gait parameters. A more informed picture of how and which gait parameters
are grouped together could help prioritize certain characteristic gait parameters in
future studies. It could also help better explain the relationship between common
gait parameters.
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Alzheimer related pathology and gait

The hallmark pathologies related to AD are AP plaques and tau tangles [73]. An
increase of AP pathology, assessed both via PET imaging [115-117] and CSF [118],
has been related to slower gait speed in older people without dementia. Deposition
of AP has also been associated with decreased cadence, increased double support
time and increased variability in stance time [117]. Another study found
associations between AP and increased variability in three gait measures: gait speed,
cycle time and cadence. No associations with mean gait measures were found [119].
Together, these studies indicate that gait variability measures might be sensitive
markers of AP deposition in cognitively healthy older adults. These studies did not
take tau pathology into account. They also only included older people without
dementia [115, 116] or cognitively healthy older people [117, 119], i.e., excluding
people with MCI and dementia. Two other studies reported that tau pathology (total
tau, CSF) in older adults (including CU, people with MCI and people with dementia)
was associated with decreased gait speed [120] and a gait rhythm component [121].
One of these studies did not take AP pathology into account during analyses of tau
[121] whereas the other study differentiated the study sample based on A
pathology status in a sensitivity analysis [120]. None of these studies accounted for
WMH [120, 121].

White matter hyperintensities and gait

In people with MCI, WMH have been associated with slower gait speed [87] as well
as increased stride length variability [89]. Regionally, sublobar lesions have been
associated with shorter stride length and increased walking angle [88].

To the best of my knowledge, no studies have investigated the effect of different
brain pathologies (AP, tau and WMH) on different aspects of gait, also considering
the other two pathologies. Few studies have investigated objective gait parameters
exclusively in people with MCIL, i.e., in relation to AD pathology. A better
understanding of the effect of AD-related pathology on unique aspects of gait in
people with MCI might improve future care by providing more detailed advice on
which gait parameters to focus on.

Walking difficulties in people with PD, including assessments

Already in the early stages of the disease, people with PD tend to have a reduced
gait speed [ 122] and shorter step length [122] than age-matched healthy adults [103,
122, 123]. PD is characterized by a unilateral onset of motor dysfunction, leading to
an initial asymmetry of motor symptoms to one side of the body (such as reduced
arm swing) [103, 123]. Moreover, a decreased range of motion and altered posture
leads to diminishing movements relating to gait. Gait variability seem enhanced in
people with PD as compared to age-matched controls [124, 125].
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In mild to moderate stages of PD, gait features are more bilaterally affected, and
bradykinesia is more pronounced. This leads to longer periods of time in double
support of the limbs. Less automation of movements leads to gait initiating problems
and turning is also affected (the body turns in blocks). Together with freezing of gait
and festinations, these motor deficits lead to even more reduced balance/postural
control and an increased risk of falls [103].

During the advanced stages of the disease, gait impairments worsen and arrests in
gait and movements are more expressed, such as freezing of gait [103]. As gait
capacity is diminished, fall risk and fall events are increased [126]. The diminished
capacity often leads to the need and use of mobility devices.

Assessments of subjective walking ability can for example be done by using certain
items from the UPDRS [14]. The UPDRS is based on the clinician’s subjective
rating and is often used in a clinical setting. Assessing everyday walking ability
from the perspective of the patient provides a unique perspective and can be done
by using the questionnaire Walk-12G [19]. The Walk-12G is considered a valid and
reliable PROM in people with PD [19], which focuses on the patient’s subjective
perspective of their walking difficulties in everyday life, during the last two weeks.
Perceived walking difficulties have been moderately correlated with the objective
gait parameter gait velocity [20, 127] and poorly correlated with other gait
parameters representing different components of gait (e.g., thythm. variability,
asymmetry) in people with PD [20]. This indicates that perceived walking
difficulties may be a construct retaining to belief in one’s ability in everyday
walking, rather than objective performance in a laboratory setting. Another cross-
sectional study reported several factors that were associated with perceived walking
difficulties in people with PD, including personal factors (e.g., general self-
efficacy), motor (e.g., freezing of gait, lower extremity function) and non-motor
factors (e.g., orthostatic hypotension) [128]. Quantitative and longitudinal studies
focusing on perceived walking difficulties are scarce within the field of PD.

Taking a longitudinal perspective on perceived walking difficulties could lead to a
better understanding of potential predictive factors. A longitudinal perspective
could also assist in directing focus at important predictors when providing long-term
care and rehabilitation: what are important factors that lead to a change in perceived
walking difficulties? Knowledge of modifiable factors that can be addressed in care
and rehabilitation could improve how the person perceives their walking difficulties.
This might lead to an improved quality of life. To date, this has not been studied in
people with PD.

31



Fear of falling in people with Parkinson’s disease

Fear of falling (FOF) is more pronounced as well as more common in people with
PD compared to age-matched controls [129, 130]. Prevalence of FOF in people with
PD ranges between 35 and 59% [131-134]. FOF can be regarded as a very stressful
symptom [135] and is associated with limiting ADL and reduced physical activity
in people with PD [136, 137]. It occurs in people both with and without prior falls
[131, 138].

Several cross-sectional PD studies have identified associated factors with FOF by
using multivariable analyses [132, 134, 139-143]. These studies identified PD
severity [139], PD duration [139], level of independence in ADL [140], motor
variables (e.g., problems maintaining balance while dual tasking, knee muscle
strength) [132, 134, 139, 141, 142] and non-motor variables (e.g., fatigue, cognitive
functioning, anxiety and depressive symptoms) [132, 134, 139-141] as associated
factors to FOF. Three cross-sectional studies reported that perceived walking
difficulties were associated with FOF [132, 134, 141].

Two cross-sectional studies specifically targeted associated factors with concerns
about falling by using the FES-1[141, 143], which is considered a valid and reliable
questionnaire in people with PD [144]. One study identified the following
independent factors: perceived walking difficulties, orthostatism, age, motor
symptoms and fatigue [141]. The other study identified depressive symptoms, use
of mobility devices and balance performance as associated factors to concerns about
falling [143]. The two studies found conflicting results in relation to the use of
mobility devices, depressive symptoms, motor symptoms and age [141, 143].

Knowledge of which factors that contribute to longitudinal changes in FOF is
valuable for providing good long-term care of people with PD and FOF. One
longitudinal PD study reported that over a 2-year follow-up period, the number of
falls during the first year predicted a change in fall-related self-efficacy [145].
Another longitudinal study targeted instead fall-related activity avoidance in people
with PD and identified the following independent predictors: perceived walking
difficulties, concerns about falling, unsteadiness while turning and pain [146]. As
these studies included different FOF related aspects, studies regarding other aspects
of FOF could enhance the understanding of the predictive factors and how they are
related.

Pinpointing predictive factors of concerns about falling as well as predictors of a
change in concerns about falling could assist when prioritizing important factors in
future interventions, aiming at reducing FOF. Increased understanding of factors
that predict concerns about falling might aid the long-term rehabilitative care.
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Aims and Objectives

Overall aim

The overarching aim of this thesis was to explore objective gait characteristic in
people with (studies I and II) and without MCI (study 1) in terms of structure and
relation to brain pathology. Moreover, the aim was to explore how perceived
walking difficulties and concerns about falling evolve over time in people with PD
and to identify predictive factors (studies III-IV).

Specific aims

The specific aims in relation to the respective study:

IL.

III.

Iv.

To define different components of gait as a single task by exploring 18
objective gait characteristics at comfortable gait speed in people with MCI
(with signs of an incipient neurocognitive disorder, i.e., with an increased
risk of developing dementia) and cognitively unimpaired (CU) people.

To investigate how different brain pathologies (i.e., WMH, A and tau
pathology) independently relate to objective gait parameters from various
gait components in patients with MCI (with signs of an incipient
neurocognitive disorder). More specifically, we investigated the gait
parameters step velocity variability, step length, step time, and stance time
asymmetry.

To investigate how perceived walking difficulties evolve over a 3-year
period in people with PD. A specific aim was to identify predictive factors
of perceived walking difficulties.

To identify predictive factors of FOF (conceptualized as concerns about
falling) after three years, with and without adjusting for concerns about
falling at baseline, in people with PD.
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Materials and Methods

Studies I-II were cross-sectional and utilized baseline data from the larger and
longitudinal project “Motor aspects and activities in relation to cognitive decline”
(Motor-ACT).

Studies III-IV had a longitudinal design and utilized data collected in the
longitudinal project “Home and Health in people ageing with Parkinson’s disease”
(HHPD) [147]. Consequently, the method section is divided into two parts. A brief
overview of studies I-IV is presented in Table 1.

Table 1. Overview of the studies included in the thesis

Study | Study Il Study Il Study IV
Study aim Defining Investigate the Predicting Predicting
components of effect of perceived walking concerns about
gait AD and VaD difficulties falling
pathology on gait
parameters.
Study People with mild Patients with mild People with People with
sample cognitive cognitive Parkinson’s Parkinson’s
impairment; impairment disease disease
Cognitively
unimpaired
Sample MCI (n = 114) n=96 n =148 n=151
size CU (n=219)
Dependent Not applicable Step velocity Generic Walk-12 Falls Efficacy
variable variability, step Scale-
length, step time International
and stance time
asymmetry
Main Principal Explorative Multivariable linear Multivariable
analysis component multivariable linear regression, for linear regression,
analysis regression prediction for prediction

AD = Alzheimer’s disease; VaD = Vascular dementia; MCI = Mild cognitive impairment; CU = cognitively unimpaired;

PD = Parkinson’s disease.
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Motor aspects and activities in relation to cognitive
decline: Motor-ACT

Motor-ACT is a longitudinal project targeting motor aspects in people at risk of
developing dementia. It is part of the larger project Biomarkers For Identifying
Neurodegenerative Disorders Early and Reliably (BioFINDER 2, national clinical
trial identification number: NCT03174938). Motor-ACT originally included two of
the cohorts that were included into BioFINDER 2; i) cognitively healthy older
individuals i1) people with MCI or SCD with an incipient neurocognitive disorder.
The data used in this thesis was collected during 2017-2020.

Participants

All participants in studies I-1I were recruited from the BioFINDER 2 study.

Cognitively healthy older individuals

Participants in the cognitively healthy cohort were recruited from the regions of
Lund and Malmo, Sweden. Individuals were primarily recruited from the study
sample previously included in the Malmo Diet and Cancer study [148]. Inclusion
criteria: speaking and understanding Swedish so proficiently that an interpreter was
not needed, 66-100 years old, and a physician with special interest in cognitive
disorders assessed the individuals as not having any cognitive symptoms. In
addition, the individual should score 26 or higher on the Mini Mental State
Examination (MMSE) [149] and not fulfill the criteria of MCI or dementia, as
described in the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5) [75].

Mild cognitive impairment or subjective cognitive decline

In Motor-ACT, participants with MCI or SCD were recruited from the Skéane
University Hospital. These participants were believed to have an incipient
neurocognitive disorder as assessed by an experienced physician specialized in
cognitive disorders of any kind. This was based on clinical assessments, cognitive
testing, CSF analyses and brain imaging. Individuals were for example included in
this cohort if there was evidence of having either an abnormal (i.e., decreased) AB
42/40 ratio (signaling cerebral amyloid pathology [73, 150]), or any MCI cases
fulfilling diagnostic criteria of specific types of minor neurocognitive disorders,
such as vascular, frontotemporal or Lewy body disease [75].

Individuals were included in the cohort if any of these indicators of incipient
neurocognitive disorder were identified along with the fulfillment of the following
inclusion criteria: aged 40-100 years, proficiency in Swedish making the use of an
interpreter unnecessary, scoring 24 or higher on the MMSE [149] and referred to a
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specialized memory clinic due to cognitive symptoms. The symptoms could be
experienced by the participants or an informant. Participants should not fulfill the
criteria for any type of dementia as per the DSM-5 [75].

Exclusion criteria

Cognitively healthy older individuals as well as those with MCI or SCD were
excluded if they: i) refused lumbar puncture, MRI or PET, ii) had a significant
unstable systemic illness making participation in the study difficult, iii) had an
existing significant alcohol or substance misuse, iv) had obtained a
neurodegenerative disorder or had progressed to symptomatic vascular dementia
prior to gait assessment, v) used mobility devices during gait assessment, or vi) less
than 30 steps were registered on the instrumented walkway during gait assessment.
One participant from the cognitively healthy cohort was excluded due to
hemiparetic gait. An additional exclusion criterion applied for the cognitively
healthy older individuals, i.e., significant neurological or psychiatric illness.

Classification of MCI and SCD

The subclassification of people into MCI or SCD was done based on the cognitive
performance on several cognitive tests pertaining to different cognitive domains.
The cognitive domains included memory (assessed with the delayed recall test of
Alzheimer’s Disease Assessment Scale [ADAS-cog]) [151], attention/executive
function (assessed using the Trail Making Test part A and B [152], and the Symbol
Digit Modalities Test [153]), visuospatial ability (incomplete letters and cube
analysis from the Visual Objects and Space Perception battery [154]) and verbal
ability (short version, 15 line drawings) of the Boston Naming test [ 155] and animal
fluency test [156].

The raw test scores were transformed into standardized scores (z-scores) based upon
the performance of a healthy control sample without any signs of brain pathology
related to AD (i.e., CSF AP and P-tau) [157], The z-scores in each domain were
summed and subsequently averaged by the number of tests in that domain. People
who had been referred to a memory clinic due to direct or indirect cognitive
complaints but performed -1.5 z-scores or better were classified as having SCD [94].
If the performance was worse than -1.5 z-score (adjusted for age and education
where appropriate [ 158]) in at least one cognitive domain, the subject was classified
as having MCI. This in agreement with the Petersen MCI criteria [159]. The
Petersen criteria [ 159] refers to the cognitive performance on a group level in people
with MCI, but was in this project operationalized as the performance of the
individual.
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Cognitively unimpaired (CU)

The two groups (i.e., people with SCD and cognitively healthy people) were a
uniform group of objectively CU people, based on cognitive testing [94]. As per the
National Institute on Aging—Alzheimer’s Association (NIA-AA), people with SCD
without any objective evidence of MCI should be grouped together with cognitively
healthy and classified as CU [66]. Thus, in study I, participants with SCD were
pooled with the cognitively healthy older individuals, and this group is referred to
as CU.

[ Participants from BioFINDER-2, n=401 ]

+  Deceased, n=3

+  Declined participation due to cancer, n=1

+  Declined participation due to Covid-19 pandemic,
» n=2

»  Dropped out, n=5

+  Missing, n=10

¥

[ Completed assessmentsin Motor-ACT,
n=380
I +  Missing data on cognitive sub-classification, n=4

[ Cognitively ][ SCD sub-cohort, ][ MCI sub-cohort, ] * Had obtained a neurodegenerative diagnosis or

healthy, n=156 n=83 n=137 progressed to vascular dementia prior to Motor-
ACT assessments:

+  Lewy body dementia, n=10
+  Corticobasal degeneration, n=1
+  Vascular dementia, n=1
= Did not perform GAITRite® assessment, n=2
~ «  Used walking aids during gait assessment, n=11
= <30 steps on the electronic walkway, n=17
*  Hemiparetic gait, n=1

¥

PCA study

Final sample, n=333
Cognitively unimpaired: n=219
Mild cognitive impairment: n=114

/

*  Missing data on brain imaging in people with MCI,

n=18
~N
Pathology study
Final sample,
Mild cognitive impairment: n=96
J

Figure 3. Flowchart of particpant inclusion process into the PCA (study I) and pathology studies (study ).

Procedure

As previously mentioned, all participants in studies I-II were recruited from the
BioFINDER 2 study. Extensive cognitive testing (used for classification of
participants) was performed directly after inclusion into the BioFINDER 2 study.
Participants were then scanned for neurological pathology, using CSF, MRI and
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PET imaging. For participants included into the cognitively healthy cohort, motor
assessment was conducted on the same day as the cognitive testing. For participants
with MCI or SCD, motor assessment was conducted approximately 1 year post
inclusion into BioFINDER 2. A flowchart for participation into the two studies are
displayed in figure 3.

Gait analysis

Before Motor-ACT was initiated, the test protocol was pilot tested. Motor-ACT
included gait assessments in three different settings: single task walking at a
comfortable speed, dual task walking (i.e., walking while serial subtracting), and
single task walking at a fast speed. This thesis includes data regarding single task
walking at a comfortable speed.

Three registered physiotherapists performed the gait assessments, and they were all
specifically trained. Participants were instructed to walk for 6 bouts around an
elliptically shaped circuit (see figure 4) with an instrumented walkway placed along
one side. The participants were instructed to start approximately 1.5 meters before
the walkway, walk in their self-selected comfortable gait speed and continue
walking past the end of the walkway. The distance before and after the walkway
was to ensure measurement of steady state gait and to stabilize gait speed related
variables associated to starting and stopping during walking [31, 160]. Passing the
end of the instrumented walkway, participants were instructed to turn around a cone
positioned to the side of the walkway. Participants were asked to stop after stepping
off the walkway for the sixth time.

GAITRite® instrumented walkway
< < < Start

Active mat length 4.88 m

A 4

~
Cd

Figure 4. Clinical set up for obtaining spatiotemporal gait data.

Instrumented walkway

The gait measures were collected via an instrumented walkway software
(GAITRITE ® platinum, CIR Systems Inc). The instrumented walkway has an
active mat length of 4.88 m and width 0.69 m (total mat length: 5.79 m; width: 0.89
m). It includes more than 18,000 sensors; a sampling rate of 120 Hz was used. The
measurements of the spatiotemporal parameters from the instrumented walkway are
reliable and valid [31, 161].
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Objective gait measures

Gait parameters can be sorted into individual steps and step sequence measures (i.e.,
strides) [31, 38]. Step measures have been considered more reliable regarding gait
variability outcomes [38, 41]. The use of step measures also enables calculation of
asymmetry measures (i.e., differences between left and right side) as well as
separating asymmetry measures from variability measures [38, 41]. Mean step
measures were calculated adding the average of each side into a sum and then
dividing the result by 2 (see Equation 1). Step variability measures were calculated
taking the square root of the combined mean variance of each side (Equation 2).
Step asymmetry measures were calculated using the absolute value subtracting the
average value of the left side from the right side (Equation 3).

Equation 1 for computing mean gait parameters:

AveragepesrtAveragerignt
2

Mean =

Equation 2 for computing variability gait parameters:

(Variancepesr +Variancegigne)
2

Variability = \/

Equation 3 for computing asymmetry gait parameters:

Asymmetry = Average .s; — Averagepigns

The selection of gait parameters included into the PCA study (study I) were based
on prior PCAs of older adults without dementia [32-36], specifically Lord et al.,
who included 16 gait parameters [34]. In addition, mean double support time and
double support time variability were included, as measures of double support time
have been associated with cognitive decline [162, 163]. In total, 18 gait parameters
were explored in the PCAs. Detailed descriptions of the gait parameters can be
found in Appendix 1. The 18 gait parameters are listed in table 2. Gait parameters
included in study II are marked with an asterisk.
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Table 2. Gait parameters explored in study |
Type of gait parameter

Mean measures . Step velocity . Swing time
. Step length* . Stance time
. Step width . Double support time

. Step time*

Variability measures . Step velocity variability* . Swing time variability
. Step length variability . Stance time variability
. Step width variability . Double support time variability

. Step time variability

Asymmetry measures . Step length asymmetry . Swing time asymmetry

. Step time asymmetry . Stance time asymmetry™

*Included as dependent variables in study II.

PET imaging

Positron emission tomography (PET) is an imaging technique using the fast decay
of positron emitting isotopes. It is commonly used for diagnostics of measuring the
metabolic activity in different organs. Two PET scans (A and tau PET
respectively) were performed on the same PET scan (machine) to minimize inter-
variability between scans. The AP and tau PET scans were performed at separate
days.

An AP specific radiopharmaceutical diagnostic agent was used, commonly known
as ['®F] flutemetamol. It was administrated intravenously; 90 to 110 minutes after
the injection, a scan was performed for 20 minutes. The chosen regions of interest
(ROI) were prefrontal, lateral temporal, parietal, anterior cingulate, and posterior
cingulate/precuneus. Regions of interest in the brain were based on the conventional
spread of AD associated AP [164-166]. A composite meta-ROI was composed,
partially based on software for quantification of brain regions (FreeSurfer software
v.6.0, freely available via http://surfer.nmr.mgh.harvard.edu). A standardized
uptake value ratio (SUVR) is the ratio of the uptake in one specified region
compared to another specific reference region. Pons acted as the reference region
when calculating the SUVR. The threshold for pathology levels of AR deposition
was set at 0.53 where a score of >0.53 is considered pathological [167].

18F-R0O6958948, RO948, a PET ligand was used together with a diagnostic
radioactive agent to measure the binding of tau aggregates in the cerebral cortex. The
meta-ROI included the entorhinal cortex, inferior and middle temporal cortices,
fusiform gyrus, parahippocampal cortex and amygdala. This is consistent
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with conventional AD tau spread in Braak stages [-IV [168]. The reference region
was the inferior cerebellar cortex [169]. The threshold of SUVR was 1.36 and values
>1.36 were considered to indicate pathological tau aggregation [170].

Magnetic resonance imaging

Magnetic resonance imaging is an imaging technique that uses the spin or magnetic
moment of protons in hydrogen atoms [171]. As hydrogen is an atom that can be
found in water and fat tissues it is a useful atom to study in relation to human tissue
[171]. With the use of powerful magnets and radiofrequency, protons are stimulated
and based on the change in movement of the protons, images of the directed
structure can be computed.

White matter lesions can be identified using a fluid attenuated inversion recovery
technique (FLAIR) that brightens the signal (i.e., hyperintensities) from affected
areas and increases the contrast signal intensity of adjoining areas, such as
periventricular tissue, more clearly categorizing lesions close to CSF [86]. From the
FLAIR imaging, using the lesion segmentation toolbox implemented in SPMS, an
automated segmentation of WMH was performed [172]. This automated
segmentation produces an individual total lesion volume, measured in milliliters
(mL).

Descriptive data in Studies I-11

Descriptive data concerning participant characteristics (e.g., comorbidities) were
collected through a self-administered questionnaire in association with the baseline
visit of inclusion into the BioFINDER 2 study. Participants were asked to list their
medical conditions and medications. Comorbidities were validated through
examination of the medical records in cases of ambiguity (e.g., having listed a
medication linked to a specific medical condition but not having listed the medical
condition).

Data concerning objective gait measures and anthropometric measures (e.g., body
mass index and leg length) were collected during the motor assessment at the
physiotherapist. At the same visit, FOF was assessed by using a dichotomized
question (“Are you afraid of falling”’: Yes/No) in the PCA study (study I) and by
using the self-reported rating scale FES-I [62] in the pathology study (study II).

Statistical analysis

PCA study (Study 1)

Eighteen gait parameters were considered for inclusion into a dimension reduction
analysis (i.e., PCA), to identify distinct components of gait, in two different
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samples: people with MCI and CU (i.e., people with SCD grouped together with
cognitively healthy older adults). Histograms of all gait parameters were inspected
visually to assess normality. Four temporal variability measures were log-
transformed, and four asymmetry measures were square root transformed to
improve normality of distribution. A correlation of 0.3 between at least two gait
parameters was set as the lower limit for including a gait parameter into the
forthcoming PCA analysis [173]. Varimax rotation method was used to identify
components that were independent or uncorrelated with each other.

Inspection of scree plots were performed for deciding the number of components to
keep. To identify the cleanest solution, analyses were rerun twice: one analysis was
performed with one less component and another analysis with one additional
component than suggested by the scree plot. The cleanest solution was chosen based
upon three predefined criteria: i) all gait components should contain at least three
gait parameters (a loading of £0.5 was deemed as a relevant contributing parameter
to a component), ii) every gait parameter was included into one of the identified
components, and iii) few cross-loadings of a gait parameter with more than one
component [174]. Also, the chosen solution should explain a substantial part of the
total variance of the model.

As a sensitivity analysis, a separate PCA explored gait parameters of cognitively
healthy people (i.e., excluding those with SCD from the CU group) in order to
highlight components of gait in cognitively healthy older people.

To allow for comparisons of the 18 gait parameters (non-transformed data) between
the different groups, independent-samples t-test or Mann-Whitney U-test were
applied where appropriate. A Bonferroni correction threshold to adjust for multiple
comparisons and to minimize the possible effect of type 1 error, was set to p =
0.0028 (0.05/18, i.e., the alpha level divided by the number of comparisons).

Pathology study (Study II)

The pathology study explored the effect of various ADD (i.e., tau and Ap) and VaD-
related (i.e., WMH) brain pathologies on the highest loading gait parameters from
each of the four gait components that were identified in study I. As gait speed is a
general indicator of health as well as a common outcome measure in gait research,
step velocity was also explored in the following analyses.

These five gait parameters constituted the dependent variables in separate linear
regression analyses. Specifically, the investigated gait parameters were: i) step
length (cm; the highest loading parameter in the Pace/Stability component), ii) step
velocity variability (cm/s; Variability component), iii) step time (s; Rhythm
component), iv) stance time asymmetry (s; Asymmetry component) and the
additional gait parameter, v) step velocity (cm/s). Stance time asymmetry showed
skewed distribution of values and was therefore square root transformed to improve
normality of distribution.
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Uptake of tau (PET variable, examining a meta-ROI consistent with Braak stages I-
IV, measured using SUVR), AP (PET variable, examining a neocortical meta-ROI,
measured using SUVR) both consistent with conventional AD spread, as well as
WMH (continuous variable, total volume measured in mL) were used as
independent variables.

Data on age (years) and intracranial volume (ICV, mL) were included as continuous
variables. Data concerning sex (male/female), diabetes (no/yes) or history of
stroke/TIA (no/yes) were included as dichotomous variables.

The analysis contained several steps; firstly, crude linear associations between the
independent variable and each separate outcome variable were inspected. Secondly,
basic linear regression was performed to clarify the relationship between the
independent variable and the outcome variable. These basic analyses were adjusted
for age, sex and in the cases of WMH: also for ICV. The basic associations that
showed statistical significance, were inspected in a more complex model, including
age, sex, comorbidities (i.e., history of stroke/TIA and presence of diabetes) and
also for WMH: ICV.

To account for the possible effect of the time difference between the imaging scans
and the motor assessment, the basic linear regression analyses were repeated, also
including a time variable (the number of days between the specific imaging scan
and the motor assessment). If the unstandardized regression coefficient changed
more than 20% after adding the time variable, that time variable was also added into
the complex multivariable linear regression analysis.

To better understand the potential effects of tau in conventional AD-related ROIs,
regions according to Braak stages (I-1I, III-IV and V-VI) [168] were also used as
the dependent outcome in the complex multivariable linear regression models. To
account for the possible effect of cerebrovascular burden, additional sensitivity
analyses were also adjusted for WMH and ICV.

Pearson’s correlation coefficient (») was used when assessing potential
multicollinearity between independent or controlling variables. A threshold of 0.7
indicating multicollinearity was decided prior to assessment; no correlation
surpassed this limit. The data were inspected visually for fulfillment of assumptions
for linear regression (i.e., linearity, normality of residuals, and homoscedasticity)
[173].
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Home and health in people ageing with Parkinson’s
disease: HHPD

Participants

Participants were recruited from three hospitals in an outpatient clinic setting, in the
southern part of Sweden. Recruitment of participants started by PD specialized
nurses from all three included hospitals evaluating inclusion and exclusion criteria.
Also, if needed, screening of medical records was performed. Individuals were
considered for participation into the longitudinal HHPD project if they met the
inclusion criterion of having a PD diagnosis (ICD-10: G 20.9) since at least one year
[147]. People were excluded if i) they could not comprehend or speak Swedish
sufficiently, ii) had cognitive difficulties or other reasons rendering informed
consent unable to provide, or iii) other reasons making participation in most of the
data collection impossible.

Data collection procedure

Data collection included both a postal survey and a subsequent home visit. The
postal survey was administered approximately 10 days prior to the home visit. The
postal survey included several self-administered questionnaires, such as the Walk-
12G and FES-I. During the home visit a part of the visit was allocated to a structured
interview as well as clinical assessments, such as the chair stand test [175, 176]. The
baseline data was collected in 2013, by two project administrators (two occupational
therapists); the 3-year follow-up data collection (conducted in 2016) was performed
by two other occupational therapists with the help of a PhD student in
physiotherapy. The follow-up data collection included also a self-administered
postal survey followed by a home visit. All data collectors underwent project
specific training, prior to data collection.

Participant recruitment

Out of the people fulfilling the inclusion criteria (n = 653), 216 either had difficulties
understanding or speaking Swedish, had severe cognitive difficulties, were living
outside of Skane County or had other reasons making the individual unable to
provide informed consent or making it troublesome participating in the majority of
data collection. Thus, 437 individuals were deemed as potential participants and
invited to participate. Twenty-two individuals were unreachable, two had received
a revised diagnosis and 157 persons declined participation. One additional person
was excluded due to extensive missing data. As such, at baseline, the final sample
constituted of 255 people with PD (data collected from November 2012 until
November 2013).
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Having completed the baseline assessments and having agreed to be contacted again
255 people were eligible for inclusion into 3-year follow-up data collection wave.
Of these people 22 had since deceased, three had moved and one individual
answered outside of the follow-up window. Hence, 229 individuals were invited to
participate at the 3-year follow-up. Of the invited individuals eight people were
unreachable, four people had a revised diagnosis, 51 declined further participation
and one individual had extensive missing data and was therefore excluded from the
follow-up data sample. In total 165 individuals were included in the sample for the
3-year follow-up [177]. A flowchart of the participants included into the PD-related
studies can be seen in figure 5. A specific inclusion criterium existed for the study
investigating predictors of perceived walking difficulties as well as the study
investigating predictors of concerns about falling in people with PD; individuals
with a total score on the outcome measure for both baseline and the 3-year follow-
up were included.

disease (PD), for at least 1 Excluded, n=216

year, n=653

Diagnosed with Parkinson'sJ

Difficulties understanding or

speaking Swedish, n=10

# « Severe cognitive difficulties, n=91
Living outside Skane County, n=58

+ Other reasons (e.g., a recent
stroke, hallucinations, n=57

h 4

Imvited to participate at
baseline, n=437

Unreachable, n=22

o * Revised diagnosis, n=2
Declined, n=157

Extensive missing data, n=1

h

Baseline sample, eligible for
the 3-year follow-up, n=255

Deceased, n=22
* -« Moved, n=3
Outside follow-up window, n=1

L

Invited to participate at
J-year follow-up, n=229

Unreachable, n=8,

* Revised diagnosis, n=4
Declined, n=51
Extensive missing data and low
data quality, n=1

¥

v

n=165

{Sample at 3-year follow-up, ‘

* Incomplete Walk-12G data at
baseline and/ar 3-year follow-up,
n=16 + >

+ Walk-12G responded by someone
else than the participant, n=1

Incomplete FES-| data at baseline
and/or 3-year follow-up, n=14

r r
Study Il Study IV
Final sample for the study Final sample for the study
concerning predictors of concerning predictors of
perceived walking difficulties, concemns about falling,
n= 148 n= 151

Figure 5. Flowchart of the recruitment process of participants for studies lll and IV.
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Main outcome measures

Perceived walking difficulties

The Walk-12G was used as a PROM for assessing perceived walking difficulties in
everyday life, during the last two weeks [19]. It consists of 12 items that address
several aspects of perceived limitations in walking ability, e.g., the distance the
individual can walk, balance problems while walking or standing or having to
concentrate while walking. The first three items have three response categories
ranging from “not at all” (scored as 0) to "a lot or always” (scored as 2). The
following nine items have five response categories ranging from “not at all” (scored
0) to “extremely” (scored as 4). The score of each item is summed up into a total
score ranging 0-42 with higher scores indicating more perceived walking
difficulties.

Concerns about falling

The FES-I addresses concerns about falling in daily activities and is comprised of
16 items/activities [62]. Items include activities such as “going to the shop”,
“reaching for something above your head or on the ground” and “walking on an
uneven surface”. The items were scored from 1 (not at all concerned) to 4 (very
concerned), and the item scores were summed up into a total score indicating the
level of concerns about falling (range 16-64, higher = worse). It has been suggested
a relevant questionnaire for assessing FOF in people with PD [178].

Additional measures

The selection of independent variables was based on factors identified in prior cross-
sectional studies as well as theoretical and clinical reasoning concerning the
potential relationship of the independent variables, with perceived walking
difficulties and concerns about falling, respectively. The independent variables were
in general comprised of personal, motor related, non-motor related and
environmental factors.

Personal factors

Three variables relating to personal factors were included into both study Il and I'V:
age (years), sex (women = 1) and general self-efficacy, assessed using the General
Self-Efficacy scale (scoring range 10-40) where higher scores indicate greater belief
in one’s ability to succeed on a task [179].

Motor factors

Perceived balance problems while dual tasking, freezing of gait and UPDRS III
were additional measures in both studies. Perceived balance problems while dual
tasking was assessed with a dichotomous question (yes = 1): “Do you experience
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balance problems while standing or walking when doing more than one thing at a
time, e.g. carrying a tray while walking?”.

Freezing of gait was assessed using the third item from the Freezing of Gait
Questionnaire (scoring range 0-4, higher = worse) [180]. If an individual scored >
0 on the original scale, they were categorized as a freezer [134].

In the study investigating predictors of perceived walking difficulties, two items of
the UPDRS III were used as separate measures: Postural instability (item 30) and
bradykinesia (item 31). These items were dichotomized as having no symptoms of
postural instability or bradykinesia (scored as 0 and rated 0 on the original scale of
0-4, higher = worse) or displaying symptoms (scored as 1 and including the scores
1-4 of the original scale). The dichotomization was based on earlier studies or
clinical relevance [128, 181]. In study 1V, the total score of UPDRS III was used as
a continuous measure (scoring range 0-108, higher = worse) [14].

Motor fluctuations and lower extremity function were included in the study
investigating predictors of perceived walking difficulties. Motor fluctuations were
assessed using a dichotomous question (yes = 1): “Do you feel that the medical
effect fluctuates during the day, with periodically increasing parkinsonian
symptoms, e.g., when it is time for a new medical dose?”

Lower extremity function was assessed by using the Five Times Chair Stands Test,
which was performed as fast as possible (1 trial) [176]. The sample was
dichotomized and scoring > 16 seconds was considered having worse lower
extremity functioning ( = 1) [182]. Twelve participants did not manage this test.
They were categorized as having worse lower extremity function. Perceived
walking difficulties were assessed using the total score of the Walk-12G.

Difficulties and dependence in ADL was assessed using the questionnaire the
Parkinson’s Disease Activities of Daily Living Scale (PADLS, scoring range 1-5)
[183]. It assesses the impact of PD on ADL. The total score was dichotomized and
a score of > 3 was classified as having difficulties and dependence from others in
ADL [178]. Although not only a motor related factor, difficulties and dependence
in ADL may include difficulties with mobility and the need for assistance in
transitions and walking safely.

Non-motor factors

Global cognitive functioning, pain, depressive symptoms, fatigue and orthostatism
were considered in both studies. The Montreal Cognitive Assessment (MoCA) was
used to assess global cognitive functioning where a higher score indicates better
cognitive functioning (scoring range 0-30) [184].

Questions concerning pain ("are you bothered by pain?”, yes = 1), fall history during
the past 6 months (yes = 1) and depressive symptoms were administered during the
home visit. Depressive symptoms were assessed using the Geriatric Depression
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Scale (GDS-15, scored 0-15, higher = worse) [185]. Fatigue was assessed using the
energy subscale of the Nottingham Health Profile [186] where participants were
classified as having fatigue if one of the three questions was affirmative [187].
Orthostatism was assessed dichotomized with item 20 of the self-completed
nonmotor symptoms questionnaire [188].

Concerns about falling was assessed with the FES-I using the total score.

Environmental factors

Two questions were dichotomized: a question regarding the living situation (living
alone/not living alone) and information about the use of a mobility device outdoors
(yes/no). They were included as additional measures in relation to concerns about
falling.

Statistical analysis

Comparisons between scores at baseline and at the 3-year follow-up

Paired samples t-test was used for analyzing changes between baseline assessment
and the 3-year follow-up, i.e., mean total scores of Walk-12G and FES-I were
compared for baseline and the follow-up. The standard error of measurement (SEM;
Equation 4) was calculated to determine if the change exceeded the measurement
error.

Equation 4 for calculating standard error of measurement:

SEM = SDpoo1ea X \/1 — Cronbach’s alpha

Equation 5 for calculating pooled standard deviation:

SD2_ o1inetSDZ
_ baseline 3—year
SDpooled - \/( 2 )

Procedure for determining which predictors to maintain in the final model

Pearson’s correlation coefficient () was used for assessing the relationship between
the independent variables, in order to detect any multicollinearity, which was
defined as » > +0.7. The potential predictors (i.e., independent variables) were
entered into univariable linear regression analyses used for studying the associations
with the outcome measure (i.e., the Walk-12G and the FES-I, respectively).
Inclusion of the potential predictors into a multivariable analysis was based on the
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association in the univariable analysis. An independent variable was included if it
had a p-value below 0.3. The threshold was set at stated level to minimize the risk
of leaving out a confounding variable.

Two different procedures were used for identifying the final models of predictors
and the final models of predictors of a change in perceived walking difficulties as
well as concerns about falling.

Firstly, following fulfilment of inclusion into the multivariable analyses, all chosen
variables were included into an initial model, simultaneously. The variable with the
highest p-value was omitted manually from the multivariable linear model. This
procedure was repeated until all included variables had a p-value < 0.1. This
procedure was used for determining which predictors to maintain in the final model.

For predicting a change in outcome scores, the baseline data of the investigated
dependent outcome measure was included as a controlling variable into the
multivariable analysis procedure described in the paragraph above. This variable
was included in all steps of the process regardless of p-value. In both models, an
adjusted R square was presented to provide an assessment of the predictive capacity
of the model. The final models were inspected for fulfillment of the assumptions for
linear regression (i.e., linearity, normality of residuals, and homoscedasticity) [173].

Predicting perceived walking difficulties

Two multivariable linear regression analyses were used; one for predicting
perceived walking difficulties and one was used for predicting a change in perceived
walking difficulties. Walk-12G total score at the 3-year follow-up was used as the
dependent variable. The following variables collected at baseline were included as
independent variables in both prediction models: sex; concerns about falling;
perceived balance problems while dual tasking; postural instability; bradykinesia;
freezing of gait; lower extremity function; orthostatism; pain; cognitive functioning;
fatigue; general self-efficacy and depressive symptoms.

The first multivariable model identified predictors of perceived walking difficulties
in people with PD. As age is so closely associated with gait performance [189, 190]
the two multivariable models pertaining to perceived walking difficulties were
controlled for age. The second model, considering predictors of a change in
perceived walking difficulties, was also controlled for the baseline score of the
Walk-12G.

Predictors of concerns about falling

Multivariable linear regression analyses were used for predictive purposes of
concerns about falling as well as a change in concerns about falling. The dependent
variable was FES-I total score at the 3-year follow-up. Investigating a change in
concerns about falling, the multivariable linear model was controlled for the
baseline score, throughout the multivariable analysis.
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In both prediction models (i.e., predictors of concerns about falling as well as
predictors of a change in concerns about falling) the following independent
variables, collected at baseline, were included: age; sex; motor symptoms (UPDRS
111, total score); motor fluctuations; difficulties and dependence in ADL; use of
mobility devices outdoors; perceived walking difficulties; a history of falls the last
6 months, freezing of gait; perceived balance problems while dual tasking;
orthostatism; living situation, cognitive functioning; general self-efficacy; pain;
depressive symptoms and fatigue.
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Ethical considerations

Ethical approval was obtained for the research conducted within the projects HHPD
by the Regional Ethical Review Board in Lund, Sweden (Dnr 2012/558 and
2015/611) and Motor-ACT by the Regional Ethical Review Board in Lund (2016-
1053) and the Swedish Ethical Review Authority (2019-02681). The studies were
conducted in accordance with the Helsinki Declaration for research involving
human subjects [191]. All projects had ethical permits before data collections were
initiated. All participants provided written informed consent.

Relating to BioFINDER 2, possible participants in the cohort of cognitively healthy
individuals were sent information about the project, then contacted via telephone by
a research nurse and asked if interested in participating. Those who agreed were
scheduled for a baseline visit and were again informed about the project in written
form as well as verbally by a project associated medical doctor. At this time point
they were asked to sign an informed consent form. The possible participants of the
other included cohort (MCI/SCD) were patients at the memory clinic. Prior to a
diagnostic visit they were sent information about the project. At the diagnostic visit
they were again informed about the project in written and verbal form. They were
then asked if they would like to participate, and an informed consent form was
signed by those who agreed.

Following inclusion into BioFINDER 2, participants were informed about the
Motor-ACT project and invited to participate.

It is imperative that the potential participants understand what their participation
implies in relation to several aspects, such as time invested, potential risks and
benefits. People with MCI are affected in their cognitive abilities but remain capable
and independent in everyday activities. The participants I met were all informed
about the project and understood what was going to happen during testing. Some
groups can be considered particularly vulnerable. According to the Helsinki
declaration, research on vulnerable groups is only justified if the focus of research
is responsive to the health needs and priorities of the group. Another criterion is that
such research cannot be performed in a non-vulnerable group. This research cannot
provide the same information in a non-vulnerable group and as this group of people
(i.e., people with cognitive impairment) could likely benefit from the knowledge of
this research, the potential benefits outweigh the potential risks [191]. A potential
risk could be that in certain tasks, the individual is made aware of their cognitive
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and/or physical limitations. This is likely something that that the vast majority of
the participants are aware of and should not lead to any long term additional negative
feelings. In relation to possible physical limitations, based on the results of the motor
assessments, advice and suggestions of specific exercises can be given to the
individual.

Pathology data related to Motor-ACT in this thesis were collected through PET and
MRI. Performing a PET scan involves injecting a small amount of radioactive tracer
and following standard procedure in relation to PET testing. This was approved by
the local radiation committee. The use of PET imaging was also approved by
Swedish Medical Products Agency. The radioactive isotope has a short half-life,
and the risk of long-term harm is considered very small. With that said, injecting a
radioactive isotope should be performed only when necessary. The possibility of
detecting amounts of pathology in vivo compared to post-mortem provides the
research community with an opportunity of better understanding the more direct
effect of pathology. The participant always had the possibility of declining further
participation during the project.

In Motor-ACT, all patients were assessed as outpatients at the Memory Clinic,
Skéne University hospital. The visit was initiated by repeating information about
the study and the participant was given the possibility to ask further questions. The
testing procedure took about 70 minutes and time for breaks were included
throughout the assessment. Objective gait data were collected at the end of the motor
assessment. No participant fell during testing or had any other adverse events related
to the testing during motor data collection. Possible adverse events could have been
the aforementioned or that the participant was fatigued after the physical and
cognitive tasks that were performed. This could have affected the remainder of the
day as the person needed time to recover. Some participant mentioned being tired
during the testing. All participants were given time to recover between different
assessments.

Inclusion into research demands a high level of consideration from both the
researcher and the participant. One study aspiration should be to affect and involve
as few participants as needed to be able to answer the research questions. Thus,
power calculations were performed to calculate the number of participants needed
in the Motor-ACT/BioFINDER 2-projects as well as in the HHPD project [147].

Information about the HHPD study was sent to all potential participants. These
individuals were then contacted via telephone by a project administrator and
informed about the project, the voluntary participation, and asked to participate.
Those who agreed to participate were scheduled for a home visit. An informed
consent form was signed during the home visit. They were informed about the
possibility of opting out and that they could do so whenever, without providing a
reason. At the baseline visit, the participants were asked if they could be contacted
again for the follow-up data collection.
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In order to minimize the length of the home visit and thereby the patient burden, a
battery of self-administered questionnaires was sent to participants ahead of the
home visit. They were instructed to complete the questionnaires prior to the home
visit, to enable the project administrator to inspect the questionnaire for any missing
data during the home visit. This is in line with the aspiration of involving as few
people as possible when conducting research. During the home visit, clinical
assessments could be perceived as exhausting for the participant. In such cases,
participants were given the opportunity of finishing the data collection at a second
home visit. This is in line with the desire to minimize harm. At baseline, eight
individuals chose to finish data collection at a second date. A the 3-year data
collection, three individuals chose this alternative. This could indicate that the
testing was not as arduous for most participants.

55



56



Results

Objective gait in people with and without MCI
(studies I-11)

Participants in studies I-11

Study I included 114 patients with MCI (mean age 72.7, SD 7.2 years; 49.1%
women) as well as people who were CU (n = 219, mean age 73.8, SD 8.1 years;
55.7% women). Study II included 96 patients with MCI (mean age 72.4, SD 7.5
years; 52.1% women), who had also participated in study I. Participant
characteristics and descriptive data is presented in Table 3.

Comparisons of gait variables: CU versus MCI (study I)

The MCI group walked significantly slower than the CU group: mean 1.11 m/s (SD
2.09) vs. 1.20 m/s (£1.55), p < 0.001. The MCI group also had significantly longer
step time, stance time and double support time (p < 0.001). The asymmetry measures
as well as step width variability did not differ significantly (p > 0.028) between the
two groups (please note that the significance level was set to 0.0028 due to
Bonferroni correction for multiple comparisons). All other variability measures
were significantly higher in the MCI group (p <0.001). Detailed comparisons of the
gait parameters between the two groups can be seen in Appendix 2.

Components of gait (study I)

In both the MCI and the CU group, step width variability was omitted from the PCA
due to weak correlation with the other gait parameters. For the same reason, mean
step width and step length asymmetry were excluded from the PCA in the CU group.

In people with MCI, the PCA included 17 gait parameters and identified four
components of gait, labeled: Variability, Pace/Stability, Rhythm and Asymmetry.
These components explained 81% of the total variance. The Variability component
explained the most variance (23.7%) followed by Pace/Stability (21.4%), Rhythm
(21.1%) and Asymmetry (14.8%). See Table 4 for detailed information.

57



In CU individuals, 15 gait parameters fulfilled the predefined correlation threshold
and were consequently included in the PCA. The PCA identified four components
of gait which explained 80.3% of the total variance. The components were labeled
Variability (24.9% of variance explained), Rhythm (21.3%), Pace/Stability (20.0%)
and Asymmetry (14.1%). The full PCA solution is presented in Table 5.

Figures illustrating the identified components of gait and included gait parameters
are presented in Appendix 3.

In a subsequent sensitivity analysis, those with SCD (n = 76) were excluded from
the CU group; this resulted in 143 cognitively healthy individuals. Two gait
parameters (i.e., step width and step width variability) were excluded from the PCA
due to weak correlations with the other gait parameters; the PCA thus included 16
gait parameters. Four components of gait were identified, explaining 75.7% of the
total variance. The components were labeled the same way as in the PCA of the CU
group. The main difference was that swing time variability now loaded higher into
the Pace/Stability component instead of to the Variability component. Also, step
length asymmetry did not load sufficiently (i.e., stronger than +0.5) into any of the
components of gait and was therefore not considered a significant contributor to any
component.
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Table 3. Participants' characteristics and descriptive data, studies | and Il

Study | Study Il
Mild Cognitiviely Missing Mild Missing
cognitive unimpaired n cognitive n
Characteristic impairment (CU), impairment
(MCl), MCI/CU (MCI),
n=114 n=219 n =96
Age (years), mean (SD) 72.7 (7.2) 73.8 (8.1) -/- 72.4 (7.5) -
Sex (woman), n (%) 56 (49.1%) 122 (55.7%) -/- 50 (52.1%) -
Education (years), median (q1-q3) 12.0 11.5 12.0
(9.0-14.3) (9.0-14.0) - (9.0-14.0) 1
Body mass index (kg/m?), mean (SD) 25.6 (3.5) 26.7 (3.8) -/- 25.6 (3.6) -
Global cognitive functioning (MMSE), 26.8 28.7 - 26.8 )
mean (SD) (2.0) (1.3) (2.0)
Amnestic MCI (yes), n (%) 75 (68.8) - 5/- 66 (70.2%) 2
Concerns about falling (FES-I), mean (SD) 20.0 (6.1) 19.2 (4.2) 2/3 20.0 (6.1) 1
que:r?lzlseg)walkmg difficulties (Walk-12G), 5.8 (7.8) 5.3 (6.8) 1" 5.7 (7.5) 1
Leg length (cm), mean (SD)* 88.2 (5.8) 88.2 (5.4) 0/1 87.8 (5.7) -
Intracranial volume (mL), mean (SD) (11:‘?57) (1158214..17) 7/10 (1152‘393) -
History of stroke/TIA (yes), n (%) 7 (6.1%) 7 (3.2%) -/- 6 (6.3%) -
:i(soz))ry of ischemic heart disease (yes), 1(9.6%) 23 (10.5%) - 10 (10.4%) )
Hypertension (yes), n (%) 36 (31.6%) 78 (35.6%) -/- 29 (30.2%)
Diabetes (yes), n (%) 17 (14.9%) 25 (11.4%) -/- 13 (13.5%) -
Gait parameters
Step velocity (m/s), mean (SD) 1.1(0.2) 1.2 (0.15) -/- 1.1(0.2) -
Step velocity variability (cm/s), mean (SD) 6.2 (2.0) 5.5(1.8) -/- 6.3 (2.0) -
Step length (cm), mean (SD) 61.5 (9.0) 64.4 (7.1) -/- 61.5 (9.0) -
Step time (s), mean (SD) 0.5 (0.05) 0.5 (0.04) -/- 0.6 (0.05) -
Stance time asymmetry (s), mean (SD) 0.01 (0.01) 0.01 (0.01) -/- 0.01 (0.01) -
Pathology, continous data, mean (SD)
Amyloid-B pathology (SUVR) 0.69 (0.19) 0.55 (0.14) 10/15 0.69 (0.19) -
Tau pathology (SUVR, Braak I-1V) 1.42 (0.39) 1.20 (0.16) 14/23 1.41(0.39) -
Braak stage I-Il (SUVR) 1.50 (0.43) 1.23 (0.25) 14/23 1.49 (0.42) -
Braak stage IlI-IV (SUVR) 1.41(0.39) 1.20 (0.16) 14/23 1.41(0.39) -
Braak stage V-VI (SUVR) 1.13(0.18) 1.06 (0.10) 14/23 1.13(0.18) -
WMH (mL), median (q1-q3) 7.2 (2.6-16.8) 5.1(1.5-14.7) 10/14 6.8 (2.4-16.9) -
Pathology, dichotomous data
Amyloid-B pathology (abnormal), n (%) 74 (71.2%) 73 (35.8%) 10/15 7 (69.8%) -
Tau pathology (Braak I-1V, abnormal), n (%) 39 (39%) 13 (6.6%) 14/23 37 (38.5%) -
Braak stage I-Il (abnormal), n (%) 46 (46%) 21 (10.7%) 14/23 4 (45.8%) -
Braak stage IlI-IV (abnormal), n (%) 36 (36%) 12 (6.1%) 14/23 4 (35.4%) -
Braak stage V-VI (abnormal), n (%) 10 (10%) 3 (1.5%) 14/23 10 (10.4%) -

BMI = Body mass index; FES-I = Falls Efficacy Scale-International (16—64, higher = worse); MMSE = Mini Mental State
Examination (0-30, higher = better); SUVR = standardized uptake value ratio. WMH = White matter hyperintensities.
Amyloid-B and Tau were assessed with positron emission tomography (PET). PET values are reported as SUVR.
Amyloid-B > 0.53 SUVR = pathological, Tau Braak I-IV >1.36 SUVR = pathological. Braak I-1l > 1.48 = pathological; -
IV > 1.36 = pathological; V-VI > 1.35 = pathological. White matter hyperintensities were assessed with magnetic
resonance imaging.

*Sum of right and left leg length, divided by 2.
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Effects of tau, Ap and WMH on gait parameters in patients with MCI
(study II)

Based on the findings in study I, the following four gait parameters constituted
dependent variables in separate linear regression analyses in study II: mean step
velocity variability (cm/s), mean step length (cm), mean step time (s) and stance
time asymmetry (s). That is, the gait parameters with the highest loading in each of
the four components in the MCI group were selected. In this framework, an
additional fifth gait parameter (mean step velocity; cm/s) was selected as dependent
variable in a new regression analysis.

Basic univariable linear regression analyses (adjusted for age and sex) identified tau
pathology as significantly associated with increased step velocity variability (p =
0.378, p < 0.001), increased step length (B = 0.337, p < 0.001) and increased step
velocity (B = 0.319, p <0.001). Tau did not show any significant association with
the other two gait parameters (p > 0.222). The other independent variables, i.e., A}
deposition, (p > 0.090) and WMH (p > 0.135, also adjusted for ICV) did not show
any significant association with any of five the investigated gait variables. For more
detailed information, see Appendix 4.

Adding a time variable as a controlling factor to the otherwise crude, unadjusted
models showed that three of the associations were affected by the time difference
between the imaging scans and the motor assessment. That is, the unstandardized
regression coefficient changed more than 20% when the time variable was added to
the model. This applied for the associations between AP and stance time, step length,
and step velocity, respectively. However, the associations remained statistically
non-significant and A were hence not included in the complex modelling.

In the complex multivariable linear regression analyses (see Table 6), tau pathology
was significantly associated with increased step velocity variability (B =0.383, p =
0.001), increased step length (p = 0.336, p <0001) and increased step velocity (=
0.317, p = 0.001). These associations remained statistically significant when
accounting for cerebrovascular burden (i.e., adding WMH and ICV into the model).

In the main analyses, a meta-ROI was used to study the spread of tau, whereas Table
6 also presents the associations between tau in specific Braak regions and the
separate gait parameters (dependent variables). To briefly summarize these results,
all significant associations remained significant when studying tau in more specific
regions of conventional AD spread. When adding WMH and ICV to these models,
the association between tau pathology in Braak stage I-II and step velocity
variability was close to the predefined alpha level (p = 0.049).
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Predictors of subjective aspects related to walking in

people with PD

The second part of the thesis included prediction models of perceived walking
difficulties and concerns about falling in people with PD.

Participants in studies III-IV

The 3-year follow-up data collection for studies III-IV included 165 individuals with
PD. Of these, 148 participants (mean age 67.9, SD 8.92 years; 33.1% women) were
included in study III and 151 participants (mean age 68, SD 9.0 years, 35.1%
women) were included in study IV. Table 7 presents participants’ characteristics

and descriptive data related to studies Il and IV.

Table 7. Participants’ characteristics and descriptive data of people with Parkinson’s disease at baseline

(studies llI-IV)
Study Il Study 1V, Missing, n
n =148 n =151 study [l / 1V
Data at baseline

Age (years), mean (SD) 67.9 (8.9) 68 (9.0) -/-
Sex (women), n (%) 49 (33.1%) 53 (35.1%) -/-
PD duration (years), median (q1-q3) 8 (5-11) 8 (5-12) -/-
PD severity (H&Y during "on” state), median (q1-93) 2 (2-3) 2 (2-3) -/-
Perceived walking difficulites (Walk-12G), mean (SD) 14.8 (10.8) 14.8 (10.6) -2
Concerns about falling (FES-I), mean (SD) 27.7 (11.8) 28.1 (11.9) 2/-
Balance problems while dual tasking (yes), n (%) 89 (60.1%) 93 (61.6%) -/-
Difficulties and dependence in ADL (PADLS, yes), n (%) 33 (22.3%) 33 (21.9%) -/-
Fatigue (NHP-EN, yes), n (%) 76 (51.4%) 79 (52.3%) -/-
Bothered by pain (yes), n (%) 93 (62.8%) 97 (64.2%) -/-
Global cognitve functioning (MoCA), mean (SD) 25.7 (3.1) 25.7 (3.1) 2/2
Worse lower extremity function (Five times chair stands test 76 (51.4%) 77 (51.0%) -/-
216.0 s = yes), n (%)*

Postural instability (UPDRS llI, item 30, scores = 1 = yes), n (%) 112 (75.7%) 113 (74.8%) -/-
Depressive symptoms (GDS-15), median (q1-q3) 2 (1-4) 2 (1-4) 5/4

Data at the 3-year follow-up

Perceived walking difficulites (Walk-12G), mean (SD) 18.7 (12.1) 18.5 (12.1) -/9
Concerns about falling (FES-I), mean (SD) 32.5(13.7) 33.1(14.0) 5/-

H&Y = Hoehn & Yahr staging, possible scoring range 1-5 (higher = worse); Walk-12G = generic Walk-12 (0-42,
higher = worse); FES-I = Falls Efficacy Scale-International (16—64, higher = worse); PADLS = Parkinson’s disease
ADL scale (those who scored > 2 were classified as having difficluties or being dependent on others in daily activities);
NHP-EN = energy subscale of the Nottingham health profile (those who affirmed at least one out of three dichotomous
questions were classified as having fatigue); MoCA = Montreal Cognitive Assessment (0-30, higher = better); UPDRS
Il = Unified Parkinson’s Disease Rating Scale, motor examination (item scores 0—4, higher = worse); GDS-15 =

Geriatric Depression Scale (0-15, higher = worse).

* 12 participants that did not manage the test were classified as having worse lower extremity function. (i.e., 2 16.0 s)

[182].
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Changes over time in perceived walking difficulties (study III) and
concerns about falling (study IV) in people with PD

In study III, perceived walking difficulties (i.e., Walk-12G scores) increased
significantly after 3 years. The mean (SD) Walk-12G score was 14.8 (10.8) at
baseline, versus 18.7 (12.1) at the 3-year follow-up (p < 0.001). This implies a
worsening of perceived walking difficulties with 3.9 points, which exceeds the SEM
in the current sample (2.59 at baseline and 2.32 at the 3-year follow-up).

In study IV, concerns about falling (i.e., FES-I score) increased significantly over a
3-year period. At baseline, the mean (SD) score was 28.1 (11.9), compared to 33.1
(14.0) at the 3-year follow-up (p < 0.001). The change exceeds the SEM, which was
2.36 at baseline and 2.25 at the 3-year follow-up.

Predictors of perceived walking difficulties (study III) and concerns
about falling (study IV) in people with PD

No signs of multicollinearity were identified between the independent variables in
studies III-IV. All potential predictors (13 variables relating to perceived walking
difficulties and 17 variables relating to concerns about falling) were sufficiently
associated with the dependent variable in question. That is, the p-values were below
the inclusion threshold of 0.3, and the variables were hence included into initial
multivariable models.

Dependent variable: Perceived walking difficulties (study I11)

The following variables predicted perceived walking difficulties at the 3-year
follow-up (i.e., Walk-12G scores): concerns about falling (unstandardized
regression coefficient, B = 0.461; 95% confidence interval, 95% CI = 0.325, 0.597,
p < 0.001), perceived balance problems while dual tasking (B = 6.55; 95% CI =
3.61, 9.49; p < 0.001) and being bothered by pain (B = 3.79; 95% CI = 1.08, 6.50;
p = 0.006). Postural instability, global cognitive functioning and age were also
included in the final predictive model (due to p < 0.1) but the first two were non-
significant. Age was included into the model as a controlling variable. The model
explained 61.4% of the total variance in the Walk-12G scores at the 3-year follow-

up.

Dependent variable: Concerns about falling (study 1V)

Perceived walking difficulties were identified as the strongest, independent
predictor of concerns about falling at the 3-year follow-up (B = 0.506; 95% CI =
0.284, 0.728; p < 0.001), followed by age (B = 0.355; 95% CI=0.175, 0.534; p <
0.001), perceived balance problems while dual tasking (B = 4.96; 95% CI = 0.967,
8.95; p=0.015) and difficulties and dependence in ADL (B =5.86; 95% CI=0.137,
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10.4; p = 0.011). Depressive symptoms and sex were also included into the final
predictive model for predicting concerns about falling but they were non-significant.

The final predictive models of perceived walking difficulties and concerns about
falling, including the standardized regression coefficients () and p-values of the
predictors, are presented in Figure 6.

PREDICTORS

Predictive -
model of Predictive
perceived B =-0.095, p=0.095 Global cognitive functioning model of
walking p=0.09%, p=0.079 Postural instability concerns
dificulties B =0.153, p=0.006 Bothered by pain about falling
B =0.445, p <0.001 Concerns about falling
oo B=0.268, p<0.001 Perceived balance problemswhile ~ $=0.172,p=0.015  Explaining
%);pl:l;ln? dual tasking 57 5% of
the \fari;l?ce Controlling factor Perceived walking difficulties B =0.378, p <0.001  thevariance
Age B =0.227, p <0.001
n=144 Difficulties/DependenceinADL ~ B=0.471,p=0.011 . N= 14
Depressive symptoms B=0.118, p=0.060
Sex B=0.107, p=0.060

Figure 6. Predictors of perceived walking difficulites (generic Walk-12; left side) and concerns about falling
(Falls Efficacy Scale-Internatonal; right side) after a 3-year period in people with PD.

These final models included variables with p-values < 0.1. The numbers next to a variable indicate standardized
regression coefficient (B) and p-value. Significant p-values (< 0.05) are bolded.

Predictors of a change in perceived walking difficulties (study III) and
concerns about falling (study IV) in people with PD

To identify predictors of a change in perceived walking difficulties and concerns
about falling at the 3-year follow-up, the regression analyses above were also
controlled for baseline values of the dependent variable. However, in study III
multicollinearity was identified between the baseline values of the Walk-12G
(controlling variable) and the FES-I (r = 0.869). Multicollinearity was also identified
between the same variables in study IV, i.e., baseline values of the FES-I
(controlling variable) and Walk-12G (r = 0.865). The variables were entered into
the respective analysis, but the independent variable was omitted early in the
predictor elimination process, respectively. Figure 7 presents the f and p-value of
the variables included in the final predictive models of changes in perceived walking
difficulties and concerns about falling on opposite sides of the figure.

Two statistically significant predictors of @ change in perceived walking difficulties
were identified: perceived balance problems while dual tasking (B = 4.42; 95% CI
= 1.55, 7.29; p = 0.003) and global cognitive functioning (B = -0.424; 95% CI =
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-0.830, -0.017; p = 0.041). Age and baseline Walk-12G were included into the
model as controlling variables. The final model included four additional variables
(due to p-values < 0.1). These were: being bothered by pain, postural instability,
fatigue and lower extremity function, but none of them were significant predictors
of a change in perceived walking difficulties. The final predictive model explained
67.2% of the total variance in Walk-12G total scores at the 3-year follow-up.

PREDICTORS
OF A CHANGE
Predictive Controlling factor  Perceived walking difficulties S
?Odd of B=-0.088,p=0099  Worse lower extremity function model of
I - 0101, p=0076 Fatigue changes in
perceived ) "
walking B=0.091, p=0.070 Postural instability concerns
: : _ _ : about falling
difficulties B=0.100, p=0.058 Bothered by pain
B =-0.107, p = 0.041 Global cognitive functioning
N B=0.180, p=0.003 Perceived balance problems while f=0.161, p=0.009 Explaining
Explaining dual tasking 62.6% of the
= !
67.2% of the Controlling factor Age p=0.131,p=0.017 variance
Lanance Sex B =0.105, p = 0.043
T Difficulties/Dependencein ADL B =0.116, p = 0.068 n=151
Concerns about falling Controlling factor

Figure 7. Predictors of a change in perceived walking difficulites (generic Walk-12; left side) and concerns
about falling (Falls Efficacy Scale-International; right side) after a three-year period.

These final models included variables with p-values < 0.1. The numbers next to a variable indicate standardized
regression coefficient (B) and p-value. Significant p-values (< 0.05) are bolded.

Perceived balance problems while dual tasking (B =4.62; 95% CI=1.19, 8.05;p=
0.009), older age (B = 0.204; 95% CI = 0.038, 0.371; p = 0.017) and female sex
(B=3.07; 95% CI=0.098, 6.05; p=0.043) were significant predictors of a change
in concerns about falling (i.e., controlling for the baseline FES-I score). The final
model also included the variable difficulties/dependence in ADL, but this was non-
significant. The final predictive model explained 62.6% of the total variance.
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Discussion

The overall aim of this thesis was to provide an increased knowledge concerning
objective and subjective aspects relating to walking in people with
neurodegenerative disorders.

This thesis adds a comprehensive basis for a better understanding of objective gait
parameters and components in patients with MCI as well as in CU individuals. A
specific focus concerns how brain pathologies are associated with gait parameters
that represent different components of gait in patients with MCI. These findings
suggest that increased tau deposition is associated with increased step velocity, step
length as well as increased step velocity variability.

This thesis also targets subjective aspects related to walking (i.e., perceived walking
difficulties and concerns about falling) in people with PD. By investigating these
aspects longitudinally, the aim was to gain an increased understanding of how these
aspects progress over time. Moreover, determining predictive factors of perceived
walking difficulties and concerns about falling, may provide a greater understanding
of how to intervene. That is, the identified predictive factors that are modifiable
(e.g., perceived balance problems while dual tasking and pain) could be addressed
in future intervention studies.

For physical therapists, gait is a key component when assessing and treating patients
[123]. Several studies have shown that decreased gait speed precedes cognitive
decline [27, 193, 194], and gait assessments have therefore gained an increased
interest when targeting those at risk of developing dementia. To the best of my
knowledge, little has previously been researched concerning the relationship
between different gait parameters in people with MCI with markers of an incipient
neurodegenerative disorder. Moreover, few longitudinal studies within the field of
PD have addressed perceived walking difficulties or concerns about falling. Such
studies are imperative to determine predictive factors. An enhanced understanding
of objective and subjective aspects related to walking is anticipated to improve care
and rehabilitation of people with MCI and PD. The following sections will discuss
the findings of this thesis in more detail.
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Components of gait in people with and without mild
cognitive impairment

Four components of gait (Variability, Pace/Stability, Rhythm and Asymmetry) were
identified both in people with MCI and in CU people. The amount of total variance
explained (approximately 80%) was in line with previous PCAs that included older
adults without dementia [32-34, 36], as well as with the single previous PCA study
that exclusively included people with MCI [114].

Variability

The variability component explained the largest amount of variance (close to 25%)
in both groups, i.e., MCl and CU. This value is in line with several prior PCA studies
in older adults without dementia [33, 35, 37] as well as in people with PD [195].
That the variability component explained the largest amount of variance contrasted
with previously performed PCAs [32-35, 37]. This could be due to that several
variability variables were included, which all had their highest loading in the
variability component. A component that includes several variables often explains
more of the variance than components including less variables. The current study as
well as previous PCA studies (e.g., [32-35, 37]) identified a variability component
of gait, which signals that variability measures are of relevance.

In this thesis, step velocity variability was the highest loading gait parameter within
the variability component in both groups; step length variability was the second
highest loading parameter. These findings are in line with several PCA studies of
gait in older adults without dementia, which reported that step (or stride) length
variability or step velocity variability was the highest loading gait parameter in the
variability component [32, 34-37]. In the study by Hollman et al., stride speed
variability was considered a part of the variability component, but it loaded lower
in relation to many of the other gait parameters linked to the component [33].
Hollman et al., used a stride-based speed variability parameter, they used a relative
variability measure and moreover, their participants completed only two walks on
an instrumented walkway (mat length 5.6 meters), compared to six laps in this thesis
(mat length 5.79 meters). The distance in the study by Hollman et al. would likely
amount to approximately 7-10 strides. Generally, a minimum of 30 steps (which
translates to 15 strides) should be collected in order for obtaining reliable step-based
variability measures [41]. Whereas, when using stride-based variability measures,
as much as 60 strides has been estimated to be required for obtaining reliable stride
variability measures during normal walking as a single task [196]. These differences
could be reasons for the contrasting results.

Many prior PCA studies used stride-based variability measures. Step-based gait
parameters are however considered more reliable than stride-based, and step-based
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measures allow for the inclusion of gait asymmetry variables [38, 41]. That is, some
of the variance attributed to the variability component in previous PCAs might have
been related to asymmetry rather than variability.

Step width variability was omitted from both PCAs in this thesis as it did not reach
the predefined inclusion criterium of having a correlation of at least +0.30 with at
least one other gait parameter [173]. While assuming a linear association between
increased variability (e.g., stride time variability) and poor gait in older individuals
[197, 198], step width variability has portrayed a non-linear association with
increased fall risk. That is, in gait speeds > 1.0 m/s, both very high and very low
step width variability has been associated with an increased fall risk [198]. This may
explain why step width variability did not reach a correlation of +£0.30 and why it
was more closely related to other components than Variability in PCAs that did not
use such an inclusion threshold [33-35].

As previously mentioned, increased gait variability is associated with increased fall
risk [5, 197, 198], but might also be of importance in relation to the control of
habitual gait [10, 30, 34, 199]. For example, low stride time variability has been
linked to efficient and safe gait patterns and both variability in stride time and length
are said to be related to the control of rhythmic stepping mechanism [199]. Increased
gait variability is also associated with poorer cognitive functioning, such as
executive functioning and attention [107, 162, 199, 200]. In people with aMCI,
variability (specifically gait speed variability) is increased as compared to
cognitively healthy controls [111, 201], and dual tasking further increases gait
variability in people with MCI [109, 111].

Pace/Stability

Step length, step velocity and double support time were identified within the
pace/stability component in both groups, and step length was the highest loading
gait parameter. Step length (and/or stride length) and gait speed (represented by step
velocity in these PCAs) have previously been identified in pace-labelled
components in older adults without dementia [32-36] as well as in people with MCI
[114]. In older people without dementia, step length and gait speed are decreased
(as a result of the shorter steps) while double support time is increased, i.e., as
compared to healthy younger adults [202]. The finding that double support time
belongs to the pace/stability component is in line with prior studies that included
both people with and without MCI as well as in people with PD [32, 114, 195]. In
the studies that included temporophasic gait parameters (i.e., temporal parameters
constructed by percentages of the gait cycle), double support time was identified in
a phase component [33, 35, 37]. However, only one of the prior studies exclusively
included people with MCI [114].
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In the MCI group of the thesis, step width and step length asymmetry were also
identified within the pace/stability component. This was not the case in the CU
group. To the best of my knowledge these two gait parameters have not previously
been included in PCA studies of gait in people with MCI [114]. However, this
finding is in line with a study in cognitively healthy older people [34]. It should be
noted that an increased step width can signal balance impairments [1].

Gait speed is often seen as a global outcome measure for predicting future health
[26] and has been extensively investigated in relation to cognitive functioning [109,
111]. Both gait speed and step or stride length are decreased in people with MCI as
compared to cognitively healthy controls [109, 111]. Being able to ambulate
independently in the community is an important feature in everyday life. For
example, crossing pedestrian crossings safely is important in everyday activities. A
gait speed of 1.2 m/s is often used as a standard speed in many traffic applications
and traffic signaling times [203, 204]. The included MCI group had a mean step
velocity of 1.1 m/s, as compared to 1.2 m/s for the CU group. While assessed in a
different setting, this could indicate that those with MCI would need to increase
their gait speed for crossing pedestrian crossings within the predetermined time
limit. This stressor of increasing gait speed can lead to increased gait variability
[112] and could also require increased cognitive resources [110].

Rhythm

The rhythm component included three temporal gait parameters (i.e., mean step
time, swing time and stance time) in both groups. This finding is similar to previous
PCAs studies in older adults without dementia [32-36]. In this study, step time was
the highest loading gait parameter in the rhythm component. However, several other
studies considered cadence instead, i.e., the number of steps divided by the
ambulation time [1]. Step time and cadence are closely but inversely correlated
where cadence increases when step time decreases (generally considered better gait
performance) [1]. The rhythmicity of gait is often related to the action in the
brainstem and spinal cord rather than frontal regions of the brain [5, 8, 34, 205].

Asymmetry

Which gait asymmetry parameter that loaded the highest differed between the two
groups; stance time asymmetry loaded the highest in the MCI group whereas swing
time asymmetry was the strongest loading parameter in the CU group. However,
these two gait parameters loaded very similarly in the asymmetry component of both
groups. Asymmetry variables have previously been associated with chronic
neurological disorders that affect gait performance unilaterally (e.g., PD or stroke)
[42, 44]. Gait asymmetry can also be the result of limb dominance and/or differences
in strength as well as length between limbs [206, 207]. It should be noted that small
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differences between gait parameters of the right and left side are seen in practically
all individuals, but such small differences are not clinically significant [1, 207].
Although no normative asymmetry measures have been identified, the asymmetry
numbers of the CU group were in line with prior studies using the same asymmetry
measures in older adults without dementia [34, 36]. The asymmetry measures in this
thesis did not differ significantly between MCI and CU, indicating that the MCI
group had similar gait asymmetry as older adults without dementia during single
task gait. A better understanding of the effect on gait in more cognitively
challenging gait activities, such as dual task or ambulating in the society, might
produce more marked differences in asymmetry measures in people with MCI,
compared to cognitively healthy individuals.

Summarizing remarks regarding the components of gait in people with
and without MCI

The PCAs of people with MCI and CU showed several similarities as well as some
differences. In both groups, four components of gait were identified and the highest
loading gait parameters in each component were the same in three out of four
components. In the asymmetry component, the highest loading parameter was
stance time asymmetry in the MCI group, whereas swing time asymmetry loaded
highest in the CU group.

Three out of four components consisted of the same variables in both groups. The
pace/stability component in the MCI group included two additional variables (step
width and step length asymmetry) as compared to the same component in the CU
group. These two gait parameters were omitted from the PCA of the CU group as
they did not reach the predefined inclusion criteria of being sufficiently correlated
with at least one other gait parameter. These results indicate that gait components
are similar in people with MCI and CU. The variables step width and step length
asymmetry seem more closely related to the pace and stability of gait in people with
MCI than among CU.

The identified components of gait showed several similarities with prior studies,
which identified gait variability measures within a variability component, gait speed
and step or stride length within a pace-labelled component and mean temporal gait
parameters within a thythm component [32-37, 114]. These components appear to
be relevant aspects to account for when describing gait in people with or without
MCI as well as in older adults without dementia [32-36, 114]. In the studies that
also included asymmetry measures, an asymmetry component was identified [34,
36, 38, 195]. Asymmetry measures address potential unilateral differences that
might be more manifest in certain neurological conditions, such as PD or stroke, or
in more cognitively challenging contexts [44]. As such, asymmetry measures might
be more relevant to address in those contexts.
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Independent effects of common brain pathologies on gait
parameters in patients with MCI

To the best of my knowledge, this is the first study that targets the effect of tau-PET
deposition in typical AD-related areas on different aspects of gait in patients with
MCI. This study also considers cerebrovascular burden as it is a potential and
common confounder of gait capacity and performance. Step time and stride length
have previously been included in studies that investigated the effects of Ap on gait
in cognitively healthy older people [117, 119]. However, to the best of my
knowledge, no previous study included step velocity variability (although gait speed
variability has been used in one study concerning AP and gait [119]) or stance time
asymmetry as dependent gait variables in such studies. Moreover, none of the four
included gait parameters have been investigated in relation to tau-PET pathology.
The knowledge gained could help to better understand the effects of different brain
pathologies on specific aspects of gait in patients with MCI.

In the framework, a new analysis that included step velocity as the dependent
variable was added. The reasoning for this was to facilitate comparisons of these
results with prior studies in the research area. Step velocity was used to represent
gait speed, as gait speed has often been used as the dependent variable in previous
studies of older people without dementia and is considered a global marker of future
health status [23, 26] as well as of cognitive decline [27, 193, 194, 208].

Increased tau pathology was statistically significantly associated with increased step
velocity variability, step length and step velocity. No associations were statistically
significant for AP pathology or WMH in relation to any of the included gait
parameters (see Appendix 4 for tables on all crude and basic univariable regression
analyses). In relation to AD, AP plaques can be present even approximately 20 years
ahead of dementia onset, whereas accumulated tau-PET pathology is often more
closely related to clinical symptoms and disease progression [73]. I will now discuss
these findings in more detail.

White matter hyperintensities

In this MCI sample, WMH showed no statistically significant effect on any of the
included gait parameters (i.e., step velocity variability, step length, step time, stance
time asymmetry and step velocity). Prior studies of people with MCI have reported
that a high burden of WMH is significantly associated with reduced gait speed [87]
and increased step length variability [89]. Ogama and colleagues identified an
association of WMH in sublobar regions with decreased stride length and increased
walking angle in people with MCI [88]. In this thesis, WMH was investigated
globally and not regionally. Using a regional measure concerning e.g., near the basal
ganglia, the corpus callosum or periventricular areas might have influenced the

74



results. Deposition of specific AD pathology (i.e., tau and AB) was not considered
in the prior studies [87-89]. In people with PD, gait disturbances seem exacerbated
by the presence of WMHs [209, 210]. Using specific ROIs in future studies might
provide more detailed information about the effect of WMHs on different aspects
of gait.

Amyloid-p pathology

No significant associations were found between AP pathology and any of the
included gait parameters. Prior studies of older adults without dementia as well as
studies of cognitively healthy older adults have found associations between A PET
pathology and several gait variables, both mean and variability variables [115-117,
119]. In older adults without dementia, prior studies primarily addressed the gait
parameter gait speed [115-117]. One of the studies controlled for cerebrovascular
burden [116] but none considered tau pathology. Two of the prior studies included
only cognitively healthy people (without MCI or dementia). This thesis only
includes individuals with MCI, which was believed to be caused by an incipient
neurocognitive disorder (i.e., having an increased risk of progression to dementia).
This might be the reason for the discrepancies in results.

While individuals with MCI generally exhibit worse gait than cognitively healthy
people, it should be noted that those with naMCI have generally more affected gait
than those with aMCI [107]. This was corroborated by these results, where those
with aMCI walked statistically significantly faster and had longer step length than
those with naMCI (data found in Appendix 5). In this MCI sample, approximately
70% had aMCI, which is more closely related to the progression of AD [211, 212].
The distribution between aMCI and naMCI might explain the non-significant effect
of AP on the gait parameters in this thesis.

The investigated ROI was a neocortical composite region consisting of the
prefrontal, lateral temporal, parietal, anterior cingulate, and posterior
cingulate/precuneus areas, in line with conventional A dispersion in AD [73, 165,
166]. As the motor areas of the brain are often affected late in the AD process, this
could be an additional reason for why no significant associations were identified
between AP and the included gait parameters.

Tau pathology

Increased tau pathology in conventional AD areas (Braak stages I-IV) exhibited
statistically significant (p < 0.001) associations with increased values in step
velocity variability, step length and step velocity in all model stages. These
associations remained statistically significant when investigating the potential effect
of tau in different AD-related regions (i.e., Braak stages I-II, III-IV and V-VI,
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respectively) [168]. The effect of AD pathology on clinical symptoms can
sometimes be confounded by cerebrovascular burden and it is not uncommon
having both AD-related pathology and cerebrovascular burden [69, 78]. In this
sample, the associations remained statistically significant when also accounting for
cerebrovascular burden (WMH and ICV). This could indicate that the effect of tau
pathology on step velocity variability, step length and step velocity is not highly
influenced by cerebrovascular burden. However, while still statistically significant,
the p-value (p = 0.049) of the association between increasing tau pathology in Braak
stages I-1I and step velocity variability while accounting for cerebrovascular burden
was close to the predefined alpha level. This indicates that the results should be
interpreted cautiously.

The entorhinal cortex (in line with Braak I-II regions) functions include conveying
information between the neocortex and the hippocampus [213]. The volume of the
hippocampus (included in Braak III-IV) has shown contradictory associations with
gait variability, where both spatial and temporal gait variability measures have been
investigated [40]. While this thesis investigates the effect of tau pathology, both
hippocampal volume and tau pathology can relate to clinical symptoms [214].
Investigating the effect of different areas of gray matter volume, such as the
hippocampal volume, might aid in increasing the understanding of brain pathologies
on gait. Step velocity variability, i.e., a combination of both temporal and spatial
dimensions, has to the best of my knowledge, not previously been investigated in
relation to tau pathology. A variability of gait can be desirable for example when
managing safe ambulation in everyday life, such as going to the store or avoiding a
collision with other people in a store or when crossing a street. These kinds of
situations demand the ability to adapt in accordance with the environment. On the
other hand, increased gait variability has been associated with increased fall risk and
greater decline in cognitive functioning [10, 199, 200]. In the standardized setting
that was used for collecting gait data in this thesis, it is reasonable to assume that
increased gait variability is an indicator of worse gait per se.

Neocortical regions were investigated in relation to Braak V-VI. In these areas, step
velocity variability also increased as tau pathology increased. The neocortical areas
are involved in executive and attentional cognitive ability [215]. These capabilities
likely influence gait control [5, 215]. The effect of tau load (i.e., looking at the
standardized beta coefficient) on step velocity variability was largest in Braak V-
VL. This might further indicate the involvement of the neocortex in gait variability.

Gait variability could potentially be influenced by gait speed in people with MCI
[112]. Gait speed was therefore included in a sensitivity analysis (data not shown),
but it did not influence the statistical significance of the association between tau
pathology and step velocity variability.

The associations between increased tau pathology and increased step length and
velocity were surprising findings. It seems unlikely that increased tau pathology is
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associated with “better” gait. The findings are more likely results of the investigated
study sample as well as the investigated brain regions. As discussed earlier, the
included MCI sample consists of patients with cognitive impairments believed to be
caused by an incipient neurocognitive disorder. That is, in addition to people with
markers of AD or VaD, the study sample also includes people whose cognitive
complaints are believed to be caused by other neurocognitive disorders, such as
Lewy body dementia or frontotemporal dementia. These forms of dementia might
initially be more closely related to gait disturbances than AD-related dementia [216,
217]. Also, AD-related tau pathology often targets the direct motor producing areas
of the brain (e.g., the primary motor cortex or the supplemental motor area) later in
the disease process [73]. This could help explain the surprising associations between
tau pathology and step length and step velocity, respectively. If a motor specific
ROI had been investigated, the results might have been different.

Comparing step length and step velocity in people with MCI with cognitively
healthy older adults within a similar age interval and sex distribution (n = 65 with
MCI and n = 77 cognitively healthy, aged 70-80 years, data found in Appendix 5)
showed statistically significant differences in step length and step velocity between
the groups. Cognitively healthy older adults took longer steps and walked faster.
Compared to individuals with naMCI, individuals with aMCI walked statistically
significantly faster, had longer step length but did not differ in step velocity
variability. So, while increasing tau pathology was statistically significantly
associated with increasing step length and step velocity in the sample of MCI,
individuals with aMCI (more closely related to AD) performed better in reference
to these gait parameters than naMCI, possibly adding to the understanding of the
somewhat surprising results.

Subjective aspects related to walking in people with PD

This thesis shows that both perceived walking difficulties and concerns about falling
increased over a 3-year follow-up period in people with PD. Moreover, to the best
of my knowledge, these are the first studies to identify predictors of perceived
walking difficulties and concerns about falling in people with PD. An increased
understanding of the evolution of these aspects might aid in the long-term
management of people with PD. As PD progresses, objective signs of walking
difficulties become more common and increased [103]. However, objective and
subjective aspects of walking performance may not always align, and they seem to
address different aspects and perspectives of gait [20]. Subjective aspects related to
walking, such as perceived walking difficulties and concerns about falling, are
aspects that target perceptions of difficulties as well as concerns, i.e., negatively
valued aspects. Compared to positively valued aspects, negatively valued aspects
may have a stronger effect on perception as well as behavior, as they may address
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disabilities that can lead to negative outcomes related to walking, rather than
positive outcomes [218].

Predicting perceived walking difficulties

Concerns about falling at baseline was the strongest independent predictor of
perceived walking difficulties at the 3-year follow-up. Prior cross-sectional studies
have shown that FOF was associated with several objective gait parameters (e.g.,
reduced stride length and gait speed as well as increased spatial variability) in people
with PD [219, 220]. However, a previous cross-sectional study by Kader et al.
(based on the same cohort as this study) did not consider FOF and instead identified
freezing of gait and general self-efficacy as the two factors that were strongest
associated with perceived walking difficulties [128]. In study III, both freezing of
gait and general self-efficacy showed significant associations (p<0.001) with
perceived walking difficulties in univariable linear regression analyses. They were
although not independently associated when also including concerns about falling
in multivariable analyses. This highlights that factors that are statistically significant
in univariable analyses might not be significant when using multivariable analyses,
more closely representing a real-life setting. All considered, concerns about falling
seems to be an important factor to address and monitor when targeting perceived
walking difficulties in people with PD.

Having perceived balance problems while dual tasking predicted perceived walking
difficulties at the 3-year follow-up. This variable was not included in the prior cross-
sectional study based on the same cohort [128], which instead included postural
instability by using item 30 of the UPDRS. The current study included both
perceived balance problems while dual tasking and postural instability (item 30,
UPDRS). Compared to the prior cross-sectional study where postural instability
contributed to increased perceived walking difficulties, it was not a statistically
significant predictor in study III. It was however included (as a non-significant
factor) in both final models concerning perceived walking difficulties (i.e., the final
models of predictors and predictors of a change in perceived walking difficulties,
respectively). Approximately 75% of the samples in both studies were categorized
as having postural instability. Perceived balance problems while dual tasking were
self-rated by the participants of the study whereas postural instability was assessed
by the data collector. This could indicate that certain self-perceived perspectives
might have a stronger predictive and more long-lasting relation to other self-
perceived concepts as compared to assessments made by others. In study IIL,
postural instability was statistically significant in the univariate analysis, signaling
a potential relevance to perceived walking difficulties three year later in a less
complex model. Also, part of the predictive effect of postural instability might be
included in the effect of other factors, such as perceived balance problems while
dual tasking. A dual task situation can include an additional motor or cognitive task.
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Both situations generally demand a larger cognitive involvement, as attention is
divided between several tasks, and demands of executive function, such as decision
making, increase [103, 215, 221, 222]. Regardless of the second task, dual tasking
affects walking adversely in people with PD [221]. Gait speed is lowered,
irrespective of single task gait speed and regardless of type of dual task [221]. On
the other hand, a systematic review by De Freitas et al., indicated that exercise and
balance focused training that incorporates the dual task paradigm seems to
positively influence gait and balance performance in people with PD [223]. All
considered, this highlights the importance of addressing dual task ability when
assessing and treating people with PD.

Being bothered by pain significantly predicted perceived walking difficulties, which
corroborates the findings of the previous cross-sectional study based on the same
cohort [128]. Pain is common in people with PD [106, 224] and can vary in
accordance with motor state, often being worse during “off-periods” [106].
Providing adequate, timely treatment of pain can include pharmacological
treatment, but exercise can also be used for pain management [224, 225]. Exercise
therapy such as aerobic, active balance or strength training [224, 225] could be
administrated depending on the pain genesis. The current study used a coarse
indicator of pain and future studies should address pain in more depth in relation to
perceived walking difficulties in people with PD. That is, the current findings do
not provide detailed information on which type of pain to address or where the pain
is located.

Predicting concerns about falling

This longitudinal study shows that perceived walking difficulties in everyday life is
an important factor to consider when targeting concerns about falling in people with
PD. It was the strongest independent predictor of concerns about falling, which
corroborates previous cross-sectional findings based on the same project [141].
Another cross-sectional PD-study included instead gait speed, which was not
independently associated with concerns about falling [143]. It should be noted that
cross-sectional studies have shown that perceived walking difficulties are associated
also with fall-related self-efficacy [132, 134]. Moreover, a study based on data from
the HHPD project has shown that concerns about falling as well as perceived
walking difficulties predict fall-related activity avoidance [146]. Both fall-related
self-efficacy and fall-related activity avoidance are concepts that relate to FOF
[178]. As such, perceived walking difficulties seems closely related to several
concepts that relate to FOF, i.e., concerns about falling, fall-related self-efficacy and
fall-related activity avoidance. To summarize, perceived walking difficulties seem
to be an important factor to address when targeting FOF in people with PD.

This thesis also identified the following additional predictors of concerns about
falling in people with PD: age, perceived balance problems while dual tasking and
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difficulties/dependence in ADL. That age was a significant predictor of concerns
about falling is in line with another longitudinal study using data from the same
project, but that study targeted predictors of fall-related activity avoidance [146].
Age has shown contrasting associations to FOF in prior cross-sectional PD-studies
[132, 134, 141-143]. Two studies specifically investigated concerns about falling
[141, 143]. One of these studies [141] (using data from the same project as this
thesis) showed a significant association between age and concerns about falling,
whereas the other study [143] did not find such association. As few longitudinal
studies have investigated the effect of age on FOF in PD, future studies are needed
to confirm or refute the significant association in this thesis. Old age has generally
been associated with faster motor progression in PD [226, 227]. The effect of age
on clinical features, such as motor progression might explain the predictive ability
of age on concerns about falling in people with PD.

Perceived balance problems while dual tasking was independently associated with
concerns about falling at the 3-year follow-up. This finding is in line with the study
by Franzén et al., which showed a cross-sectional association between balance
performance and concerns about falling in people with PD [143]. The latter study
evaluated balance by using the Mini-BESTest, which includes 14 items; one of the
items assesses mobility (Timed Up & Go) without and with a subtraction task.
However, the current finding contrasts with cross-sectional findings from the HHPD
project, which showed that perceived balance problems while dual tasking were not
independently associated with concerns about falling [141]. This highlights that
cross-sectional findings need to be replicated in longitudinal studies, which are a
prerequisite for identifying predictive factors. Determining predictive and
modifiable factors, increases knowledge about factors that need to be addressed in
future interventions. As yet, the quality of evidence for reducing FOF in people with
PD has been regarded as ‘low to moderate’ and further research with high evidence
quality is needed [228].

Perceived balance problems while dual tasking showed predictive capacity of both
concerns about falling and perceived walking difficulties. Asking about issues
regarding balance performance while dual tasking seems to be an important aspect
to consider when one strives to address concerns about falling. Also, providing gait
and balance training with a dual task component may reduce or prevent a worsening
of perceived walking difficulties or concerns about falling in people with PD. In a
systematic review and meta-analysis by Abou et al., they studied the effectiveness
of physical therapy interventions on FOF in people with PD. This review included
studies that used the FES-I or ABC-scale as the primary or secondary outcome
measure [228]. They found that interventions which combined gait and balance
exercises were effective in reducing FOF in people with PD. Based on these
included studies, the review recommended that exercises be performed for at least
30 minutes per session, 5 times a week over a 12-week period. They also
recommended that exercises are complemented with advice concerning fall
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prevention. Importantly, this review graded the evidence as ‘low to moderate’ [228].
As of today, few randomized and controlled studies have used perceived walking
difficulties or concerns about falling as their primary outcome within the field of
PD [228]. There are randomized and controlled studies that evaluated the effect of
gait and balance training on concerns about falling in PD, although concerns about
falling was not defined as the primary outcome (e.g., [229, 230]). For example, a
highly challenging balance training program showed no differences between the
exercise group and the control group after a 10-week period (60 minutes per session;
3 times a week) [229]. Another exercise study that lasted for 6 months (40-60
minutes per session; 3 times/week) reported an effect on concerns about falling
[230]. Beliefs about the potential negative consequences of one’s own capacity to
perform everyday activities, such as concerns about falling, might be a factor that
can be hard to affect in a positive direction. Individuals tend to value potentially
negative outcomes as more impactful than potentially positive ones. Combined with
the progressive nature of PD, a lasting concern about falling might be a factor hard
to modify or to see the effects on after an intervention that lasted a short time. Thus,
an intervention that aims at reducing concerns about falling probably needs to be
longer than 10-12 weeks, but this remains to be shown. Fear of falling can result in
activity avoidance, which can be considered an appropriate or inappropriate
approach, depending on the actual fall risk [56, 231]. This is also important to take
into consideration when targeting concerns about falling. Interventions focusing on
multicomponent cognitive behavior group sessions aimed at reducing FOF might
also prove fruitful for people with PD as it seems for older adults [232, 233].

Difficulties and dependence in ADL was a significant predictor of concerns about
falling, which contrasts the cross-sectional findings of the same project [141].
However, several other cross-sectional studies have shown that difficulties and
dependence in ADL is associated with FOF in people with PD [132, 134, 140]. This
again highlights the need for investigating associations both cross-sectionally and
longitudinally. Difficulties and dependence in ADL may include difficulties with
mobility and need of assistance in transitions and walking for safe ambulation [183].
Self-assessed ADL ability likely worsens over time in people with PD as the disease
progresses [234]. Balance training seem to have some effect on the ability to
perform ADL independently [229] and might be a factor to prioritize when aiming
at reducing concerns about falling in people with PD.

Predictors of change in perceived walking difficulties and concerns
about falling

In the models predicting a change, perceived balance problems while dual tasking
was found to predict a change in both perceived walking difficulties and concerns
about falling (studies III-IV). A previous study that investigated a change in FOF
over a 2-year period, identified an increasing numbers of falls during the first year
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as an independent predictor of a change (i.e., decrease) in fall-related self-efficacy
[145]. These findings combined underscore that aspects of balance problems while
dual tasking and limitation of fall risks seem important to address in rehabilitation.
Gait and balance training is often combined with dual task training, which increases
the level of difficulty [221, 223]. The reasoning for the latter is that walking while
performing a concurrent task demands more cognitive involvement than single task
walking [103, 215, 221]. Compared to single task walking, dual task walking is
suggested to resemble everyday life more closely [222]. In a study regarding the
effects of dual task training on gait speed in people with PD, those with good
cognitive functioning at baseline seemed to benefit more from dual task training
[235]. The current thesis shows that global cognitive functioning was independently
associated with a change of perceived walking difficulties (Study III), which was
not the case for a change in concerns about falling (Study IV). That is, when
adjusting for baseline walking difficulties, better global cognitive functioning at
baseline was associated with reporting less perceived walking difficulties three
years later. Prior cross-sectional studies that addressed global cognitive functioning
in relation to FOF in people with PD have shown contrasting findings [132, 139,
141]. Two studies found no association with FOF [132, 141] while one study
identified that higher MMSE score was associated with lower FOF [139]. In this
thesis, the statistically significant association between global cognitive functioning
and a change in perceived walking difficulties was close to the predefined alpha
level (0.041), which should lead to cautious interpretations of this result. To the best
of my knowledge, no other longitudinal study has investigated predictors of a
change in perceived walking difficulties.

In this thesis, age and sex were also identified as predictors of a change in concerns
about falling. Prior longitudinal studies that investigated a change in other FOF
measures found that age significantly predicted a change in fall-related activity
avoidance [146], but age did not predict a change in fall-related self-efficacy [145].
The first of these two studies used data from the same longitudinal project as this
thesis. It included (as in study IV) in comparison an older group of people with PD
(mean 68, SD 9 years [146], vs. median 60, interquartile range 11 years [145]). The
PD duration also differed: mean PD duration of 9 years [146] vs. median 4 years
[145]. Age seems to be a relevant predictor of a change in concerns about falling
and fall-related activity avoidance. These two constructs are closely correlated in
people with PD [178]. Fall-related self-efficacy is conceptually more closely related
to balance confidence than many other measures of FOF [50]. As such, age might
have a different effect on the different constructs related to FOF.

Cross-sectionally, age was not identified as a contributor of perceived walking
difficulties [128]. Older age has been associated with slower gait speed and older
age at onset has been associated with faster general motor symptom progression in
people with PD [226, 236]. While being different perspectives related to walking, it
is not unreasonable to assume that age also predicts a change in perceived walking
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difficulties (p = 0.002 in the final model). Age was however included as a
controlling variable throughout the analysis process and was therefore maintained
in the model regardless of its p-value. Had the variable been included as an
independent variable and not a controlling variable, it would have been part of the
final model.

Sex was a significant predictor of a change in concerns about falling. The statistical
significance level of the variable sex (p = 0.043) in study IV was close to the
predefined alpha level, warranting additional caution in interpretation of the results.
Concerns about falling was assessed with a PROM. Women in general perceive their
health and ability as worse compared to men in people with PD and also seem more
prone to falling than men [237]. Sex was included as an independent variable in the
study of predictors of a change in fall-related activity avoidance [146]. In that study,
it was not significant.

Moreover, it is also likely that both baseline values of the opposite outcome measure
in the models investigating predictors of change (i.e., baseline values of concerns
about falling on a change in perceived walking difficulties at follow-up, and vice
versa) play an important role in the respective outcome measures. This effect was
however not seen in the models due to multicollinearity between the two baseline
values. Multicollinearity implies that there was a high correlation between the two
variables, which denotes that the two concepts (i.e., concerns about falling and
perceived walking difficulties) are highly related.

Subjective aspects, such as concerns about falling, perceived walking difficulties,
or perceived balance problems while dual tasking, were significant factors for both
predicting the outcome measures as well as predicting a change in them. These
aspects regard subjective ability that does not always correspond to the objective
performance of an individual [20]. This could indicate that the perceptions of
walking difficulties target other aspects of gait than objective gait performance does.
It might be that a belief in one’s own capacity as low is based on previous
perceptions on ability, even though objective measures indicate a safe level of gait.
Importantly, objective measures and patient reported outcomes reflect different
perspectives. Perceived limitations in walking capacity or fear of consequences of
falling may result in negative effects on physical activity, decreased participation in
social activities and decreased quality of life in people with PD [56, 238, 239]. Thus,
interventions aimed at targeting and improving both perceived and objective
limitations related to walking capacity, using one of these concepts as the primary
outcome measure, might prove more effective than only targeting objective capacity
as they address different perspectives. This is however merely a hypothesis and
needs to be tested in future studies.
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Similarities and differences between the concepts perceived walking
difficulties and concerns about falling

Perceived walking difficulties and concerns about falling are concepts that target
adjacent, yet different aspects; there is a high, but not perfect correlation between
the two scales (r = 0.865; Study IV). The Walk-12G questionnaire targets the
perception of walking difficulties in everyday life [19]. Meanwhile, the FES-I
questionnaire addresses the level of concerns about falling while performing
specific activities both inside and outside of the home [62]. For example, although
both scales include an item relating to stair climbing, the Walk-12G asks about
limitations in the ability to climb stairs while the FES-I asks whether the respondent
is concerned about falling while doing so [19, 62]. It should be noted that many
items in both scales relate to walking. Eight out of the 12 Walk-12G items explicitly
target different aspects relating to difficulties in walking. Two additional items
address the need for support when walking indoors and outdoors (Swedish
translated version from the study by Bladh et al. [19]). The two remaining items
(i.e., limitations in ability to run and difficulties standing while doing things) address
aspects that indirectly can be related to difficulties in walking. The idea that all these
items relate to one unitary concept is strengthened by the production of a PCA that
included all items of the Walk-12G [19]. This PCA identified one single component
surpassing an eigenvalue of 1 (eigenvalue of 8.2).

In the FES-I questionnaire, six out of the 16 items (Swedish translated version by
Eva Nordell [240]) explicitly mention walking (i.e., they include the Swedish word
“ga” or “promenera”). However, the remaining ten items of FES-I include activities
that do not necessarily require walking ability (e.g., “preparing simple meals” and
“getting in or out of a chair”) [62]. The FES-I addresses concerns about falling in
more (principally related to activities outside of the home) and less demanding
activities (closely related to activities inside the home) [62, 240]. Importantly,
although each item in FES-I relates to concern about falling, none of the items or
response options in Walk-12 G explicitly address fear of falling. As such, the two
scales address different but adjacent and in certain perspectives, similar aspects,
relating to walking.

Walking is often considered an important and highly valued aspect in everyday life
[239]. In people with PD with progressively deteriorating ability, aspects of
independence and control in walking also relate to being able to participate in social
activities [239]. This could indicate that impairments in walking ability affect the
sense of confidence, independence and identity of people with PD. These are aspects
that relate also to concerns about falling [62]. Perceived limitations in walking
ability and concerns about falling might hamper the degree and type of activities an
individual participates in. Taken together, both objective and subjective aspects
related to walking impairments could have a profound effect on everyday life.
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Methodological considerations

The goal of an exploratory factor analysis (FA) or PCA is to summarize and reduce
a large number of observable variables into a smaller number of factors or
components [173]. Although sometimes treated as the same, a difference between a
FA and a PCA is that during the extraction of underlying or explanatory variables,
the PCA assumes that all variance is common while in a FA, an assumption is made
that the total amount of variance can be partitioned into shared and unique variance.
A FA only analyzes what is believed to be the shared variance [173, 174]. A robust
model of explanatory components should ideally include variables (i.e., gait
parameters) that correlate highly with one component and present low correlations
with the other identified components [173, 174]. In relation to study I, while initially
using the maximum likelihood method of dimension reduction for analyzing the
data, the analysis did not suit the data and the method of principal components was
used instead. Some analysis methods are more suitable for certain types of data.

To my knowledge, all previous studies that investigated components of gait used
PCA as the dimension reduction method [32-36, 114]. Furthermore, they all used
orthogonal varimax rotation as the rotation method, which was used also in this
thesis. This was in order to identify independent components while maximizing the
variance maintained [173]. Some variables in this thesis needed different forms of
transformation to improve normality of distribution before including them in the
analysis (e.g., square root transformation since log-transformation did not suit the
data). The used method of the thesis seems robust and appropriate relating to the
aim of identifying independent components of gait in people with and without MCI.
Gait variability measures in studies I-II were based on standard deviation instead of
coefficient of wvariation. This was chosen because it provides clarity for
interpretation. That is, variability measures based on standard deviations are
expressed in absolute measures instead of in relative measures, as is the case of
variability measures based on coefficient of variation.

In the study that investigated the effect of brain pathologies on gait parameters
(study II), there was a time difference between the imaging occasions and the motor
assessment (the imaging occasions were performed approximately one year prior to
the motor assessment). This time difference was in line with the study protocol for
the larger project. As the brain pathologies in the MCI sample are assumed to be
degenerative and progressive by nature, there is a risk that the individuals have
accumulated more pathology in between the imaging sessions and the motor
assessment, which might affect their gait performance. However, accounting for the
time difference did not seem to affect the relationship between brain pathology and
gait performance. Other studies that also had a time difference between imaging
session and gait assessment (assessing gait speed) also accounted for this difference
[115, 116]. The time difference (median 71 days [115] and mean 16 months
respectively [116]) did not significantly affect their study results either.
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In relation to the predictor studies in people with PD (studies III-IV), some of the
independent variables were transformed into dichotomized variables. This can
sometimes be an advantage as it enables the inclusion of certain variables that
otherwise might have been omitted from the analyses due to a skewed distribution
or a limited sample size for the various response options. The use of a dichotomous
variable instead of, e.g., an ordinal scale might simplify the interpretation or
possibly add directed clinical relevance to a variable. Dichotomization does
however lead to the loss of nuance and detail in a variable. Dichotomization in the
present thesis was based on clinical relevance, dichotomizations used in prior
studies as well as what was believed to provide insight of the effect of the variable
on the outcome measure. For example, postural stability was assessed using item 30
of the UPDRS III [14]. Although originally scored 0-4, in this thesis the item was
dichotomized into having no problems with postural stability (original score = 0) or
having some form of postural instability (scores 1-4). This dichotomization was
based on a previous study using the same scoring division of item 30 of the UPDRS
III [181]. The dichotomization of this item might facilitate the investigation of this
potential effect on perceived walking difficulties. This dichotomization was also
used in a prior cross-sectional study where postural instability was identified as a
significant contributor to perceived walking difficulties [128].

The independent variables were chosen based on significant contributors in prior
studies that used cross-sectional data as well as clinical and theoretical reasoning
regarding potential predictive capacity of perceived walking difficulties and
concerns about falling, respectively.

When investigating predictors of a change in perceived walking difficulties and
concerns about falling, the baseline value of the outcome measure (i.e., the
dependent variable) was accounted for in the regression models. This implies
investigating the change over the follow-up period in relation to their baseline value.
An alternative method would be to use a delta score of the dependent value (i.e., the
difference between the baseline and follow-up score of the investigated variable),
without accounting for the baseline score. Understanding what predicts a change
while taking the baseline value into consideration might be considered more
clinically relevant. Using the following example: Using a delta score and not
adjusting for the baseline score tells us which factors predict a worsened FES-I score
at follow-up, regardless of baseline score. If it does not matter where on the FES-I
spectra an individual was at baseline, such a model would be sufficient. The baseline
score however probably influences the future score. From a clinical perspective, a
worsening score of 4 points on the FES-I for those who already have a high score at
baseline might be considered more worrying than the same change in those who had
a low score at baseline. Adjusting for the baseline value in regression models might
however hide the effect of other potential predictors that are closely associated with
the baseline score of the outcome measure (i.e., exhibiting multicollinearity). For
example, due to a stronger association between the adjusting baseline score and
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follow-up score of perceived walking difficulties (the outcome measure) compared
to the association with the FES-I score, the effect of FES-I did not result in any
significance in the model identifying predictors of a change in perceived walking
difficulties. This effect likely influenced both predictor models of a change that are
included in this thesis, which needs to be considered when interpreting the results.

Strengths and limitations

This thesis provides knowledge of objective gait and its relation to common AD-
related brain pathologies in people with MCI as well as perceived aspects relating
to walking in people with PD. A strength of this thesis is the inclusion of both
objective and subjective measures of gait, although in different cohorts. This thesis
provides a more comprehensive understanding of how different gait parameters
relate to each other in people with and without MCI. It also provides insights into
the effects of common brain pathologies on gait in patients with MCI. Objective gait
in people with PD has been extensively researched. However, studying subjective
walking related aspects can provide additional perspectives. The longitudinal design
of studies III-1V is a strength of this thesis, as it provides knowledge on how these
subjective gait aspects evolve over time and enables the identification of predictive
factors. The knowledge gained may nurture future intervention studies that address
modifiable factors.

In the study samples included in studies I-II, the mean age was approximately 73
years in both groups (i.e., MCI and CU), and the age range was also similar in both
groups including people from 48 years old aged up to 91 years. The sex distribution
was also similarly and evenly distributed between males and females. Having a
sample that includes a wide variety of ages, may enhance the generalizability to a
larger population than more specific age cohorts normally included in a study do.
Research regarding dementia is often performed on older adults. However, one can
develop neurocognitive disorders while still being in a traditional working age. The
inclusion of such individuals helps generalize these results to a wider age range. The
MCI group included only people whose cognitive symptoms were believed to be
caused by an incipient neurocognitive disorder, and who had been referred to a
memory clinic. It should be noted that people with MCI who are linked to specialist
memory clinics have higher progression rates to dementia than population-based
MCI samples [241]. The latter also includes people who have more benign genesis
to their MCI. As such, the included MCI group can be considered a more specific
sample of individuals with an increased risk of progression to dementia. The results
may be more valid for those that have a higher risk of developing dementia.

The sex distribution in the PD sample was in line with general prevalence numbers
associated with PD [242]. In contrast to prior studies, who often exclude older
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people with PD [243], there was no such exclusion criteria in the studies in this
thesis and the age range in the PD sample ranged 46 years (min 45 — max 91 years).
This increases the generalizability of the results into the general PD population and
can thus be considered a strength of this thesis. The PD sample included people with
various disease severity, ranging from mild to very severe PD (Hoehn & Yahr
staging min 1-max 5), indicating that aspects from the full range of the disease
severity spectrum were represented in the studies. Moreover, MoCA scores of the
PD sample indicated that both people with high and low global cognitive
functioning were included. This further increases the generalizability of the
findings.

The dropout rate in the HHPD project was in line with the a-priori assumptions in
the study protocol and was accounted for through power calculations. The choice of
collecting data in the homes of the participants as well as through self-administered
questionnaires might have made it possible for some individuals to participate, that
might have opted out due to poor health if the data collection would have taken
place at an outpatient clinic. The method for data collection in studies III-IV can
thus be seen as another strength of these studies.

The objective gait data in studies I-II were collected using an instrumented walkway
and specific software. Using this instrument enables the collection of several
discrete gait parameters that are hard to collect using more commonly featured gait
measurement techniques such as a stopwatch and a clearly defined walking distance.
This might limit the usability to settings where more complex instruments exist. A
strength of this thesis relation to these complex gait parameters was the inclusion
and investigation of multiple step-based gait parameters. Several prior studies have
used stride-based gait parameters, which makes it impossible to study gait
asymmetry. Investigating a more comprehensive set of gait parameters in people
with MCI than previous studies provide a broader understanding of the relationship
of common gait parameters. The only identified prior PCA study that exclusively
included people with MCI focused on gait parameters related to falling [114].

Using PET for imaging tau (study II) is a relatively recent imaging possibility, and
this study is one of the first studies investigating tau deposition in typical AD ROIs
and its effect on specific gait parameters. PET imaging is an expensive measurement
technique, but it provides a more direct measure of the pathology deposition in the
targeted areas than CSF measures. As such, the use of PET data can be considered
both a strength (i.e., since it provides a direct measure of the pathology) and a
limitation of this study (i.e., since the use of PET data is not common clinical
practice, which hampers the transferability of the findings). A strength of the study
is that it also considered cerebrovascular burden (i.e., WMH), which could influence
the effect of AD specific pathologies in studies targeting gait and cognition. Both
tau and AP deposition in specific motor regions of the brain occur late in
conventional AD staging. Exclusively targeting deposition in such motor areas
might have altered these results. The MCI sample included patients (i.e., people
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referred to a memory clinic) with MCI, which was believed to be caused by an
incipient neurocognitive disorder. Population-based MCI samples often also include
people that have more benign genesis to their MCI. Neurocognitive disorders such
as Lewy body dementia are generally more closely related to gait impairments than
AD. As such, targeting other brain pathologies closely related to other
neurodegenerative disorders could have affected the results. This was however
outside the scope of this thesis. These considerations might help explain some of
the results of study II, including what may limit the generalizability of the findings.

Factors that contribute to cross-sectional associations might not be the same factors
that predict associations at a later stage, and longitudinal data is a prerequisite for
determining predictive factors. Although the Motor-ACT project has a longitudinal
design, currently there is only access to baseline data. Consequently, the results of
the current cross-sectional studies (I-II) should be interpreted while keeping these
aspects in mind.

Several self-administered questions and questionnaires were used in the studies
included in this thesis. The Walk-12G and FES-I questionnaires that were used in
studies III-IV were part of the postal survey that was sent to the participants. To
ensure that the postal survey was responded by the intended participant, there was a
finishing question that asked who had responded to the questions: the participant
(with or without the help of others), or someone else than the participant. Only
questionnaires that were responded by the participant was included in this thesis.
There is always a risk that self-administered questionnaire are completed by
someone else than the intended participant, and this risk is likely higher for those
with a severe PD, i.e., due to fatigue and physical disabilities. Participants however
had the opportunity of having someone else read the question out loud or physically
fill in the questionnaires for them. In total four individuals (two at baseline and two
at the 3-year follow-up) had not responded on the postal survey by themselves. This
indicated that it was not a major issue for these studies. People from all levels of
Hoehn & Yahr participated in the studies, indicating that also people with severe
disease progression participated. Still, when interpreting these results, one should
consider that those who were lost for follow-up had more severe PD at baseline
[146].
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Major conclusions

Objective gait seems comprised of similar components of gait in people with and
without MCI. Four components, labeled Variability, Pace/Stability, Rhythm and
Asymmetry were identified in both groups. Each component consists of several gait
parameters. The highest loading gait parameter in each component might be
considered relevant representatives if one wishes to select variables from different
components of gait. In both groups, these gait parameters were step velocity
variability from the Variability component; step length from the Pace/Stability
component and step time from the Rhythm component. In the Asymmetry
component, stance time asymmetry was the highest loading parameter in the MCI
group whereas swing time asymmetry was the highest loading parameter in the CU
group. The identified components of gait provide a basis and understanding for how
common gait parameters are related when gait is assessed as a single task, including
key gait parameters within each component.

Increased tau-PET load was independently associated with increased step velocity
variability in patients with MCI, which indicates that step velocity variability might
be a gait parameter to consider when targeting comfortably paced single task gait in
future studies of patients with MCI. Findings less intuitive were that increased tau
load was independently associated with increased step length and step velocity.
Moreover, AP as well as general WMH burden were not significantly associated
with any of the chosen objective gait parameters. Potential explanations might be
that the included MCI sample had markers of a neurodegenerative disorder and the
results were likely affected by the included sample and the investigated brain
regions, i.e., we did not study brain regions directly associated with gait.

Subjective aspects related to walking (i.e., perceived walking difficulties and
concerns about falling) worsened after 3 years in people with PD. Both personal,
motor and non-motor related factors seem to be of importance for subjective aspects
related to walking. Perceived balance problems while dual tasking was however the
only variable that predicted both perceived walking difficulties and concerns about
falling as well as a change in these outcome measures.
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Clinical implications and future perspectives

Gait assessments are a key task for physical therapists. Our findings in studies I-1I
are probably of most relevance for physical therapists who work at a specialized
Memory Clinic and for researchers, whereas the findings from studies [1I-IV can be
of relevance for physical therapists that assess and treat persons with PD in the chain
of care.

e The association between increased tau-PET and increased step velocity
variability indicates that physical therapists should pay specific attention to
assess step velocity variability when targeting single task gait in patients
with MCI. This finding needs to be corroborated or refuted in future
longitudinal studies. Such studies could preferably also include dual task
gait that includes a cognitive task, which reflects cognitive-motor
interference.

e Future studies could compare whether the effect of tau pathology on step
velocity variability also applies to other gait variability parameters. Such
studies may identify additional variables of interest for gait assessments
when targeting people at risk of developing AD. It would then also be of
interest to target tau in ROIs more closely related to gait.

e Future longitudinal studies should focus on determining the diagnostic and
prognostic value of spatiotemporal gait parameters in relation to different
major neurocognitive disorders, e.g., AD, VaD, Lewy body disease.

e Perceived walking difficulties as well as concerns about falling increased
over a 3-year period in people with PD. This indicates that these aspects
should be assessed at follow-ups by the multidisciplinary PD team. Our
findings also suggest that it might be important to specifically ask about
perceived balance problems while dual tasking.

e Both personal, motor and non-motor related factors seem to be of
importance for subjective aspects related to walking in people with PD. This
suggests that future intervention studies might benefit from using an
interdisciplinary approach.

e Perceived balance problems while dual tasking seems to be of particular
importance for predicting perceived walking difficulties and concerns about
falling in people with PD as well as predicting a change in both outcome
measures. Targeting modifiable factors, such as balance problems while
dual tasking in a clinical setting might reduce perceived walking difficulties
and concerns about falling or assist in maintaining them at a stable level.
Future intervention studies that use perceived walking difficulties or
concerns about falling as their primary outcome are needed to support or
refute this suggestion.
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Appendix 1-5

Appendix 1. Gait descriptions.

Table A1. Descriptions of gait parameters

Gait parameter

Definition

Step velocity (cm/sec)

Step length (cm)

Step width (cm)

Step time (sec)

Step swing time (sec)

Step stance time (sec)

Double support time (sec)

Step length divided by step time.

Measured along the length of the walkway, from heel center
of the current footprint to the heel center of the previous
footprint on the opposite foot.

Distance from heel center of one footprint to the line of
progression formed by two footprints of the opposite foot.

Time elapsed from first contact of one foot to first contact of
the opposite foot.

Time elapsed between the last contact of the current footfall
to the first contact of the next footfall on the same foot.

Time elapsed between the initial contact (heel contact) and
the last contact (toe off) of the same foot.

The period when both feet are on the floor simultaneously.
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Appendix 3. Components of gait.
Components of gait in people with MCI

*Step velocity variability
*Step length variability
*Step stance time variability

Variability * Step time variability
*Double support time variability
*Step swing time variability
 Step length
Pace/ »Step width

-~ «Step velocity
Stability +Step length asymmetry
+Double support time

GAIT

*Step time
Rhythm  «Step stance time
*Step swing time

Step stance time asymmetry
Asymmetry -Step swing time asymmetry
*Step time asymmetry

Figure 8. Components of gait in people with MCI, with specific gait parameters listed next to the component to
which the gait parameters loaded the highest.
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Components of gait in cognitively unimpaired

* Step velocity variability

*Step length variability

*Step stance time variability
*Step time variability

*Double support time variability
»Step swing time variability

Variability

*Step time
Rhythm  Step stance time
»Step swing time

GAIT

Pace/ :gtep 'er}gtht
Stability epvelocly
*Double support time

»Step swing time asymmetry
Asymmetry -Step stance time asymmetry
*Step time asymmetry

Figure 9. Components of gait in CU individuals, with specific gait parameters listed next to the component to
which the gait parameters loaded the highest.
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