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Abstract

With the world population shifting its proportions towards higher ages, it is
imperative to increase healthspan rather than lifespan, both for the sakes of
community sustainability as well as individual quality of life. One of the main
means to obtain healthy ageing, is a concept called active ageing, as activity has
shown to slow down the natural ageing process.

Active ageing is threatened by a decline in balance performance and an increase of
fall-related concerns, as activity curtailment is a major consequence. Fall-related
concerns are prevalent in a large portion of the older population. Current
understanding of its mechanisms is largely hypothesised, based on few observational
studies in which single factors — mostly psychological — are researched. Postural
control is the system that helps us maintain balance and control while moving or
being still. Yet, the interactions between fall-related concerns and postural control
are not very well described. Sensory input and processing have been identified as

possibly an important part, but more in-depth investigations are needed.

To investigate the prevalence and factors that may play a part in fall-related
concerns, 153 older adults (70 years and over) were visited in their home. During
these visits questionnaires and clinical tests were administered (among them FES-
I, PGCM, SPPB, MMSE). To investigate the relationship between fall-related
concerns and postural control more thoroughly, 45 of the original sample were
also tested in the movement laboratory. Several modalities of sensory function were
recorded, as well as lower limb strength and quiet stance centre of pressure.

The home visits showed that 70% of people 70 years and older, living in the
community experience at least one of the constructs of fall-related concerns and
that associated factors are of both psychological and physical nature (fear, morale,
and physical performance). Large and significant difterences between men and
women were discovered not only in prevalence, but also for the associated factors.
Hierarchical multivariate modelling of the laboratory data showed that an increase
in sway size and velocity during open eyes quiet stance can explain a rise in fall-
related concerns and that that relationship in turn can be explained by declines in
specific parts of the postural control system (lower limb strength, reaction time,
vision, and proprioception of the ankle, knee, and neck). The more in-depth
methods of frequency domain and multivariate discriminant analysis revealed that
older participants could be grouped in ‘declined and concerned’ and ‘not declined
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and not concerned.” The first showing power in lower frequencies of the postural
sway signal than the latter and showing an inability to adjust control strategy when
closing their eyes. Finally, the changing and adapting postural control of older
people was successfully modelled by applying dimension reduction, neural
networks, and an internal feedback of 150ms. The model can predict postural
corrections up to 1.0 second ahead of time. This gave more insight in key features
of successful adaptation to an ageing system and provides a virtual environment for
future model and theory testing.

In conclusion, I have gained more understanding of the complexity and interaction
of the different systems involved in the concern-and-balance relationship and have
contributed to the field by showing methods that will improve the quality of
analyses when testing, evaluating, and researching these phenomena.

Keywords: ageing, balance, fall-related concerns, postural control, sensory and

motor systems

MeSH: Aging; Postural Balance; Fear of Falling; Models, Neurological;
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Preface

My work centres around some of the changes we may experience as we age.
Specifically, changes in balance ability and changes in level of concerns about
falling. There are several important reasons to investigate this combination as the
following chapters will illustrate. However, there is one reason that is not
mentioned or explained but was (and still is) equally motivating to me; the
complexity of human movement behaviour — its Aow and its why — is fascinating!
The intricate multi-variability of all the systems involved is wondrous to me. All
the cells carrying action potentials to the right place, at the right time, activating
just the right amount of motor units in just the right muscles, in synergy with
systems of thoughts and feelings, while feeding back information about progress
and all other ever-ongoing processes in our bodies, just to take a step... simply
marvellous.

This research was paid for by the people and used the time, effort, and sensitive
data of some of those people. This is why it is important to me that many people
will be able to understand at least the main story line of this work. So, in sections
that allow for a more narrative approach, that is exactly what I have attempted to
do; in some sections, my choice of language is of a more storytelling and

explanatory nature than in others.

I have thoroughly loved every step of the way towards this point in time and
acknowledge the luxury of having had the time to focus on a single project in such
detail. I hope you will feel my love and enthusiasm for the contents of this work
as you read it.

Sincerely,

Mascha
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Introduction

Humanity’s increasing understanding of ourselves, the world, and how the two
interact, has led to an increased lifespan. Each generation lives longer than the
previous one and with families being smaller than before, society is facing a future
with an increasing proportion of older people and a decreasing proportion of
people who are considered to be of workforce age (1). This process of the global
population becoming older can be looked at from several perspectives ranging from
the individual changes that ageing entails to a wider societal perspective that raises
questions of sustainability and public health. In this work, T will investigate
changing balance control and fall-related concerns and this first chapter will shed
light on why increased knowledge about those aspects is important.

Age and ageing

In all research concerning any form or number of age, it is important to have a
good grasp of what age is. Depending on context, age can mean very different
things and is sometimes attributed with characteristics that should find their home
elsewhere. The “age” that is most often used, chronological age, is merely an
indicator of the time a person has spent alive since birth. However, it is also used
to group people for classes in primary school, rather than cognitive ability; to assign
the right to consume alcohol, rather than the absence of substance-abuse
predisposition or the developmental stage of our brains; and to regulate when
people should stop working, rather than work-related ability. Outside of policy
and regulation, it is also used to assign roles or character traits to groups of people.
One can hear generalised language in terms of children being loud and having low
cognitive ability; teenagers being lazy and irresponsible; middle-aged people having
disposable income; and old people are slow, weak, cute, sweet, and not tech savvy.
Who has not heard about the stereotypical sweet old lady who needed help with
setting up her phone? A more recent and explicit example would be older adults
feeling patronised, shocked, and humiliated, because they were suddenly defined
as being “old old” due to the covid-19 pandemic and needed help to be protected
(2). Society needed to act fast to protect those who seemed most vulnerable to the
situation and acted to the best of its ability with scarcely available knowledge. But
that situation showed how assumptions about robustness (all over 70 are at risk)
and roles (older people, like children, needing to be told what to do), solely based



on chronological age, can affect individuals within a chronological age-based

group.

It is often assumed that we are able to tell a lot about a person’s health and
functional abilities by knowing their chronological age. And while this might be
somewhat true for a 6-month-old, it is far less so the older the person gets (Figure
1). Heterogeneity increases with age. Physical performance and functional ability
specifically, vary the most and even more so from the chronological age of about
70 (3,4). Functional ability and health are instead much better predicted by
biological age. Biological age is complex and can be measured through various
markers that range from the molecular level (e.g., telomere length) to the
functional level (e.g., gait, balance, and cognition). The functional aspects of
biological age are only moderately correlated to chronological age (r = 0,54) (4).

B

Biological age

N

Chronological age ’

Figure 1. Increasing functional heterogeneity with increasing chronological age (adapted from

(5)).

As people age, their health outcomes, needs and what they value can change. With
the expected demographic shifts of the global population of older people doubling
by 2050 (6), maintaining health, vigour, and functional ability is identified as an
important step in developing sustainable communities. This is why the United
Nations in collaboration with the WHO have declared 2020-2030 the Decade of
Healthy Ageing (7). During this decade, there are ten priority areas with the



purpose to reach global healthy ageing. One example is to clarify the costs and
opportunities of healthy ageing to develop sustainability in communities.

Age, ageing, and health

The WHO defines healthy ageing as “the process of developing and maintaining
the functional ability that enables well-being in older age”(6). The concept of
adequate functional ability leading to healthy ageing is also found in how
physiotherapists regard the concept of health: having the ability to use movement
to reach goals and through that quality of life — regardless of the presence of disease

).

When people started living longer, the question arose of whether that gained
period of life was worth it; is it lived in good health? Something called Aealthspan,
rather than lifespan became a popular research topic in the field of biological
ageing. The process of increasing healthspan is also called morbidity compression
— shortening the period at the end of our lives during which we might experience
functional disability (9), by moving the starting point of that period closer towards
the end point. In other words, maintaining the lifespan and expanding the
healthspan within it. Around 2014, there was a debate on how to define morbidity
in morbidity compression (10). This debate was showing the difference between a
societal and individual perspective on ageing and health: the original description
defined morbidity as clinically measurable functional disability that interfered with
everyday life, while the new suggestion argued for taking a wider view and
including the onset of chronic disease long before disability presents itself. This
argument was twofold: 1) from disease onset there are high costs involved, and 2)
the patient lives with misconceptions and stigma from disease onset. A side note
was made, mentioning that morbidity onset according to the original definition
was difficult to pinpoint. Within either viewpoint it is desirable to postpone both
disease onset as well as disability onset. However, both are problematic in assuming
that health (in the concept of healthspan) stands for being without morbidity, in
which they define morbidity as disease or disability.

In WHO'’s definition of healthy ageing and the physiotherapeutic view on health,
both mentioned at the start of this sub-section, the word ability is used. It is
however used in specific combinations: “[having]| the functional ability that enables
well-being,” and “having the ability to use movement to...” They describe specific
abilities that are not necessarily hindered by disease or disability.



Active ageing

When WHO presents means to achieve healthy ageing, an especially important
factor is active ageing (11).

This project has given me the privilege to work together with researchers from
several fields which has made it abundantly clear that the words actzve and activity
can mean many different things to people, with according modes of affect
depending on the individual you speak to. In this work, when active and activity
are mentioned, they are used in the simplest, most basic definition of the words.
In the active ageing policy framework, active/activity is defined as:
participation in social, economic, cultural, spiritual and civic affairs, not just the
ability to be physically active or to participate in the labour force.” (11) Physical
activity is more specifically defined as any bodily movement, resulting in energy
expenditure (e.g., walking, playing, yard work, cycling) and when physical activity
is planned, structured, repetitive and has the goal to improve one or more aspects
of physical fitness, it is physical exercise (12).

The paragraphs above seem to describe a strong circular aspect to healthy ageing,
or rather unhealthy ageing; natural biological ageing leads to some functional
disability, functional disability then leads to fewer opportunities to be active in life,
increasing the odds to transition into frailty or severe frailty (13), leading to more
decline (14) (Figure 2). This implies that those of us who are interested in
identifying opportunities for improving or maintaining health while ageing, need
to find a link in that cycle that could be broken. The cycle goes back and forth
between two main aspects: biological ageing on one side of the cycle and ability
and activity levels on the other side of the cycle. While biology-based disciplines
— like pharmacology and biological chemistry — are most occupied with the first;
the knowledge and skills of movement-based disciplines — like physiotherapy —
would be most beneficial in the latter: ability and activity.

This brings me back to the earlier mentioned physiological and functional aspects
of ageing. Some aspects of natural age-related decline come in the forms of decline
in movement ability and balance performance (15,16). A decrease in balance
performance leads to a higher risk of falls and is associated with developing fall-
related concerns (17-20). While the risks of falls and of developing fall-related
concerns are correlated (18), a fall is not necessarily the cause of those concerns or
vice versa. Moreover, those who have never experienced a (near) fall, can develop

concerns about falling (21,22). One major consequence of those concerns is



decreased activity, also called activity curtailment (23,24). Knowledge of how
balance ability and fall-related concerns interact with each other would possibly
give us a better understanding of how to prevent concern-related activity
curtailment and promote active ageing to obtain healthy ageing.

Environment

Aaaln Genetics
Energy geing

expendlture

/ Muscle
mass

Disease

J,Actlwty
J/Strength
\LWaIking
speed
e Disability

Figure 2. The cyclical aspect of ageing — a simplified illustration of the cycle that threatens
active ageing (inspired by Fried et al. (25)).



Summary
With the world population shifting its proportions towards higher ages, it is
imperative to increase healthspan rather than lifespan.

Chronological ageing is a measurement of time spent since birth. While not
implying function or ability, society ascribes it certain rights, roles, and obligations.
DBiological ageing is a measurement better equipped to predict ability and health.
Health of a person is defined as having the ability to engage in life and goal reaching
behaviour according to one’s wishes.

A WHO policy framework identifies active ageing as a means to obtain healthy
ageing as activity has shown to slow down the natural process of biological ageing.
This implies a cycle in which activity is both the means towards achieving and the
goal of healthy ageing.

Active ageing is threatened by a decline in balance performance and an increase of
fall-related concerns, as activity curtailment is a major consequence.

Next section

A closer look at balance, postural control, and fall-related concerns.




Threats to active ageing

DPsychological aspects — Fall-velated concerns

Before I go into describing the different constructs of fall-related concerns, it is
good to know that up to 55% of older adults living in the community are reported
to suffer from it (26) and that the prevalence increases with age and is higher for
women than for men (27). Fear of falling is strongly related to activity avoidance
(24,28-30).

Traditionally, fall-related concerns are looked upon as a consequence of a fall or
near-fall experience with the resultant low balance confidence causing activity
avoidance, which in turn, causes functional decline and further postural instability,
heightening the risk of falls. However, fall-related concern is prevalent also among
older people without fall experiences (21,31,32) and can therefore not only be
explained by previous falls. The weak evidence for the efficacy of any interventions
to reduce fear of falling illustrates both how little is understood of the phenomenon
and how difficult it is to research it adequately (33,34). Moreover, the
understanding of the field is hampered by differences in conceptualization and
terminology (35).

Fall-related concerns have been described under various names: it was introduced
in 1982 as post-fall syndrome and the same year by other authors as ptophobia, but
was the following decade mostly called fear of falling (27). During the 1990s and
later, different constructs under the same name emerged. In 2005 Jorstad et al.
conducted a systematic review in which they identified 26 different instruments
representing two main categories — efficacy and confidence, and fear of falling —
and one “other” category containing measures of activity avoidance, consequence

concern and fall-related disability (36).

Falls-related self-efficacy, the most prominent construct in this work, can be found
in the efficacy and confidence category. It first showed up when it was used as an
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operationalisation of fear of falling: “...perceived self-efficacy at avoiding falls
during essential, non-hazardous activities of daily living” and was then measured
with the FES (Falls Efficacy Scale) (37). The same first author separated it from
fear of falling in a study 4 years later that showed a strong and independent
correlation between falls-related self-efficacy and function (psychological and
physical), but not between fear of falling and function (20). Falls-related self-

efficacy today is usually measured with the FES-I (Falls Efficacy Scale —



International) (38). It finds its roots in social cognitive theory and is mainly a
measurement of the appraisal of one’s own ability to avoid a fall during specific
activities (20,36,39).

Within the fear of falling category, there are a number of single item instruments
as well as some with multiple questions. The simple question “are you afraid of
falling?” (20) is the only single item instrument that has been shown to be reliable
and responsive to change (36). It is also the most open for interpretation, which
might be what causes its validity issues. Hadjistavropoulos et al. suggest a model of
fall risk in which they separate balance confidence and fear of falling (40). They
explain that the two affect each other and that while balance confidence is much
closer related to the ability to accurately appraise one’s own ability, fear is much
closer related to anxiety.

The “other” category covers activity avoidance, falls-related disability, and
consequence concerns (36). Yardley et al. (21) found that the “openness” of the
fear of falling single item question could become more informative if people were
asked about specific consequences of falling. Specifically, concerns about loss of
functional independence (e.g., I will be injured, I will be helpless) and concerns
about damage to their identity (e.g., I will cause a nuisance, I will have difficulty

getting up) (21).

In this work, the term fall-related concerns includes all previously named aspects.
In the first paper presented (Paper I), all three categories of fall-related concerns
have been measured and described, but the more detailed regression models of
Papers I, II, and III, focus on falls-related self-efficacy as measured by the FES-I
questionnaire (described in more detail in the methods section).

The earlier mentioned framework suggested by Hadjistavropoulos et al. aimed to
explain the role of fear and falls-related self-efficacy in fall risk (40). They suggest
a prominent role for balance ability, which is affected by falls-related self-efficacy,
but not fear of falling. Besides studies describing altered gait patterns in older adults
and reduced balance in people with fall-related concerns (22,41), studies on how
postural control and balance performance are associated with fall-related concerns
are limited. Differences in postural control strategies when standing at various
heights has been demonstrated (22), and decreased medio-lateral stability during
transition from sit-to-walk in people having fall-related concerns as compared to
those who had not, has been shown (42). Very recently, Peeters et al. discussed
how the original framework could be expanded upon to centre on fear of falling



rather than fall risk (43) (Figure 3). They include mood or temperament and
cognitive function as well as adding that anxiety influences both balance
performance as well as the ability to make a realistic appraisal of one’s own abilities
(Figure 3). In this model they ascribe sensory processing and postural control to
the category cognitive function and go on to mention that there is “... an
important role for reduced sensory function and processing of sensory information
in the development of FoF [fear of falling]. However, further research that directly
examines the association between sensory function and processing, and FoF is
required” (43), knowledge that has been asked for as early as 1991 by Maki et al.

(18).
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Figure 3. The framework by Hadjistavropoulos et al. in black (40), expanded upon by Peeters et
al. in red, blue and yellow (43). Altered to re-include the box with “Other Factors Affecting
Avoidance” which is part of the original framework by Hadjistavropoulus et al., but left out by
Peeters et al.

Physical aspects — postural control

Balance is a result of effective postural control. As described in motor control
theories, human postural control systems act in order to maintain equilibrium and
orientation (16). In other words, they act to prevent falls, in which falls are defined
as an unplanned and often uncontrolled descent to a lower level of support surface



10

— for example the floor, ground, or down some stairs (44). To successfully prevent
falls, the central nervous system integrates different modalities of sensory
information - from visual, auditory, vestibular, somatosensory receptors - and
creates coordinated motor actions and reactions (16,45). Figure 4 shows a
simplified image of this ever-ongoing process, called postural control. The
sensorimotor integration happens in relation to the demands brought about by the
motor task in progress, the environment in which the task takes place, and the
available abilities of the person.

Central integration

Motor command
Posture generates

sensory input

Visual

( J)
Vestibular . /ﬂ/ ' !
)]
Proprioceptive Q
« Posture is adjusted
llswayll

Figure 4. Simplified image of the ever-ongoing process of postural control.

Over the years, several theories have been developed on how the central nervous
system takes care of this complex sensorimotor task — these theories are called
motor control theories. A compilation of common current motor control theories
and models has recently been presented (46) and are discussed below. The two
most commonly used theories are Schema Theory (47) and Dynamical Systems
Theory (48). Schema theory was first published in 1975 and describes how all



movement is controlled through pre-made motor programs. These general motor
programs are the basis for all (learned) human movement. Similar movements use
the same programs, which are then adjusted to the specific environment and task
via schemas. An example of this is the motor program used for creating a signature.
You will be using the same set of movement characteristics but can adjust them to
the type of surface or pen you are using, or how large your signature should be.
The Dynamical Systems theory on the other hand, describes how seemingly
chaotic systems, eventually, will self-regulate. This self-regulation creates
movement synergies, which (unlike schema theory) are organized and moderated
by all the involved systems instead of the central nervous system alone. A simplified
explanation would be to listen to the applause given in theatres; it starts in chaos
and can in many cases start to follow a rhythmic pattern. A synergy between all
individuals in the audience emerges without being directed or controlled by one
single person. The Uncontrolled Manifold Hypothesis (UCM) is related to the
dynamical systems theory and describes the influence of movement variation on
learning new movements or tasks (49). Some performance variation can be bad,
while other performance variation is good. Good performance variation means
performing the movement in many different ways while still being successful at
completing the task. This grants the learned movement flexibility to adept to
environmental or personal changes. An important difference between dynamical
systems and uncontrolled manifold is that the uncontrolled manifold hypothesis
assumes the presence of a central controller. The controller sets the constraints of
the task — to perform a successful sit-to-stand movement — the centre of mass and
head positions are of particular importance and need to be controlled. Within those
constraints, there is a multitude of movement solutions as the system has many
degrees of freedom — all the joint angles can covary in many different ways while
still controlling the centre of mass and the position of the head. That multitude of
possible successful solutions is the uncontrolled manifold. Some UCM proponents
have called that multitude of possible solutions a motor redundancy problem (49).
Others have called it abundancy, because a larger number of possible solutions
increases the success rate when restrictions out of our control are imposed on the
system (50). Within a sub-group of models, called computational models (models
involving mathematical algorithms), there are both internal models and optimizing
models (51,52). Among internal computational models, it is interesting to look at
feedback and forward models within human motor control. Figure 4 illustrates the
sensory feedback loop; afference sensory information enters the controller, based
on which an efference motor command is issued, producing movement. That
movement generates new afference information to let us know how it is going and
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how to adjust. The feedback information is subject to some delay of about 150ms,
depending on modality and nerve mechanics, which in some cases can make it
difficult to command adjustments in time. There is experimental evidence that a
copy of the efferent motor command is immediately fed back to the controller: the
efference copy is used to predict sensory feedback before the actual feedback comes
in (51). Optimizing computational models are named just that due to their way of
computing the most optimal motor strategy based on one specific demand: perform
the movement fast, precise, with low energy, or with much power for instance

(53).

Not one single theory by itself may describe reality (16,54). It may depend on the
task at hand or the environment in which the task is to be performed, which theory
or model (or combination) best describes what happens.

Measuring and analysing postural sway

As was shown in Figure 4, the ever-ongoing postural control causes the body to
always move a little bit. It adjusts position and balance based on feedback and feed
forward information, causing it to sway back and forth ever so slightly. This
unintentional movement is called postural sway and was defined by Sheldon as
“the constant small deviations from the vertical and their subsequent correction to
which all human beings are subject when standing upright” (55). Measures of
postural sway have been used to study postural control for decades and is called
posturography. The most common application is the measurement of sway during
standing while the individual is asked to stand as still as possible: quiet stance.
During quiet stance, postural control systems are tasked with keeping the body’s
centre of gravity (CoG) as centred as possible in relation to the base of support —
the surface on the floor outlined by the outer borders of the feet (Figure 5). A
person’s centre of gravity — unlike the centre of the earth — is difficult to pinpoint
because a body — also unlike the earth — is not spherical nor moves in very regular
patterns. it is much more convenient to measure a proxy of it: centre of pressure
(CoP). The centre of pressure is the point on the floor where the gravitational
forces of the centre of gravity meet their ground reaction forces. Because this
measurement includes all the forces at play that stabilise centre of gravity, centre of
pressure generally moves in a more erratic way and with a slightly larger amplitude
than centre of gravity does. A good metaphor for the CoP-CoG relationship is the
relationship between a person and a pull-cart moving along a winding path. The
person will have to take much wider curves in order for the cart to round the
corners and stay on the path. One could also say that the centre of pressure is a



representation of our postural control system pushing and pulling on the centre of

gravity to keep it centred, to maintain balance.

Measuring centre of pressure excursions with a force plate, records a signal from
which temporospatial features can be extracted. Traditional features include
trajectory distance, velocity, amplitude, and the two-dimensional area of the
excursions (Figure 5) and have been used in many different set-ups to show age-
related changes in balance performance (56). Having a larger centre of pressure area
or a higher excursion velocity are thought to be indicative of having declined
balance ability, while they also might be the result of the system looking for more
input (57). Comparing these features between different circumstances like eyes
open and closed or hard and soft surfaces, has led to the understanding of how
specific sensory sources contribute to postural control (58). A clinical application
of that understanding is the Romberg quotient in which the centre of pressure area
size of eyes closed quiet stance is divided by that of the eyes open condition.
Comparing that ratio to normal data is believed to indicate if a person is too
dependent on visual input, which might indicate a loss in proprioceptive input
(59). However, for healthy young adults, this ratio seems to have very poor test-
retest reliability, while the measurements themselves showed good consistency.
The ratio holds better for those who showed faster frequencies in their CoP signals

(60).

Postural sway Center of pressure

Front

Anteroposterior
amplitude (AP max)

95% confidence
ellipse

Figure 5. An explanation of some of the terms that are central in the field of Posturography.
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This brings me to the frequency domain of the centre of pressure signal. Based on
neurophysiological understanding, it is assumed that the various somatosensory
systems have different speeds of communication to the central nervous system,
which can be discovered in the frequency domain of the centre of pressure signal
(61). Several methods for decomposing the centre of pressure signal into its various
components have been presented in the literature, including wavelet analysis (61),
fractional Brownian-motion analysis (62) and the slow (rambling) and fast
(trembling) components (63) where the slow component is argued to represent
sensory input and processing, and the fast component is argued to represent
mechanical stiffness, motor commands, and possibly feedback based reflexes (64).
Others have concluded that the slow component represents an exploratory sway
strategy while the faster component represents reactive postural strategies (57,65).
Multifractal detrended fluctuation analysis can reveal the width of the multifractal
spectrum of the centre of pressure (66). It is a method that can differentiate between
those with a wider and those with a narrower multifractal spectrum width and
suggests that a wider spectrum indicates a less stable postural control (67) but the
interpretation of spectrum width values remains uncertain (68). Through wavelet
analysis, different timescales and frequency bands of the signal can be discovered
(69). These different bands are thought to each correspond with different sensory
and motor systems. There are, however, some variations in the literature regarding
the cut-off frequency values and the exact mechanisms underlying the various
frequencies (Figure 6)(58). The wavelet transform is a (time) localised method to
transform a signal from its time domain to a time-frequency domain (70). A signal
transformation that allows us to look at frequencies regardless of when in the signal
they appear is the Fourier transform (71). This method will then allow for an
analysis of the power in the entire frequency range (power spectrum density, or
psd). If fall-related concerns are related to diminishing balance ability and therefore
might be visible in the centre of pressure signal, this spectral method would greatly
increase the resolution of posturography, enabling an exploration of said relation.

Predicting postural corrections — a way to understand control

We, as individuals, are very apt at predicting our own movement outcome if the
movement is well-known. When I write that, I do not mean the complete end
result of whether or not we will be able to pick up a cup or not, catch that ball or
not, but rather the unconscious continuous predictions our central nervous system
seems to make in order to be able to adjust our ongoing movement. As explained
earlier, the data the central nervous system bases its predictions on is mostly
feedback data from the sensory systems. In many cases the different sources report
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Figure 6. Review of current knowledge of frequency band correspondence to the sensory
systems. Adapted from Lin et al (58).

overlapping data. An example of that is head tilt, an important piece of information
when it comes to balancing the body in relation to a horizontal surface. Vision,
neck proprioception, and the vestibular system all inform the central nervous
system about the head position in relation to its surroundings and/or the rest of
the body, but they provide that information from different points of view. This
generates a strong basis for making predictions about a possible fall in the very near
future (hundreds of milliseconds ahead) which the central nervous system can act
upon to prevent that fall. As I described in the section on ageing, some sensory
systems will slowly but surely become worse at reporting situational data. When
overlapping postural data loses its congruence, the central nervous system needs to
reweight the sources of information (72). It needs to assess which sources are most
trustworthy. More detailed forms of posturography (like frequency-domain
analysis) might provide more insight on how and when such strategy changes
occur. And if and how they relate to fall-related concerns.

In a seemingly completely different discipline, control engineering, researchers deal
with many of the same control questions. They build on similar theories and
assume that similar mechanisms are at work (e.g., internal models). As a result,

15



16

many teams who investigate postural control utilise and combine the different
approaches of control engineering and health science (e.g., (73—77)). Learning
about a phenomenon through different methods and from different angles will
often produce knowledge that neither one discipline by itself could have reached
(78). Supervised machine learning and deep learning are excellent examples of
methods that can bring the disciplines together. Those systems can be trained to
link known outcomes to given input combinations and it will learn to produce or
predict correct outcomes when presented with new input combinations. Doing
this to teach a robot to perform a certain movement while adapting to its
surroundings has been done many times (e.g., (79)), but basing the controller on
human experimental data containing changing levels of sensory and motor quality,
while also including internal models of feedback is new. A successtul build would
give the field of control engineering more understanding about how a system could
make use of an abundance of solutions and degrees of freedom to strengthen its
control, rather than complicating it, while also dealing with varying quality of input
data. And researchers in the field of human postural control would gain at least two
breakthroughs: a) we would be closer to having a virtual or robotic environment
that can simulate changing and adjusting postural control and can be manipulated
for future hypothesis and model testing, and b) we could have a closer look at the
building steps needed to re-create a functioning and highly adaptive postural
control system.



Summary

Fall-related concerns are prevalent in a large portion of the older population.
Current understanding of its mechanisms is largely hypothesised, based on few
experimental studies in which single factors — mostly psychological — are researched
(e.g., intellect, mood, orability). Sensory input and processing have been identified
as possibly an important part, but more in-depth investigations are needed.

Postural control is the system that helps us maintain balance and control while
moving or being still. It sends out motor commands for postural actions and
corrections based on situational information provided by sensory input. Ageing
changes the dependability of some of those sources, demanding adjustments in

control strategies.

The interactions between fall-related concerns and postural control are not very
well known. Using a higher resolution analysis method, like power spectrum
density analysis, should be explored. Modelling ageing human postural control in
a virtual or robotic environment, might give us more insight about that process.

Next sections

What is unknown and how me and my colleagues went about finding out.
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Knowledge gap

Both as a society and as individuals we see an importance, a need, to improve and
maintain health in the older population. One important step in that pursuit is
applying the concept of active ageing, in which the word active means any kind
of activity and/or participation. Two of the biggest threats against maintaining
activity levels through higher ages are declined functional ability and fall-related
concerns. A lot is known about how to prevent functional disability: activity and
exercise. But when concerns about falling overshadow activities, settings, or places,
motivation to be active and participate dwindles quickly. It seems that preventing
or treating early fall-related concern would be the key to this problem.

To be able to do this, we need to understand the nature of fall-related concerns
and how they are related to functional ability. In this field of research, we have
some understanding of the psychological mechanisms of fall-related concerns and
we know that fall-related concerns have a relationship to a decline in balance
performance, but very little is known about the nature of the relationship between
postural control and fall-related concerns.

If the expansion of the Hadjistavropoulos framework by Peeters et al. better
describes the mechanisms at work than what has been described so far, expectations
are that fall-related concerns are mediated by many factors, but also that fall-related
concerns in turn influence balance performance. To be able to identify the
individual aspects in a changed postural control that correlate with fall-related
concerns, would mean a better understanding of these mechanisms, and would
allow researchers and clinicians to design more adequate interventions, designed to
prevent fall-related concern and the related activity curtailment. This is important
as current evidence for intervention efficacy is weak.



Research aims

Falls and fall-related concerns pose major threats to health and independence
among older people. By investigating postural control and decomposing the
postural sway into its different sway components and frequencies, new knowledge
might be gained regarding neurophysiologic mechanisms associated with fall-
related concerns in the elderly population.

The overall aim of this dissertation

To increase the understanding of the complexities of fall-related concerns, ageing

postural control, and their relationship.

This aim led to the following sub-aims

I.  To describe the prevalence of fall-related concerns and find explanatory
factors for its most studied concept — falls-related self-efficacy — in an older
population.

II.  To investigate which measurements of postural control correlate to falls-
related self-efticacy scores and which sensory and motor systems best explain
those scores.

III. To explore the frequency domain of the quiet stance centre of pressure
signal of older adults with various degrees of fall-related concerns and
sensorimotor functioning.

IV. To introduce a (mathematical) model of human postural control, capable of

adapting to postural control changes and decline.
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Methods

The included articles describe cross-sectional studies and are based on data from
orally administered questionnaires and functional tests in a random community-
dwelling sample of people aged 70 or more. This was done during home visits
(phase 1), after which experimental data on a sub-sample was collected in the
movement science laboratory (phase 2) (Table 1).

Table 1. Overview of Papers I-IV

Phase 1 Phase 2
Paper I Paper I1 Paper III Paper IV
Data Questionnaires FES-I, clinical FES-I, Movement
collection and clinical tests | screening tests, movement | laboratory
in the home movement laboratory data data
environment laboratory data
Data Descriptive Descriptive Descriptive | PCA and
analysis statistics, PCA, statistics, statistics, PLS- | NARX
linear regressions|hierarchical OPLS]| tree, OPLS-DA
Participants (n) 153 45 45 45

PCA: principal component analysis

OPLS: orthogonal projection to latent structures

PLS-tree: partial least squares clustering method

OPLS-DA: OPLS discriminant analysis

NARX: non-linear autoregressive modelling with exogenous inputs

Population and sampling

We aimed to include a population sample of those who live independently and
were 70 years of age or older. In other words, not only older people who belonged
to a specific patient group nor only healthy people.

For the first phase, I included addresses and names of 300 + 200 randomly selected
persons in two batches from the Swedish Population Register (Statens
Personadressregister, SPAR). Inclusion criteria were living in the community of a
specific Northern Swedish municipality and 70 years of age or older. The
municipality included both urban and more rural areas. The exclusion criteria were
not having the cognitive ability to make and keep our visit appointment, not living
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independently, and not having a listed phone number. After sending out the
written information and invitation, we tried a maximum of 4 times to reach each
prospective participant by telephone. Of the 362 who we talked to, 153 (42%)
participated (Figure 7).

For the second phase, we then recruited participants from the phase 1 sample of
153 to participate in the laboratory study. Inclusion criteria were adequate vision
to read the 100 pt. letters used in the Mini-Mental State Examination (80), able to
stand unassisted for 30 seconds or more, and able to understand and process simple
instructions. Out of the 126 invited participants, 45 (36%) accepted (Figure 7).

Considered for
phase 2
n=153

Community-dwelling
population of 70 years
and older

Doubles :
- Exclusion
n=9 o
criteria
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Deceased
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Figure 7. The participant inclusion process



Participant characteristics

The total sample consisted of 153 participants, spanning two generations. After
visiting them in their home during the first phase, about a third of them went on
to the laboratory trials for the second phase. The basic characteristics of the
participants in the full sample and in the laboratory sample are presented in Table
2.

Table 2. Sample characteristics

Characteristic Total Women Men Laboratory*
Participants, n (%) 153 96 (63) 57 (37) 45 (w:62, m:38)"
Age, mean £ SD 780+t62 78.6%X63 775%6.1 7521 45
Number of prescription 34127 36128 32126 33£29
medicines, mean = SD

>1 falls past 6 months, n (%) 45 (29) 23 (24) 22 (39) 11 (24)
>1 falls past month, n (%) 24 (16) 8 (5) 3 (3) 9 (2)
Fall Efficacy Scale — Int. nat. 22+5.7 23 £5.6 20 £ 6.7 21 £45
(16-64), mean + SD

Mini Mental Test (0 — 30), 28 £ 2 28 £2 28 £ 2 282
mean + SD

Short Physical Performance 9.4+28 9.1£29 9.8 +26 10.6 £ 2.1

Battery (0 — 12), mean £ SD

Philadelphia Geriatric Scale of  13.0 £29 126 +3.1 13.7%2.6 13.6 £ 2.1
Morale (0 — 17), mean * SD

* 45 of 153 participants took part in laboratory tests for papers II, lll, and IV.
TThe laboratory sub-sample had similar proportions of women and men compared to the
original sample.

Instruments and procedures

Home visits — phase 1

Besides collecting data on demographics, co-habiting situation, mobility aids, and
home help, we also asked the participants about their use of prescription medicines.
The latter, by together with the participant going through their medicines list,
which they acquired from their apothecary. Fall history during the last 6 months
was asked for, for which the definition of a fall was: “an unexpected event in which
the participant comes to rest on the ground, floor, or lower level” (81).
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See Appendix A for the full protocol. The most important of the used instruments

are mentioned below.

Falls-self” efficacy was measured with the Falls Efficacy Scale — International,
Swedish version (FES-I), which is a questionnaire instrument with 16 items
(82,83). Each item asks how worried the participant is about falling were they to
perform one of 16 different activities. They are activities of daily living such as
getting (un)dressed, but also of a more social nature such as being in a large crowd
or answering a telephone call. Scores can range from a minimum of 16 to a
maximum of 64. A higher score indicates more fall-related concern. The Short
Physical Performance DBattery (SPPB) consists of functional tests concerning
standing balance, walking speed and chair stands (84). It is scored from 0 to 12
with a lower score indicating some mobility loss. The Philadelphia Geriatric
Center Morale Scale (PGCM) consists of 17 yes or no questions about
interpersonal and intrapersonal aspects of ageing, surrounding three main factors:
agitation, attitude toward own ageing, and lonely dissatisfaction (85). Scores can
range from 0 (low morale) to 17 (high morale). Morale as a concept should not be
confused with morality. Morale, according to the Merriam-Webster thesaurus is
“...the level of individual psychological well-being based on such factors as a sense
of purpose and confidence in the future.” As such, in adults of 85 years and older,
it is lowered by depression and loneliness (86) while high morale increases
survivability (87).

The visits lasted anywhere from 50 minutes to 2.5 hours, but usually were around
one hour long. They were performed by one of four registered physiotherapists,
myself included. To increase interrater reliability, I prepared visitor’s kits consisting
of identical aids and instructions to administer the tests and questionnaires, as well
as organised a meeting between the researchers before and after the first visits were
completed.

Sensorimotor systems — phase 2

As some of the data collection was done during winter and to minimise seasonal
recruitment bias, we offered personal transportation to and from the laboratory.
Some participants made use of that. About halfway through the sessions, which
lasted about three hours, we offered a small break with tea or coffee and a
cinnamon bun.



See Appendix B for the test protocol, indicating the order in which tests were
done. Important to mention is that the strength tests of the lower extremities were
executed last in the session so that the balance influencing fatigue it might induce
could not influence the quiet stance trials (88).

Participants performed a custom-made reaction time test on the laboratory
computer; at random time intervals, a visual and audio cue was produced to which
the participant was asked to react as fast as possible by pushing a button. The
average of five attempts was used.

Bi-ocular, corrected vision acuity was screened with the help of an NFD vision
chart. This chart is similar to the Snellen chart, but is used at five meters instead of
six and is scored using the decimal system instead of the 20/foot system; a score of
1.0 equals 20/20 (normal vision) and 0.5 equals 20/40 (worse vision). Vestibular
function was tested with the help of Frenzel goggles. Left to right rotation of the
head at different levels of passivity and speed as well as glancing left, right, up, and
down was executed during which the occurrence of nystagmus was noted.

We assessed pressure sensibility around the ankles by using monofilaments of
different weights on the lateral malleoli (increments: 0.4, 2, 4, 10, 300 grams). Each
monofilament — starting with the lightest — was tested three times on each
malleolus. The participant was instructed to tell the tester when they felt a touch
or a prick and on which foot. The lightest possible pressure that was felt by the
participant was noted.

To measure joint position sense (JPS) in the neck, the participants wore reflective
markers in a room with a 3D motion capture system consisting of 8 cameras
(Qualisys, Sweden). See Appendix C for the full-body marker set developed for
this project. This way of capturing motion gives very high precision data on where
in the room body parts are (moving) and how they relate to the other body parts.
In this case, it can measure rotational degrees between the head (a head band with
four markers) and the torso (two markers on the sternum, one marker on each
acromion, and a marker each on the spinal processes of C7 and TH10). While
sitting on a stool with closed eyes, the participant was asked to find a neutral
position in their neck. Then, the tester asked the participant to rotate their head to
the left to approximately 50% of their maximum range of motion and then
reposition to their earlier marked neutral position. Rotating and then repositioning
was done six times per direction (left and right). The absolute error mean of six
tries was used. JPS in the knee and foot were assessed with the use of a Biodex
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System 3 machine (Biodex Medical Systems, Inc., USA). The knee repositioning
target angle was set at 30° flexion and was approached from 90° flexion. While
sitting with hanging lower legs, the participant was asked to slowly straighten the
tested leg until the machine “locked” the movement (at 30° flexion). The
participant was then instructed to memorise this position. After release of the leg
back to 90° flexion, the participant was instructed to bring the leg back to the
memorised position and push a button once they reach that position. The
repositioning was performed 3 times. The same procedure was used for the ankle,
but the seat back was leaned back, and the lower leg was brought up and fixed in
a horizontal position. The starting position was 20° plantar flexion, and the target
position was at 5° dorsal flexion. All proprioceptive tests were performed with eyes
closed and the absolute error mean of three tries was used.

Maximum isometric strength of muscle groups in the lower limb was also measured
with the Biodex System 3, which measured the maximum torque in muscle groups
around the hip, the knee, and the ankle. Positioning for each muscle group is
presented in Table 3. Maximum torque of three tries was used.

Table 3. Muscle groups tested for torque.

Joint  Test position Strength direction Joint position
Hip  Prone Extension 0°

Side lying Abduction 0°
Knee Sitting up right Flexion and extension 30° flexion

Ankle Sitting leaned back with ~ Dorsal and plantar flexion 0° dorsiflexion
horizontal lower leg

Kinematics and kinetics — phase 2

Quiet stance centre of pressure measurements were recorded with a force plate
(Kistler, Switzerland) during four different trials of 30 seconds each: hard surface
with eyes open (SEQO), hard surface with eyes closed (SEC), soft surface with eyes
open (UEQ), and soft surface with eyes closed (UEC). The participant's limits of
stability (LoS) was also measured on the force plate by asking the participant to
lean as far as possible in the anteroposterior (AP) and mediolateral (ML) directions
without moving their feet, nor lifting toes or heels. During the force plate trials,
foot placement was standardized by standing with the medial border of the first
metatarsal heads at a distance equal to 75% of the width between the anterior



superior iliac spines. Hip rotation (position of the heal while the front foot is fixed)
was not standardised as to not force individuals into unnatural and possibly painful
standing positions. The force plate signals were sampled at 3,000 Hz.

Muscle activation during all trials was recorded with wireless electromyography
sensors, sampled at 3,000 Hz, on the front and backside of the lower legs: m. tibialis
anterior and m. gastrocnemius medialis (Noraxon Inc., U.S.A.). Using the same
full body marker set and camera setup as mentioned earlier, the kinetics of the hips,
knees, and ankles were recorded at a 200 Hz sampling rate.

Force plate, electromyography, and motion capture signals were synchronised and
recorded using Qualisys Track Manager (Qualisys, Sweden). This synchronisation
required all three input signals (force plate, EMG, and cameras) to be sampled at
200 Hz (the cameras’ sampling rate) or a multiple of that, which forced us to choose
the high sampling rate for the force plate and EMG (options were 1,500 Hz or
3,000 Hz).

Data preparation

The phase 1 data was used as is. The demographic answers were coded or
quantified where applicable and scores from reliable and valid clinical assessment
instruments were used as they were (total scores).

The phase 2 data consisted of many different types and sources of data and were
prepared in different ways, depending on the type of analysis it was later used in.
For example, the centre of pressure signals were filtered in the process of extracting
temporospatial variables, but were used raw for the power spectrum density
analysis. Figure 8 shows a comprehensive chart of the difterent types of collected
data.

Visual3D Professional™ (C-Motion, U.S.A.) was used to extract most of the
laboratory variables used in Paper II. The anteroposterior (AP) and mediolateral
(ML) centre of pressure signals from the quiet stance and limits of stability trials
were imported and filtered with a Butterworth filter with a cut-off at 10 Hz, after
which maximum amplitude and mean velocity in each direction was calculated.
The 95% confidence ellipse required a 2-dimensional centre of pressure signal (AP
and ML together), for which I used MATLAB R2017a (MathWorks®,
Massachusetts, USA). The ellipse is expressed in its area size of mm? and calculated
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with the MatLab script written by Duarte (downloaded at: https://doi.org/
10.6084/m9.figshare.1126648.v1).

For Paper III, the raw AP centre of pressure signal was used of two of the quiet
stance trials: eyes open and closed on a hard surface. The power spectrum density
features were extracted through a Lomb-Scargle function in Matlab. Such a
spectrum shows how much power can be found in each of the frequencies
investigated (in our case 0-1 Hz). From each individual spectrum (one per trial per
participant) the following four features were noted: peak power, mean power, 50%
power, and 80% power (Figure 9). The latter two are proportions of the total
power in the signal as you go through it from 0 Hz and upwards. The Lomb-
Scargle is a form of least squares transformation better suited for very low
frequencies in relative short time series, than the usual fast Fourier transformation
(89). More about this in the discussion.

3000 Hz, raw

Power spectrum
density

| Quiet stance sway I

Limits of Stability

Force plate

Physical
function

Clinical

screening

NFD vision chart
0,0-1,0

Vision acuity ]—>

Touch sense

grams of pressure

200 Hz, filtered,
modelled segments

JPS neck

3D
motion capture
Biodex 3 system

Hips, knees, ankles
virtual feedback

JPS
knee and ankle

Degrees of
error

Maximum isometric

Kinetics
Kinematics

Muscle strength

torque
Motor output
Motor corrections in EMG
Elctonyouianhy virtual model 3000 Hz

representation of balance as a product of postural control l:|
rough proxy for central integration D

sensory input l:|

motor commands, output of the postural control system
Figure 8. Data types and forms collected during phase 2 and how they were used as building
blocks in the process of understanding postural control.
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Figure 9. Example of the power spectrum density graph with its extracted power features

marked from left to right: peak power, 50% of the area under curve, mean power, and 80% of
the area under the curve.

For Paper IV, data from all four quiet stance trials were used (eyes open/closed and
hard/soft surface). We decided to use the raw kinetic data on the lower limb joint
angles (ankle, knee, hip) in the sagittal plane as system input and the EMG signals
as system output. The EMG signals were processed according to recommendations
by SENIAM (90); first with a high pass filter to remove noise, then with a low pass
filter to smooth the signal. Between the two filters they were detrended and
rectified.

Statistical analyses

Descriptive statistics were calculated and differences between men and women
were tested with either an independent samples t-test, a Mann-Whitney or Chi2
(depending on the type of scale and normalcy of the data).

For Paper I, a principal component analysis (PCA) with varimax rotation was
performed to reduce dimensions, after which multiple regression analyses were
executed to model associations to reported degree of fall-related concern.

For Paper II, I used SIMCA 14.0 (Umetrics AB, Umed, Sweden) to fit orthogonal
projection to latent structures (OPLS) regression models. OPLS is a modification
of the more classic PCA based partial least squares regression (PLS). I used this
multivariate method to model explanatory abilities of our data because the
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TABLE I: Measured signals of each subject.

Inputs (X) Variable Inputs (X) Variable
Left ankle angle Ankg, Right knee angle Kneeg
Left knee angle Kneey, Right hip angle Hipg
Left hip angle Hipy, Pelvis-Thorax angle Pel
Right ankle angle Ankp Neck angle Neck
Outputs (Y) Variable
EMG of tibialis anterior of left leg TAj
EMG of gastrocnemius of left leg GNy,
EMG of tibialis anterior of right leg TAg
EMG of gastrocnemius of right leg GNp

muscle activity of tibialis anterior and gastrocnemius bilate-
rally. Skin preparation and EMG electrode placement was
in accordance with the instructions given by SENIAM [27]
and with a sampling rate of 3000Hz. The postural behavior
regarding the joint movements and the muscle activity was
assessed during quiet stance in four different test scenarios
of 30 seconds each: 1) stable, i.e. hard, surface with eyes
open (SEO), 2) stable surface with eyes closed (SEC), 3)
unstable, ie. soft, surface with eyes open (UEO), and 4)
unstable surface with eyes closed (UEC). To standardize foot
placement, each test was performed with feet side by side
and the first metatarsal heads at a distance equal to 75% of
the width between the anterior superior iliac spines, with a
self-chosen rotational angle of the foot placement. The test
instructions were to stand up straight, look at the dot on the
wall and stand as still as possible during the complete test.
For the eyes closed trials, the participants were instructed to
first look at the dot on the wall and then close their eyes. A
trigger button was used to set a marker in the measurement
to indicate initiation of the test when eyes were closed and
the posture was stable. Table I summarizes the measured data
of each subject during all the experimental scenarios.

IV. RESULTS

The measured raw EMG signals and the measured ki-
nematics angles were used for the system identification.
Since sagittal plane movements are dominant in the quiet
stance, the kinematics were restricted to the anterior-posterior
directions.

A. Data preprocessing and Statistical analysis

Prior to using the EMG Signals to predict the muscle
activation signals or the motor command from the brain,
the raw signals are processed according to the standard
recommendation by SENIAM [28]. According to the recom-
mendation for surface EMG signal the motion artifacts and
baseline noise should be removed by a high pass filter with a
cut-off frequency between (10—20 Hz) [29]. Later the signal
should be detrended, rectified and a low pass filter with a cut
off frequency within the range of (500 — 1000 Hz) should
be applied to obtain smoother signals [30].

After filtering and smoothing the input-output data for the
CNS data-driven model, statistical tests were done to monitor

R

Fig. 3: Distribution of cross correlation of joints angles with
zero lag in SEO and UEC scenario among 45 subjects. The
yellow box plots indicate high correlation.

and analyze the important source of pattern and variation
among the large data set. To observe the dependency of the 8
joints’ angle to each other, cross-correlations were computed
for each pair of joints of each subject through time.

In Figure 3 it is depicted the box plot of the cross-
correlation between each pair of the joints, with no time
delay between them, during SEO and UEC trial among the
population of the test. As it can be observed, for the majority
of the subjects, there was a high correlation between the
joints of the left and right legs (Ankr — Ankg, Kneey, —
Kneeg, Hip; — Hipgr). This is consistent with the statement
in [1], where the human standing in quiet stance can be
modeled by an inverted pendulum. On the other hand, the
cross-correlation between other pairs of joints indicates that
the movements are not just around the ankle for all the
subjects, which is called “ankle strategy” and the model
can be inverted to a multiple link inverted pendulum around
different joints. Besides, it can be observed that in case of
no vision and poor ankle proprioception, as in the case of
the UEC test, the correlation between the movement of ankle
and knee of the left leg was increased among the majority
of subjects. The reason for this rather contradictory result
is still not entirely clear, but it is probably related to the
theory of UCM where in lack of sensory information and
more challenging task, the brain tries to use the sensory data
in a most favorable way and freezes the degrees of freedom
to maintain the balance with the optimal strategy.

B. Identification of the CNS

Since it was observed that there is a correlation between
the kinematic data, the reduction unit based on PCA was uti-
lized to reduce the dimensions by considering the correlation
between the data. Here, it was obtained that five components
can be explained 95% of the variance of the input data,
thus the 8 joints angle observation data can be reduced
to five principal components for each subject. However,
each individual has its unique distribution of input variables
among the principal components. In fact, although PCA is a
powerful tool to reduce the dimension of the system, which
is more favorable in the RNN to avoid over-fitting, it cannot
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generalize an interpretation of each component. Since the
goal of this article is to reduced the dimension and use
the results for further analysis, the results are characterized
as successful, while future work should concentrate on
further analysis on each proposed components. To predict
the rectified EMG signals from the reduction unit inputs
by the NARX recurrent network, initially the filtered data
are scaled and normalized so that all the inputs-outputs are
in a comparable range and the global minimum of the cost
function can be found faster. EMG signals are normalized
based on the recommendation method of maximum voluntary
contraction (MVC) value [27]. In the sequel, to validate
the performance of the model identification, the data were
separated to training (70%) and testing datasets (30%), which
means 31 subjects were selected randomly for training the
network and the rest of the subjects’ data were kept to
validate the model.

The network characteristics for the training, such as the
number of the hidden layers (1layer), the number of nodes
at each layer (5nodes) and the input delays (150msec), were
selected to minimize the error of the network prediction,
while the criteria to measure the performance and the error
of prediction was the Root Mean Square Error (RMSE). To
avoid over-fitting, the training data was also split to train
and validation sets and for training the network, the Baye-
sian regularization back-propagation was selected. Figure 4
illustrates the 200 steps-ahead prediction of the normalized,
rectified and filtered EMG signals in SEO test scenario. For
better visualization, the results for three random subjects
from the acquired test datasets are presented. As it can be
observed, the model can predict the EMG signals up to
200 steps ahead (lsec) with a high accuracy (RMSE ~
0.055 V). Remarkably, the model has the ability to adapt
to each individual subject. This flexibility of the proposed
model for the postural control to adapt to the changes of body
characteristics of different subjects, makes it more preferable
from the classical PID controllers.

The performance of the model for different steps ahead
prediction is illustrated in Fig. 5. Expectedly, it can be
seen that increasing the prediction time results in a bigger
prediction error. However, due to the overall proposed me-
thodology, it has been identified from the obtained results
that the RMSE is kept small even in the case of the large
predictions in time.

Moreover, to validate the performance of the CNS model
to the changes of perceived multi sensory inputs, the model
was trained with a training set from combination signal of
SEC, UEO and UEC trials. Figure 6 presents the 200 step
ahead prediction results for these scenarios on three random
subjects. For better visualization only the results for the
tibialis anterior muscle of left leg 7'Ay, are presented. The
results show that the model is capable to adapt to the changes
in the input signals and predicts the normalized and rectified
EMGs with high accuracy (Average RMSE = 0.06 pV for
all subjects in the test data set).

V. CONCLUSIONS

By utilizing the neuro-science hypothesis and adaptive
control theory, a completely novel model has been esta-
blished for the CNS, based on an internal feedback model.
As it has been indicated, the proposed model was able to
predict the output commands, based on a recurrent neural
network, while the efficiency of the proposed scheme has
been demonstrated based on multiple experimental results.
The overall scheme can adapt to physical body characteristics
of different subjects, the changes of multiple sensory inputs
and successfully predict the muscle activity based on the
optimum number of sensory inputs.
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Appendix A: data collection protocol phase 1 — home visits

The protocol is in Swedish and items 3-5 have been removed. Those items were
concerned with respiratory issues and lifetime smoking habits, which were used
in a different project within BAHRT.

[ Evasys | BAHRT + OLIN hemprotokollet @ Eectric Paper |
Luled Tekniska Universitetet Mascha Pauelsen L
Halsovetenskap 0920-491732 .

Mark as shown [ 8 ][] [] Please use a ball-point pen or a thin felt tip. This form will be processed automatically.
Correction: [0 M 1 B4 [ Please follow the examples shown on the left hand side to help optimize the reading results.

1. Grunduppgifter
1.1 Deltagarkod

1.3 Kon (0=man, 1=kvinna)
14 Typ av boende (1=lagenhet, 2=villa, 3=sarskilt boende)
1.5 Bordu... 1=ensam, 2=med annan person/personer

1.6 Har du hemtjanst? [ nej O Ja, dagligen [ Ja, varje vecka
[ Ja, mindre an
en gang per

vecka
1.7 Om ja, hur ménga timmar i veckan?
18 |jamfarelse med andra i Din Alder, intesabra [] O [0 batire an [0 Vvetg)
uppfattar Du ditt halsotillstand som som andras andras

_.. (i mitten ar "likabra som andras")
1.9 Har du nagot av foljande tillstand (bedémt av medicinsk expertis)? ("gransfall”
langre hogt blodtryck for att det &r medicinerat = diagnosen finns)

raknas som positiv fynd. t ex har inte

[ Leversjukdom [ Njursjukdom [ Ledsjukdom
[ Dietbehandlad diebetss [ Tablettbehandlad disbetes [ Insulinbehandlad diabstes
[ Grovtarmssjukdom [ Kranskéarlssjukdom [ Hagt blodtryck
[J Problem med blodcirkulation i [] Problem med blodcirkulation i [1 Hypotyreas - brist pa
hjarnan (t ex stroke) benen (t ex varicer, claudicatio skoldkértelhormon
interm)
[ Hypertyreos - dverskott av [ Cancer [ Laktosintolerans
skoldkartelhormon
[ Hjartsvikt [] Osteoporos [] Parkinsons sjukdom
[ Mattliga till svara O Milda minnesstamingar [0 Annan neurologisk sjukdom (fyll i
minnesstérningar nedan)
[ At- eller aptitstérmingar [ Depression [ Annat mentalt tillstand
(psykologisk sjukdom) (fyll i
nedan)

[ Annat (fyll i nedan)
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1. Grunduppgifter [Continue]

110 Om du bockade i nagon av tillstanden som kraver "fyll i nedan”, fyll i vilka tillstand det géller

1.11 Vilka mediciner anvander du i dagslaget (fraga deltagaren om medicinlista eller att ta fram medicinerna. Notera
preparat, styrka, ordinerat dos och verklig dos)
2. Smarta
Har du under de senaste 12 manaderna haft besvar (smart, vark, obehag) i:
2.1  Nacke
[ nej Oja [ ja, under de sista 7 dygnen
[ inte under de sista 7 dygnen
22 Brostryggen
[ nej Oja [ ja, under de sista 7 dygnen
[ inte under sista 7 dygnen
2.3  Landryggen
[ nej Oja [ ja, under sista 7 dygnen
[ inte under de sista 7 dypnen
2.4 Héfterna
O Nej [0 Ja, héger O Ja, vanster
[ Ja, bada [ ja, under de sista 7 dygnen [] Inte under de sista 7 dygnen
25 Knéna
[ Nej [ ja, hoger [ ja, vanster
[ ja, bada [ ja, under de sista 7 dygnen [ inte under de sista 7 dygnen
2.6 Fotlederna/fotterna
[ nej [ ja, hoger [ ja, vanster
[] ja, bada [ ja, under de sista 7 dygnen
27  Axlar
[ nej O ja, hoger [ ja, vanster
[ ja, under de sista 7 dygnen [ inte under de sista 7 dygnen
F2804U0P2PLOVD 19.10.2015, Page 2114
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2. Smarta [Continue]

28

29

Armbagar

[ nej

[ ja, bada
Handlederna/handerna
O nej

[ ja, bada

[ ja, hoger
[ ja, under de sista 7 dygnen

O ja, hoger
[ ja, under de sista 7 dygnen

[ ja, vanster
[ inte under de sista 7 dygnen

O ja, vanster
[ inte under de sista 7 dygnen
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6. FALL

6.1 Har du fallit nagon gang den senaste [1Ja
manaden?

6.2 Har du fallit nagon gang de senaste 6 O ja
manader?

6.3 Har du fallit mer &n en gang de senaste 6 Oija
manaderna?

6.4 Skadade du dig vid nagot av fallen? Oija

6.5 Kom du i kontakt med lakare eller Oja

sjukskoterska efter fallet?

7. FALLRADSLA
71 Arduradd for att falla? (nej, lite, ganska, mycket)

7.2 Om du ramlar, & du bekymrad att du ska skada dig? (nej,

lite, ganska, mycket)

7.3 Om du ramlar, & du bekymrad att du ska farbli liggande
hjélplos pa golvet/marken? (nej, lite, ganska, mycket)

7.4 Om duramlar. ar du bekymrad att du ska bli beroende av
mer hjalp? (nej, lite, ganska, mycket)

7.5 Om du ramlar, ar du bekymrad att du ska stalla till besvar
for andra? (nej, lite, ganska, mycket)

Nej
Nej
Nej
Nej

Nej

[ Nej
O nej
[ nej

[ nej
O nej

O 0O oo o

O oooao

o oooao

O o0oood

Ja, mycket
radd
Ja, mycket

bekymrad
Ja, mycket
bekymrad
Ja, mycket
bekymrad
Ja, mycket
bekymrad

F2B804UDP4PLOVO
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8. LIFE SPACE

Har du under de senaste fyra veckorna varit. .

8.1 .. iandrarum idin bostad férutom det rum Oija [ nej
som du sover 1?
8.2 Hur ofta var du dar? ] mindre &n 1 [1 1-3 garivecka [ 4-6 ggrivecka
gang/vecka
] dagligen
83 Anvande du hjalpmedel eller behavde du [] hjalp av annan [] endast [ inget hjalpmedel
hjalp? person hjalpmedel eller hjalp
84 Vilket hjalpmedel? O inget [ kapp [ ganghjalpmedel
bilateralt
[ rollator, [] gébord [ rullstal
deltastod, spark,
sparkcykel
8.5 . péplatser direkt utanfér din bostad, Oja [ nej
sasom veranda, uteplats, trapphus, garage,
tradgard/gard eller uppfart?
8.6 Hur ofta var du dar? [ mindre an 1 [ 1-3 ggr/vecka [ 4-6 ggrivecka
gang/vecka
[] dagligen
8.7 Anvande du hjalpmedel eller behovde du O hjalp av annan [ endast O inget hjalpmedel
hjalp? person hjalpmedel eller hjalp
88 Vilket hjalpmedel? O inget [ kapp [ ganghjalpmedel
bilateralt
[ rollator, [ gébord O rullstal
deltastod, spark,
sparkcykel
8.9 . paplatser i ditt ndromrade. forutom ditt Oija [ nej
hus eller din tradsgard/gard?
810 Hur ofta var du dar? [] mindre &an 1 [ 1-3 garivecka [] 4-6 ggrivecka
gang/vecka
[ dagligen
811 Anvéande du hjalpmedel eller behdvde du [ hjélp av annan [ endast [ inget hjalpmedel
hjalp? person hjalpmedel eller hjalp
8.12 Vilket hjalpmedel? [ inget [ kapp [ ganghjalpmedel
bilateralt
[ rollator, [ géabord O rullstol
deltastod, spark,
sparkcykel
8.13 _. pa platser utanfér ditt niromrade, men [Jja [ nej
inom ditt hemort?
8.14 Hur ofta var du dar? [J mindre an 1 [ 1-3 ggr/vecka [ 4-6 ggrivecka
gang/vecka
[] dagligen
815 Anvande du hjalpmedel eller behévde du O hjalp av annan O endast O inget hjalpmedel
hjalp? person hjalpmedel eller hjalp
8.16 Vilket hjalpmedel? O inget [ kapp [ ganghjalpmedel
bilateralt
[ rollator, [ gébord [ rullstol
deltastdd, spark,
sparkcykel
8.17 ... pa platser utanfér ditt hemort? [Jja [ nej
8.18 Hur ofta var du dar? O mindre an 1 [ 1-3 ggrivecka O 4-6 ggrivecka
gang/vecka
[ dagligen
8.19 Anvande du hjalpmedel eller behévde du ] hjélp av annan [ endast [ inget hjalpmedel
hjalp? person hjalpmedel eller hjalp
F2804UDP5PLOVO 19.10.2015, Page 5114
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8. LIFE SPACE [Continue]

8.20 Vilket hjalpmedel? [1 inget [ kapp [1 ganghjalpmedel
bilateralt
[ rollator, [ gébord [ rulistol
deltastdd, spark,
sparkeykel

9. MMT - ORIENTERING

9.1 Fraga patienten vad det ar for: Ar. Arstid [ 0 poéng [ 1 poéng [ 2 podng
Datum. Veckodag. Manad [ 3 poang [J 4 poang [ 5 poéang
9.2 Fraga patienten var han/hon ar .. [ 0 poéng [ 1 poéng [ 2 podng
Land. Lan, Kommun (stad), Sjukhus [ 3 poéng [ 4 posng [ 5 podng

(Vardcentral/Bostadsomrade) Vaningsplan

10. MMT - REGISTRERING

10.1 Namn tre foremal (ex nyckel, tandborste, [ 0 poang [ 1 poang [ 2 poang
lampa). Be patienten repetera dem. Den farsta [ 3 poang
repetitionen avgor antalet poéng, men forisatt
repetera orden till patienten lart sig dem (upp
till 6 ganger).

10.2 Antal forsdk som kravdes fér inlarning:

11. MMT - UPPMARKSAMHET OCH BERAKNING

11.1 Be patienten borja vid 100 och dra ifrdn 7. och [ 0 poang [ 1 poang [ 2 poang
sedan fortsatta dra ifrén 7 tills Du sager stopp [1 3 poang [] 4 poang [] 5 poang

(93-86-79-72-65). Ett poédng for varje rétt svar
Om patienten inte kan eller inte vill medverka
ges 0 poang.

Be patienten bokstavera ordet "konst"
baklanges. Om patienten gar fel men sedan
fortsatter ratt, rakna antalet rait (ex tsnok 5p,
tsonk 3p). OBS! Vid fornyad tesining av
samma patient ska det alternativ som
anvandes forsta gangen anvanda_

12. MMT - MINNE

12.1 Be patienten aterge de tre ord du tidigare bad [ 0 poéng [ 1 poéng [ 2 podng
honom/henne lagga pa minnet. [ 3 poang

13. MMT - SPRAK

131 Prava benamningsformagan genom att peka [] 0 poéng [J 1 poéng [ 2 poéng
péa en klocka och fraga patienten vad det ar
Gor samma sak med en penna.

13.2 Be patienten repetera: "INGA OM, MEN [ 0 poang [ 1 poang
ELLER VARFOR". Instruera/tala tydligtl tillat
bara 1 férsok.

F2804U0PGPLOVO 19.10.2015, Page 6/14
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13. MMT - SPRAK [Continue]

13.3 Utfor 3-stegsuppmaning: Ge patienten eft [J 0 poéng [ 1 poang ] 2 poang
blankt papper och sag tydligt: "Tag det har [ 3 poéng
pappret i hager hand, vik det pa mitten ach
lagg det i knatl" Ge ett poang for varje riktigt
utiord uppaift.

13.4 Visa patienten texten "BLUNDA" (se baksidan). [ 0 poéng [ 1 poang
Be patienten |dsa texten och gara som det star.
Ge bara poang om patienten verkligen blundar.

13.5 Be patienten skriva en mening (langst ned pa [ 0 poang [ 1 poang
blanketten). Diktera inte.Meningen maste
innehalla subjekt och predikat och vara
farstaelig

14. MMT - SPATIAL FORMAGA/KOPIERING

14.1 Be patienten rita av figuren pa blankettens [ 0 poéng [ 1 poéng
papperet. Alla 10 vinklama skall finnas och
averlappningen skall forma en fyrhérning.
Tremor och rotation ignoreras.

15. MMT - TOTAL
151 Poangsumma (MMT) (max = 30)

16. FES-I

Besvara fragan hur bekymrad du &r fér att falla nar du utfér de olika aktiviteterna. Utfér du inte
aktiviteten, ber vi dig svara pa hur bekymrad du tror att du skulle vara OM du utférde aktiviteten.

For alla svars-skalor galler:
Inte bekymrad alls - Lite bekymrad - Ganska bekymrad - Mycket bekymrad

16.1 Stada bostaden (t ex vattorka golven, dammsuga eller Inte [ O O O Mycket
dammtorka) bekymrad bekymrad
alls
16.2 Kla pa eller av dig Inte  [] O ] [0 Mycket
bekymrad bekymrad
alls
16.3 Gora i ordning nagonting att ata Inte  [] O ] [ Mycket
bekymrad bekymrad
alls
16.4 Bada eller duscha Inte  [] O ] [ Mycket
bekymrad bekymrad
alls
16.5 Handla lite mat Inte  [] ] | [0 Mycket
bekymrad bekymrad
alls
16 6 Satta dig pa eller resa dig fran en stal Inte  [] ] | [0 Mycket
bekymrad bekymrad
alls
16.7 Ga i trappor Inte O O | O  Mycket
bekymrad bekymrad
alls
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16. FES-I

Besvara fragan hur bekymrad du &r for att falla nar du utfor de olika aktiviteterna. Utfér du inte
aktiviteten, ber vi dig svara pa hur bekymrad du tror att du skulle vara OM du utférde aktiviteten.

Fér alla svars-skalor géller:

Inte bekymrad alls - Lite bekymrad - Ganska bekymrad - Mycket bekymrad [Continue]

16.8 Promenera i bostadsomradst

16.9 Néa nagonting ovanfar huvudhajd eller pa marken

16_108vara i telefonen innan den slutar ringa

16.11Ga pa halt underlag (t ex vatt eller isigt underlag)

16 12Halsa pa bekanta, slaktingar eller vanner

16 13Ga i folksamlingar

16 14Ga pa ojamnt underlag (t ex stenigt underlag, eller illa
underhallen trotoar)

16.15Ga upp eller nerfor en sluttning

16.16Delta | en social sammankomst (1 ex slakitraff,
fareningstraff eller gudstjanst)

17. Short Physical Performance Battery (BALANS)

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

Inte
bekymrad
alls

|

|

O

O

O

O

|

|

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Mycket
bekymrad

Deltagaren maste kunna sta sjalv utan levande stod, rollator, kapp eller andra ganghjalpmedel. Det ar tillatet att

hjalpa deltagaren att resa sig upp.

"Nu bérjar vi testet. Du ska nu fa prova pa att placera dina fétter i olika positioner. Férst kommer jag att
férklara och visa varje position fér dig och sedan vill jag att du ska férsdka utféra dem. Ség till om du inte
kan utféra ndgon av positionerna e.f.rer kédnner du oséker, sa tar vi ndsta del av testet i stéllet. Jag vill INTE att

du utfér nagon position som du kdnner dig oséker infér.

Har du nagra fragor innan vi bérjar?"

F2804U0P8PLOVD
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17. Short Physical Performance Battery (BALANS) [Continueg]

Sta med fotterna tatt ihop

"Nu kommer jag att visa dig den forsta positionen.
Jag vill att du star med fétterna tétt ihop i 10 sekunder.

Du far anvénda armarna, béja knéna och réra kroppen fér att bibehalla balansen men undvik att flytta

fotterna. Forsok att behalla positionen till jag sdger stopp.”
Hjalp deltagaren att hitta ratt position
"Ar du redo?”

Starta tidtagning nar du har sagt: "Bérja NU.”

17.1 Om deltagaren inte forsdkte eller inte klarade [ Forsokte men [ Deltagaren [] Farsokte inte,
testet, backa i orsak: klarade inte kunde inte bedomaren
sjalvstadigt kénde sig
behalla oséker
positionen
[] Férsokte inte, [ Deltagaren [J Annan orsak,
deltagaren férstod inte ange i nasta falt-
kéande sig instruktionerna
osaker
[ Deltagaren
vagrade
17.2
| |
17.3 A St& med fotterna tatt inop (om 0 poang, ] Stod i 10 sek (1 [ Stod inte 10 sek [ Forsokte inte (0
avsluta balanstestet) poang) (0 poang) poang)

17.4 Antalet sekunder om deltagaren inte stod i 10 sekunder (x,xx):

"Nu kommer jag att visa dig den andra positionen.

Nu vill jag att du star med den bakre fotens storta i hdjd med och emot insidan pa den framre fotens hél i 10

sekunder. Du far sjélv vélja vilken fot som ska vara fram respektive bak, vﬁq det som kdnns bést fér dig.
Du far lov att anvdnda armarna, béja knédna och réra kroppen fér att bibehalla balansen, men undvik att

flytta fétterna. Férsék att behalla positionen tills jag sédger stopp.”
Hjélp deltagaren att hitta ratt position.
“Ar du redo?"

Starta tidtagning nar du har sagt: "Bérja NU."

17 5 B. Semi-tandem stédende (om 0 poéng, avsluta [] Stod i 10 sek (1 [] Stod inte 10 sek
balanstestet) podng) (0 poang)

176 Antalet sekunder om deltagaren inte stod i 10 sekunder (x xx):

[] Farsokte inte (0
poang)
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17. Short Physical Performance Battery (BALANS) [Continue]

"Nu kommerjag att visa den tredje positionen. .
Nu vill jag att du star med den bakre fotens tar mot den frimre foten hdl, pa linje. Du far sjalv vélja vilken fot
som ska vara fram respektive bak, vélj det som kdnns bést for dig.
Du far lov att anvdnda armarna, b&ja kndna och réra kroppen for att bibehalla balansen, men undvik att
flytta fétterna. Forsok att behalla positionen tills jag sdger stopp.”

Hjélp deltagaren att hitta ratt position.
"Ar du redo?”

Starta tidtagning nar du har sagt: "Bérja NU.™

17.7 C. Tandemstaende [] Stodi10sek (2 [ Stod i3 till 9,99 [ Stod kortare an

poang) sek (1 poéng) 3 sek (0 poang)
[ Férsokte inte
17.8 Antalet sekunder om deltagaren inte stod i 10 sekunder (x,xx):

17.9 Totalet pa balanstestet (max = 4)

18. Short Physical Performance Battery (GANG)

"Nu ska du fa ga en kortare stricka i din normala gangtakt, om du i vanliga fall anvénder képp eller nagot
annat hjdipmedel och kdnner ait du behéver anvdnda det sa &r det ok."

"Det har dr gangstrackan, jag vill att du ska ga till (...) i din normala gangtack precis som om du skulle ga till
affdren.”

Demonstrera gangen for deltagaren

"Ga hela végen till (...) innan du stannar. Jag kommer att ga med dig. Kidnns det sékert for dig att géra det
héar?

Deltagaren ska std med bada fatterna precis bakom och nudda startmarkeringen.
Jag kommer att sdga bérja nu, nar du ska bérja.”
Nar deltagaren har farstatt instruktionerna séger du: "Bérja NU."
Starta tidtagning nar deltagaren bérjar ga.
Ga snett bakom deltageren.

Stoppa tidtagningen da deltagarens forsta fot helt har passerat slut markeringen.

"Nu vill jag att du ska géra samma sak igen. Kom ihag att du ska ga i din normala gangtakt och ga hela
védgen till (...). Jag kommer att sdga borja nu, nar du ska bdérja."

Nar deltagaren har farstatt instruktionerna sager du- "Bdrja NU."
Starta tidtagning nar deltagaren borjar ga.

Ga snett bakom deltageren.
Stoppa tidtagningen da deltagarens forsta fot helt har passerat slut markeringen.



18. Short Physical Performance Battery (GANG) [Continue]

18.1 Om deltaageren inte forsokie eller inte klarade [ Férsokte med
testet, bocka 1 orsak: klarade inte

[ Forsokte inte,
deltagaren
kande sig
osaker

[ Deltagaren
vagrade

18.2

[ Deltagaren
kunde inte delta
sjalvstandigt

[ Deltagaren
forstod inte
instruktionerna

[] Farsakte inte,
beddmaren
kdnde sig
oséker

[ Annan orsak
(ange i nasta
falt)

18.3 Ange den snabbaste tiden i sekunder (x,xx):

18 4 Ange den langsammaste tiden

18.5 Ange poangen [ Deltagare kunde
inte utfora testet

(0 poang)

O Tiden &r 3,62 till
4 65 (3 poang)

19. Short Physical Performance Battery (UPPRESNING)

[J Langre an 6,52
sek (1 poang)

O tiden ar kortare
an 3,62 (4
poéng)

[ Tiden &r 4,66 till
6,52 (2 podng)

"Nu &r det sista delen av testet. Kdnns det sékert for dig att resa dig upp fran en stol utan att anvdnda

armarna?

Det hir testet méter styrkan i dina ben. i
(demonstrera och forklara) Bérja med att ldgga dina armar i kors éver bréstet och sitt med bada fétterna mot
golvet. Du ska sedan resa dig upp utan att anvdnda armarna. Res dig upp med armarna korsade Sver

brostet.”

Om deltagaren inte kan resa sig upp utan att anvanda sig av armarna, be da deltagaren att: "Férsék att resa dig

upp med hjdlp av armarna.”

Om deltagaren maste anvanda sig av armarna ar testet slut har.

[] Forsokte eller
klarade inte

191 Om deltagaren inte forsckte eller inte klarade
testet, bocka i1 orsak:

[ Férsokte inte,

[] Deltagaren
kunde inte delta
sjalvstandigt

[ Deltagaren

[] Forsokte inte,
bedomaren
kénde sig
osdker

[ Annan orsak

deltagaren forsckte inte (ange i nasta
kéande sig instruktionerna falty
oséker
[ Deltagaren
vagrade
192
19.3 Saker uppresning utan hjalp ja [ nej

F2804U0P 11PLOVD
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EvaSys | BAHRT + OLIN hemprotokollet | '@ Electric Paper

19. Short Physical Performance Battery (UPPRESNING) [Continue]

194 Resultat: [] Uppresning utan  [] Anvande [] Slutfarde inte
att anvanda armarna for att testet (avsluta
armarna (ga till resa sig (avsluta testet (0 poang))
upprepade testet (0 poéang))

uppresningar)

"Kédnns det sdkert for dig att resa dig upp Sgénger i rad utan att anvdnda armarna?
(demonstrera och farklara) Du ska resa dig och sta rakt sa FORT du kan 5 ganger utan att stann upp emellan.
Efter varje uppresning ska du séatta dig innan du reser dig igen. Du ska ha armarna korsade éver brostet hela
tiden och jag kommett ta tid."”

Nar deltagaren sitter korrekt, sag: "Bérja NU" och pabdérja tidtagningen.

Réakna hogt varje gang deltagaren reser sig upp.

Avbryt testet om deltageren blir valdigt trott eller far svart att andas under testet
Stoppa tidtagningen da deltagaren star i uppratt position for femte och sista gangen.
Stoppa ocksé tidtagningen om-

- Deltagaren anvander armarna
- Deltageren tar mer an 1 minut pa sig, &ven om antalset uppresningar inte ar uppnatt
- Du som beddmare kdnner dig osaker dver deltagarens sdkerhet

Om deltagaren stannar upp och verkar frott innan de 5 uppresningarna &r avklarade, bekrafta detta genom att fraga:
"Kan du fortsatta?"

Om deltagaren svarar "nej" stoppa och nollstall tidtagningen.

19.5 Fem sakra uppresningar utan hjalp [ija [ nej
19.6 Om deltagaren klarat 5 uppresningar, anteckna tiden i sekunder (xx,xx)

19.7 Om deltagaren inte klarade 5 uppresningar, ange hur manga deltagaren klarade

19.8 Resultat: [ Deltagaren [J 16,70 sek eller [ 13,70 till 16,69

utforde inte 5 langre (1 poang) sek (1 poéng)
korrekta

uppresningar
eller tog >60 sek
pa sig (0 poang)
111,20 till 13.69 1 11,20 ill 13.69 111,19 sek eller
sek (2 podng) sek (3 poang) kortare (4
poang)

20. Short Physical Performance Battery (TOTALEN)
201 Balanstest (max = 4):

202 Gangtest (max = 4)

20.3 Uppresning fran stol (max = 4):
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20. Short Physical Performance Battery (TOTALEN) [Continue]

20.

21. The Philadelphia Geriatric Morale Scale

21
21

21
21
21

21
21
21
21

21
21
21.
21
21
21.
21.
21
21

22

221 Ange all information som kan ha paverkat datainsamlingen (t ex dévhet).

4 Total for SPPB (max = 12):

Du far aldrig formulera om, farklara eller utveckla fraganl

‘1 "Blir saker och ting varre allteftersom du blir
aldre?”

.2 "Har du lika mycket energi nu som for ett ar

sedan?”

.3 "Kanner du dig valdigt ensam?"
4 "Traffar du slakt och vanner fillrackligt ofta?”
5 "Bekymrar du dig mer fér sméasaker nu an for

ett &r sedan?"

6 "Kanner du dig mindre nyttig allteftersom du

blir aldre?"

.7 "Oroar du dig ibland s& mycket att du inte kan

sova?"

-8 "Nu nar du har blivit aldre, har saker och ting

blivit battre &n du hade forvantat dig?"

.9 "Kéanns det ibland som att livet inte ar vart att

leva?”
10"Ar du lika lycklig nu som nér du var yngre?"
11"Har du mycket att vara ledsen dver?”
12"Ar du radd for en massa saker?”
13"Blir du lattare arg nufortiden?”
14"Ar livet hard mot dig for det mesta?"
15"Ar du tillfreds med ditt liv idag?"
16"Har du |&tt att ta illa vid 1dg?”
17"Blir du l&tt upprard?"
18Summa (antelet_feta/kursivade svar):

. Extra information

ija
Oia
Oija
Oia
Oja
ija
Oja
Oia
Oja
[ia
Oija
[ja
[Jja
Oija
Oia
Oja
[ija

[ nej
[ nej
[ nej
O nej
[ nej
O nej
O nej
O nei
[ nej
O nei

[ nej
[ nef

oooo
BEZE
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Appendix B: data collection protocol phase 2 — laboratory

In Swedish. This protocol was used by the tester

Deltagarkod:

1. Information/agenda: O

2. Godtyckande: OO

3. Mediciner:

4. Upplever du smirta, virk eller obehag just nu? Om ja, var?

5. 10 m gang test:
Tid 1
Tid 2
Tid 3s
Tid 4s
6. Reaktionstest: O
7. Frenzeltestet: Upplever du ibland yrsel ja
Spontan nystagmus utan Frenzel ja:
Symptom vid skaka huvudet + vestibulart impulstest ja:
Spontan nystagmus med Frenzel ja:
Symptom vid titta ho, vi, ned och titta upp ja:
8. Syntestet bilateralt:
9. Styrka hand:
handR O
handL O
10. Beroringsfilament. Kdnner som minst: gram
11. Fotpuls Vi: JA / NEJ

O 0000

nej:
nej:
nej:
nej:

nej:

OO0Ooano
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Appendix C: full-body marker set

This marker set was developed by Mascha Pauelsen for the BAHRT project. It
was developed by combining and adapting existing sets in order to solve issues to
do with participant overweight, specific movements (like sit-to-stand) obscuring
certain markers, safety belts obscuring markers, and age-related changes (e.g.,
changed proportions between thigh - major trochanter - SIAS).
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