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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 FESI, 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 differences 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 fallrelated 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
vii

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 how 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, I 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
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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).

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
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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
(8).
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 healthspan,
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.
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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 active 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 fallrelated 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
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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
Genetics
Disease

Figure 2. The cyclical aspect of ageing – a simplified illustration of the cycle that threatens
active ageing (inspired by Fried et al. (25)).
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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.
Biological 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.
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Threats to active ageing
Psychological aspects – Fall-related 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 Jørstad 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
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 selfefficacy today is usually measured with the FES-I (Falls Efficacy Scale –
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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
8

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).

Other Factors
Affecting Avoidance
(e.g., social support)

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
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– 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.

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
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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
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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 agerelated 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 testretest reliability, while the measurements themselves showed good consistency.
The ratio holds better for those who showed faster frequencies in their CoP signals
(60).

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,
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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 successful 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.
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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, or ability). 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.
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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 fallrelated 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.

II.

III.

IV.

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.
To investigate which measurements of postural control correlate to fallsrelated self-efficacy scores and which sensory and motor systems best explain
those scores.
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.
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 communitydwelling 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
Paper I

Paper II

Data
collection

Questionnaires
and clinical tests
in the home
environment

FES-I, clinical
screening tests,
movement
laboratory data

Data
analysis

Descriptive
Descriptive
Descriptive
PCA and
statistics, PCA,
statistics,
statistics, PLS- NARX
linear regressions hierarchical OPLS tree, OPLS-DA

Participants (n)

153

Phase 2
Paper III

Paper IV

FES-I,
Movement
movement
laboratory
laboratory data
data

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).

Figure 7. The participant inclusion process
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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
Participants, n (%)
Age, mean ± SD
Number of prescription
medicines, mean ± SD

Total
153
78.0 ± 6.2
3.4 ± 2.7

Women
96 (63)
78.6 ± 6.3
3.6 ± 2.8

Men
57 (37)
77.5 ± 6.1
3.2 ± 2.6

Laboratory*
45 (w:62, m:38)†
75.2 ± 4.5
3.3 ± 2.9

≥1 falls past 6 months, n (%)
≥1 falls past month, n (%)

45 (29)
24 (16)

23 (24)
8 (5)

22 (39)
3 (3)

11 (24)
9 (2)

Fall Efficacy Scale – Int. nat.
(16-64), mean ± SD

22 ± 5.7

23 ± 5.6

20 ± 6.7

21 ±4.5

Mini Mental Test (0 – 30),
mean ± SD

28 ± 2

28 ± 2

28 ± 2

28 ± 2

Short Physical Performance
Battery (0 – 12), mean ± SD

9.4 ± 2.8

9.1 ± 2.9

9.8 ± 2.6

10.6 ± 2.1

Philadelphia Geriatric Scale of
Morale (0 – 17), mean ± SD

13.0 ± 2.9

12.6 ± 3.1

13.7 ± 2.6

13.6 ± 2.1

* 45 of 153 participants took part in laboratory tests for papers II, III, and IV.
†
The 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).

23

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 Battery (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.
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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
Side lying

Extension
Abduction

0°
0°

Knee

Sitting up right

Flexion and extension

30° flexion

Ankle Sitting leaned back with
horizontal lower leg

Dorsal and plantar flexion 0° dorsiflexion

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 (SEO), hard surface with eyes closed (SEC), soft surface with eyes
open (UEO), 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
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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 different 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 mm2 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 LombScargle 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.

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, Umeå, 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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modelling technique allows for many covarying predictors and multiple dependent
variables within one model (91). The orthogonal modification made during an
OPLS removes the orthogonal – or non-correlated – information from the
variability in X (and in Y if multiple Y’s are used). This improves the
interpretability of the model. Moreover, OPLS can handle noisy data structures
(92). Both layers in the hierarchical model of Paper II are modelled with a single
Y. The base model shows how balance measures explain FES-I and the top model
shows how the sensorimotor systems explain the relationship shown in the base
model.
Next, in Paper III, I used a PLS-tree to cluster the participants. The spectrum
features were used as Y and the sensorimotor variables and FES-I were entered as
the X-block. This was done twice: once for quiet stance with eyes open and once
for eyes closed. In both datasets, two groups with significant differences in spectrum
features emerged. An OPLS-DA with the same X and Y blocks as for the tree was
then fitted for each of the two trials to show which of the variables in the X-block
had the strongest discriminatory power. Both in Paper II and III variables were
accepted as significant for the models based on the variable loadings and their 95%
confidence intervals.
For Paper IV, cross-correlations were calculated between the six joint angle signals.
Since the angle data seemed to be covarying in quite a few different combinations,
a PCA was used to reduce the dimensions of what was to be used as the system
input. This PCA is an active part of the final model and reducing the dimensions
does not mean that some variables were deemed redundant, but rather allowed us
to make use of abundance as it has been explained by some (50). It uses all available
data and applies the analysis to discover how the myriad of information can be
grouped and weighted. System identification methods (including NARX) were
than applied to model the controller. As we have learned thus far, ageing human
postural control is not a simple system and modelling it adequately, demands a high
level of physiological understanding. While Hedyeh Jafari (PhD-student in
automatic control at Luleå University of Technology) did the modelling, me and
my physiotherapy colleagues in the team provided input and feedback on the
human physiological implications of certain modelling aspects (for example
neurodynamics and feedback models).
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Ethical considerations
All participation has been voluntary following informed consent and participants
could discontinue their participation when they so wished. Data were collected by
experienced and well-educated staff who are familiar with performing research,
assessment procedures, and interviews with older people. Data were then handled
as to maintain personal integrity and were presented so that no personal details
could be recognised. Discomforts related to rather lengthy laboratory test
procedures were met by planned pauses. Risk of falls was minimised through the
inclusion criteria and presence of at least 2 registered physiotherapists, while risk of
muscle soreness after the strength tests were accepted in relation to the benefits of
the planned research. The regional ethical review board in Umeå approved of the
plans upon first review [2015/182-31].
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Findings
The prevalence for each of the constructs within fall-related concerns (FrC) is
significantly different for men and women in all but concerns about needing more
help after a potential fall (CC-MH). Consistently, more women than men report
experiencing the different forms of fall-related concerns they were asked about
(Figure 10).
100%
90%
80%
70%
60%
Women (n=96)

50%
40%

Men (n=57)

30%

Laboratory (n=45)

20%
10%
0%

High FES- I

FoF

CC-I

CC-HL

CC-MH

CC-B

Some form
of FrC

Figure 10. Reported prevalence of all measured forms of FrC for men and women in the total
sample and all who visited the laboratory.
High FES-I: FES-I > 21, FoF: fear of falling, CC: consequence concern, -I: about injury, -HL:
about remaining helpless on the floor, -MH: about needing more help, -B: about becoming a
burden. Some form of FrC: reported experienced of at least one of the FrC constructs.
Error bars indicate the 95% confidence interval.

Main findings of the thesis
The sheer volume and high resolution of the data collected in this project allowed
us to ask many questions, but the main results of this specific work are listed here
and the following paragraphs will elaborate on each of them in more detail.
• Fall-related concern is a widespread phenomenon among older people and
falls-related self-efficacy is explained by both psychological and physical
factors.
• Functional variance of the three major parts of postural control (sensory
input, sensory integration, and motor command output) can together
explain a large part of the relationship between balance and fall-related
concerns.
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• Changes in the frequencies within a CoP signal can be explained by declines
in postural control and falls-related self-efficacy.
• When sensory and motor functions are declined, adaptation and
compensation play a major part in maintaining balance and falls-related selfefficacy.
• When modelling human ageing balance in a virtual setting, certain aspects
are a must for the virtual system to succeed at predicting motor corrections.
These aspects are translatable to human balance and could be considered
key features.
Both psychological and physical
Prevalence of each separate construct within fall-related concerns ranges from 25%
(CC-H) to 51% (CC-I), with fear of falling at 38% and falls-related self-efficacy at
39% (Figure 10). A correlation matrix between the different constructs shows that
there are only moderate correlations between consequence concerns and fear of
falling (φ = 0.51), and between fear of falling and falls-related self-efficacy (φ =
0.46), and a low correlation between falls-related self-efficacy and consequence
concerns (φ = 0.30), indicating they are somewhat related, but not the same. That
means that individuals can report one but not the other. Therefore, I also looked
at the proportion of participants who reported experiencing at least one of the
constructs within fall-related concerns. Of the total sample, 70% reported
experiencing any of the measured constructs of fall-related concerns, with 80% of
women 95% CI [72% - 88%] and 53% of men 95% CI [72% – 88%] (Paper I).
Among the instruments used to measure fall-related concern, the FES-I instrument
is the most detailed and widely used instrument. Therefore, all following analyses
concerning fall-related concerns use the data from the FES-I. The multiple linear
regression showed that 54% of the variance of fall-related concerns was explained
by variances in physical performance, morale, and fear of falling (Table 3). When
separating men and women, the degree of explanation went slightly up (55% for
women and 57% for men) and while physical performance remained a factor for
both, for women it was combined with morale, fear of falling, and the number of
prescription medicines, and for men physical performance was combined with
concerns about sustaining an injury and nothing else. Self-reported previous falls
over the last month and the last six months were included in the modelling, but
they did not show up as significant variables in any of the stepwise regression
models.
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Table 3. Forward stepwise multiple regression models of variables associated to FES-I, for
total sample, women, and men
Independent variables
Model adjusted R2
Coefficient
p-value
(95% CI)
For total sample (n=153)
.54
< 0.001
Fear of falling
2.79 (2.01 – 3.58)
< 0.001
SPPB
-0.61 (-0.84 – -0.37)
< 0.001
PGCM
-0.53 (-0.76 – -0.76)
< 0.001
For women (n=96)
Fear of falling
PGCM
Number of medicines
SPPB

.55
2.56 (1.69 – 3.43)
-0.50 (-0.78 – -0.22)
0.38 (0.10 – 0.65)
-0.36 (-0.64 – -0.09)

< 0.001
< 0.001
0.001
0.008
0.011

For men (n=57)
.57
< 0.001
SPPB
-1.32 (-1.71 – -0.93)
< 0.001
CC - Injury
3.34 (1.76 – 4.91)
< 0.001
Dependent variable: FES-I. Variables included in the modelling: Fear of falling, SPPB, PGCM,
Number of medications, age, living alone, self-rated health, previous falls, MMSE, CC – I, CC-L,
CC-H, and CC-B. As well as sex for the total sample. See Paper I for a more comprehensive
table.

The one factor that played a part in all the regression models above was physical
performance (as measured by the SPPB). The SPPB is a well-established clinical
instrument consisting of three main parts and while balance itself is one of those
parts, good balance is also a means to reach higher scores in the other two items
of the SPPB: walking speed, and chair stands.
During phase 2, our research group therefore focused on capturing experimental
laboratory data about balance. Among them are the temporospatial features
provided by force plate measurements during quiet stance and limits of stability
trials. In a multivariate model, those features could explain 39% of the variance in
FES-I. The model also indicated that the eyes open trials (SEO and UEO), as well
as the limits of stability trial (ML and AP stab), were the significant contributors to
that model as is shown by the significant loadings in Figure 11.
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Figure 11. OPLS loading plot.
Error bars not including 0 indicate significant contributions to the multivariate model,
explaining the variance in fall-related concerns.
S = stable/hard surface. EO = eyes open. EC = eyes closed. Area_95 = 95% confidence ellipse.
max AP/ML = maximum amplitude in the AP or ML direction. mvel = mean velocity. AP/ML
stab = maximum limits of stability in the AP or ML direction.

Concerns and control - temporospatial
To learn more about the innerworkings of the shown relationship between balance
and fall-related concerns, it should be looked at through the lens of sensory and
motor decline. Mathematically, the concern-balance relationship is described by
loadings (Figure 11), scores, and coefficients. In the next step, I used that
mathematical representation of the relationship (the base model) as the new
dependent variable. By adding the sensory, muscle strength, and reaction time
variables as regressors, modelling the concern-balance relationship can be
attempted. In the resulting hierarchical multivariate model, the variances of decline
in the postural control subsystems could explain 40% of the concern-balance
relationship (Paper II). Furthermore, aspects of all three control areas are
represented among the significant contributing variables: sensory input (vision,
proprioception in left knee, left foot, and neck), central processing (reaction time),
and motor output (strength in all major muscle groups of the lower extremities)
(Figure 12).
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Figure 12. A representation of the hierarchical OPLS model in which the base model shows a
relationship between changed sway and fall-related concerns and the top model shows that
that relationship can be explained by decline in postural control subsystems.

When the hierarchical aspect of the model is removed – in other words: regressing
FES-I directly with the postural control system declines, while leaving out the sway
measurements – no regression model can be built, meaning there is no direct
correlation between postural control subsystem decline and fall-related concerns.
When subsystem decline does not directly correlate to fall-related concerns but
does so once there is an increase in sway, it implies that there is room for subsystem
decline that does not affect temporospatial measures of sway. This could be an
indication that one system which is less declined is compensating for a system that
is more declined in order to maintain normal balance. In postural control that
compensation is called re-weighting and while it is a well-known phenomenon, it
has not been researched in relation to fall-related concerns before.
Concerns and control – frequency domain
As mentioned before, the frequency domain of the centre of pressure (CoP) signal
of quiet stance can provide more insight into how the central nervous system reweights sensory input. To do this, the CoP time and space-based signal is
transformed. In the case of these studies, the signal was transformed to analyse the
power of the frequencies present between 0-1 Hz. The power spectrum density
graph shown in Figure 9 shows the typical aspects of what quiet stance looks like:
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a large power peak in a very low frequency, followed by lower bumps and usually
going close to zero power at about 2-3 Hz (here only shown to 1 Hz). It shows
that the dominant frequency of this person’s sway is 0.048 Hz, meaning a sway
speed of about one oscillation per 20 seconds.
To see what more I could learn about ageing postural control in relation to fallrelated concern, I modelled the four frequency features illustrated in Figure 9 by
following the modelling schematic described in the Methods section and illustrated
in Figure 13. This was done twice: once to the data of the eyes open trial and once
to the data of the eyes closed trial (Paper III).

Figure 13. Schematic of modelling process and results of Paper III.
Indicates a significant discriminatory variable in the eyes open trial.
Indicates a significant discriminatory variable in the eyes closed trial.

The first step entails clustering the participants through a PLS-tree, which led to
two groups per trial (Table 4). When all senses could provide information to the
postural control system (standing with eyes open), it was more difficult for the
model to create fully separated groups and subsequently discern which variables
were important for discriminating between the groups. Once the participants were
asked to close their eyes, the group separation and discrimination became perfect
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(no misclassifications). The eyes closed condition also allowed the model to identify
two more significant contributors: along with the strength and FES-I variables from
the eyes open trial, proprioception and reaction time became strong discriminating
variables as well.

Table 4. PLS-tree clustering result
Trial / group

FES-I

SPPB

SEO (n=45)
Group SEO1 (n = 28, 10 women)

20

10.9

Group SEO2 (n = 17, 17 women)

23*

9.8

18

11.3

24**

9.8*

SEC (n=43)
Group SEC1 (n = 23, 8 women)
Group SEC2 (n = 20, 19 women)

Classification

88.9%

100%

* Significantly different from group 1 in the same trial (p < 0,05).
** Significantly different from group 1 in the same trial (p < 0,001).

Six participants were identified as group 1 members during eyes open, but as group
2 members during eyes closed. They only had slightly more than average concerns,
but they were weaker, had larger proprioception errors and slower reaction times.
In other words, with access to visual information, their postural control could adapt
to age-related changes in such a successful way that it affected neither their balance
nor their levels of concerns. Six people are only a few and cannot inform us about
how this works in the general population of older adults, but it is an interesting
find that should be mentioned so that it can be grounds for continued research in
this direction. Knowledge about adaptation within the postural control system is
not new – rather, it is an essential aspect of postural control strategy changes – but
its role in fall-related concern has not been investigated.
Group 2 seems to be forced to adapt to more decline in strength, proprioception,
and reaction time. Assuming that sway frequencies are a proxy for control strategy,
Figure 14 shows that group 2 (blue) uses a significantly slower strategy than group
1. This is to be expected since depending heavily on visual feedback is expressed
as lower frequencies in postural sway. Group 1 (green) shows an expected increase
in frequency once they close their eyes (dashed). The slow visual feedback loop is
eliminated forcing the participant to reweight the system towards faster control
methods. Group 2, however, is unable to adjust their control strategy significantly.
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Furthermore, the little adjustment they do manage only brings them up to the
frequencies group 1 exhibited during eyes open.

Figure 14. Power spectrum density features
shift between eyes open and closed.
Group averages for peak power, mean
power, 50% and 80% of the area under the
psd curve. Solid lines: quiet stance eyes
open trial (SEO). Dashed lines: quiet stance
eyes closed trial (SEC).
Green: group 1. Blue: group 2.
* Both groups significantly different from
the eyes open trial (p < 0,05).
† Only group 1 significantly different from
the eyes open trial (p < 0,05).
‡ Only group 1 significantly different from
the eyes open trial (p < 0,01).

Predicting postural corrections in an ageing system
One of the most important functions of a theory or model is the model’s ability to
predict an outcome (54). When a model correctly and repeatedly predicts the
outcome, we can say that the model explains the phenomenon. So, when we are
trying to understand a phenomenon, a fruitful step can be to try to predict its
behaviour. This is what system identification is a master at, building models of
complex, data-driven outcomes.
When those outcomes are health-related phenomena, researchers who work with
automatic control and those from health disciplines need to collaborate. Together,
our interdisciplinary team modelled ageing postural control with the goal to predict
its outcome. It resulted in a model that, like our own postural control, can predict
postural corrections 1.0 second forward in time (Figure 15). To be able to reach
that predictive accuracy, two main characteristics of the model were a necessity.
First, a dimension reduction unit; each source of information from the sensory
systems adds a dimension to the sensory input. To make such a large amount of
incoming data useful, the model needed a reduced number of dimensions without
losing any of the available data. A principal component analysis (PCA) based unit
provided just that. And second, a neural network with direct feedback; the reduced
input is fed to the recurrent neural network where three important things happen:
1) the input information is synthesised to form a description of the current posture,
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2) that posture description is used to generate a motor command, and 3) a copy of
that motor command is immediately fed back to the first step (Figure 16).

Figure 15. Prediction results of the anterior tibialis muscle by considering changes in multisensory inputs for three random participants. The measured EMGs and the predicted EMGs
are presented by “meas” and “pred” respectively in the legend box.

Figure 16. Novel model of adaptive human postural control.
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This model was trained on 70% (n = 31) of the human balancing data from our
laboratory trials to learn how older adults with varying levels of age-related changes
to sensory information control their posture. It was then validated using the
remaining data to assess its predictive accuracy.
Aside from the 1.0 second control prediction shown in Figure 15, two other
important physiological aspects are present in this model. First, the immediate
feedback from the motor command unit to the unit that describes the current
posture needed to be there and had the best effect on the prediction quality if it
was delayed by 150 ms. This should be seen as a representation of the human
efference copy, which is not only needed to adjust and correct motor commands
quickly but also improves the estimation of the body posture when integrated with
the input from the sensory systems. And second, the model shows high adaptability
when run on datasets from different individuals with varying biological age.
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Discussion and reflections
Psychological constructs
The first objective was to investigate the prevalence of fall-related concerns in our
population, and I soon learned that it is not an easily operationalised phenomenon.
Many authors still use instruments and definitions of the two main categories (selfefficacy and fear) interchangeably (e.g., (93–98)). Another difficulty is that there
does not seem to be a reporting convention: either the mean score or proportions
of “high” or “not low” are reported in which the cut-off for “high” can differ as
well. Something to keep in mind while interpreting FES-I results is that a higher
score means more concerns about being able to keep balance, which is interpreted
as low belief in one’s own ability to not fall, or low falls-related self-efficacy. The
prevalence I found for low falls-related self-efficacy in our sample (FES-I ≥ 23,
95%CI = 31-47%) was similar to that found in previous studies with the same
reporting measures (96,98), but lower than some others (64-66%) (93,99).
However, the proportion of participants who reported suffering at least one of the
three constructs was higher than the previous literature, 70% for the entire sample
with women having 1.5 times higher risk of experiencing fall-related concerns than
men. One other study has taken the three separate constructs into account and
used the ABC instrument (self-efficacy/confidence category), a single item fear of
falling question, and the SAFE instrument (activity avoidance in the “other”
category), but only reported the single item fear of falling as a proportion (55% of
women and 22% of men) (100), which compares well to the single item fear of
falling results of 50% of women and 18% of men that I presented in this work. I
will discuss these strong gender differences later as they were found in the
regression models of important factors as well.

Both psychological and physical
After that, I set out to understand which factors are associated with fall-related
concerns. My results confirm the more recent notion that fall history only plays a
small part in the development of fall-related concerns. There is however a very
strong role for physical performance, which is (just as fall-related concerns) strongly
correlated with future falls (19,101). The regression models also included
psychological factors in its explanation of falls-related self-efficacy: morale and fear
of falling. This is perhaps not entirely unexpected as fall-related concern is itself a
psychological phenomenon.
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One of the three constructs of fall-related concerns explaining another can seem
slightly problematic (fear of falling explaining falls-related self-efficacy). It seems to
suggest that one is the other and therefore explaining itself. However, the similar
prevalence (fear of falling at 38% and falls-related self-efficacy at 39%) with only a
moderate correlation (φ = 0.46) between the two, implies that the people who
report experiencing these forms of fall-related concerns are only partially the same
individuals. It indicates that they are describing a similar and related phenomenon,
but not the same. Looking back at the framework proposed by Peeters, it too
separates falls-related self-efficacy, fear of falling, and anxiety (43). Fear has three
components: cognitive, physiological, and behavioural and is closely related to
anxiety (102,103), while falls-related self-efficacy 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 (37,39). The two constructs are hypothesised to cause
activity avoidance independently of one another (40). With all these differences
between the constructs, they really should no longer be used interchangeably.
Instead, with one being part of the explanation of the other, the appropriate choice
seems to be to include both when fall-related concerns are investigated, be it
clinically or in research settings.
The framework referenced above leaves room for the role of other beliefs. In the
search for an instrument that was life phase appropriate, administrable by a
physiotherapist, and would fit in our extensive home visit protocol, the project
group decided on the Philadelphia Geriatric Centre Morale Scale (85,104). It is
built on three dimensions – attitudes towards own ageing, lonely dissatisfaction and
agitation (105). Morale is an independent predictor of future falls (106), but has to
my knowledge not been investigated as an explanatory variable for fall-related
concerns. The dimension attitudes towards own ageing can be used to measure
self-perceptions of ageing (107) and there is strong empirical evidence that negative
self-perceptions affect physical functioning (and not vice versa) (108,109). In our
sample there was an independent, direct association between falls-related selfefficacy and morale, which potentially opens up for a double effect of morale on
falls-related self-efficacy (one direct and one through physical performance).
However, longitudinal data is needed to confirm or deny any causality.
Concerns and gender
The differences between men and women when it comes to prevalence have been
shown many times before, and my findings have added to that by not only showing
a difference in prevalence, but also in explanatory factors. Physical performance
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played an important role for both sexes, but the models for men and women added
different factors to that; for women morale, fear of falling, and number of
medications were important factors, while for men, only concerns about injury
were added. This insinuates that stereotypical gender roles (the emotional feminine
and tough masculine roles (110)) might play a part in how fall-related concerns are
connected to other aspects within the individual. Pohl et al. (100) wrote, to my
knowledge, the only other article discussing gender and fall-related concerns with
more depth than prevalence differences. Even though they did not report on
different associated factors, they too speculate that constructed gender roles might
move men to experience and report lower concerns.
Concerns and control
My next aims concerned postural control and how its age-related changes
correlated with fall-related concern. The results showed that those with higher
levels of concern had a larger and faster sway (Paper II), while having lower sway
frequencies (Paper III). There is to our knowledge only one other publication on
experimental sway data of older adults connecting sway frequency to fall-related
concerns (111). They report the same result for concerned older adults, but not for
anxious ones; anxious older adults exhibit no difference in sway amplitude and
show a slight increase in sway frequency. This is another indication that fear and
anxiety are not the opposites of self-efficacy and confidence.
There is no direct correlation between fall-related concerns and sensory and motor
decline. However, the above-described correlation of larger and faster sway and
higher fall-related concern (the base model) could be explained through
hierarchical multivariate modelling with the sensory and motor decline
measurements (the top model) (Paper II). Investigating this large number of aspects
of postural control in relation to fall-related concerns in a multivariate way has not
been done before, but has been sought after (43). Vision as a correlate to fall-related
concern is a much researched combination, but results have been inconsistent
(112). About a decade ago, Delbaere at al. (113) measured a large number of
postural control aspects, but unfortunately, combined the measurements into a
single variable they called physiological profile assessment (which also included
CoP aspects) and used it as a measure for actual fall risk to be compared to reported
levels of concern. People who had more concern than their physiological profile
warranted were labelled “anxious” and portrayed many of the symptoms also
related to having a low morale, while those who had lower levels of concern than
warranted were labelled “stoic” and presented with many of the factors that are
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associated with having high morale. This effect of anxiety is also described in a
more recent model of fear of falling (114). This model – like the previous
frameworks by Hadjistavropoulos et al. (40) and Peeters et al. (43) – also separates
fear of falling, fall-related self-efficacy, and anxiety. They argue that anxiety has an
amplifying effect on fear and can make it difficult to accurately appraise one’s own
ability. An anxiety induced appraisal discrepancy could be one explanation for the
missing direct link between physiological decline and fall-related concerns in our
data. Unfortunately, we did not collect data on anxiety levels. We did however
see that morale played an important role as discussed earlier. Another possible
explanation for the missing direct link can be found in our ability to adapt to a loss
or change in function. Initial and minor loss in one or a few sensory systems, can
be compensated for by reweighting postural control towards more trustworthy
sensory sources (74). Our hierarchical model in Paper II suggests that some decline
can exist without any rise in fall-related concerns and vice versa. It is not until that
decline is of such a level that it makes adaptation by reweighting impossible, that
the full hierarchical model can be built. In other words, only once there is too
much loss for the system to be able to compensate for, balance is notably affected
(larger and faster sway); that notably affected balance is in turn associated with more
concern. The data that the model is built on is cross-sectional, which means that
“explaining” is not equal with “causing.” In this case it means that just as much as
sensory and motor decline can explain the balance-concern-relationship, the
balance-concern-relationship can also explain sensory and motor decline.
The lower sway frequencies in quiet stance with open eyes could be seen as
unexpected as there is some indication that stiffness control strategies, which are
expected to be utilised more during uncertain sensory input (73), produce more
power in higher frequencies. However, in terms of age-related sensory decline, the
larger strategy with lower frequencies actually makes more sense. The larger centre
of pressure might be more adequate in order to generate more information, and
lower frequencies because 1) the system is reweighting towards the more
trustworthy visual input, which is slow, and 2) because processing time goes up.
The result is sometimes called an exploratory strategy (57,77); it explores the body
and its surroundings to enrich the system with as many clues as possible – whether
or not the task is more difficult or not (e.g., eyes closed or open).
Apart from larger sway size and lower sway frequencies during the eyes-open trials,
physiological decline and fall-related concerns also correlate to the inability to
adjust to faster frequencies when presented with postural threats like the loss of
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vision (Paper III). The earlier mentioned study that also presented insights on sway
frequency and fall-related concerns looked at control strategy changes as well, but
did that by elevating participants to a height of 65 cm instead of blinding them
(111). Visual feedback is a low frequency dominant sensory source (58) and
removing it has the natural effect of lowering the power in those lower frequencies,
whereas elevating participants was aimed at invoking anxiety (111). Therefore, the
two experimental conditions meant to trigger a strategy change cannot be
compared directly. A very interesting result of theirs was however, that all older
participants – including the concerned group – increased frequencies when
elevated, only the anxious did not manage to use those faster frequencies to reduce
their sway size. To summarise: concerned older adults have difficulty adjusting to
higher frequency strategies when blinded (Paper III), but not when elevated to a
height (111).
In Paper III, the groups were slightly different in composition between the two
trials (eyes open/closed); in total, nine participants were re-classified during eyes
closed – three people were moved from group 2 (concerned and declined) to group
1 (not concerned and not declined), while six people were moved from group 1
to group 2. The eyes open model had some misclassification issues, while the eyes
closed model did not. The six who were moved to the declined and concerned
group during eyes closed showed declines in muscle strength, proprioception, and
reaction time. But even though those are indirectly correlated to increased fallrelated concerns (Paper II), these participants were not significantly more
concerned about falling than the not concerned group. This is another possible
indication that successful (visual) compensation of sensorimotor decline might have
a preventative effect for fall-related concerns as a consequence of initial decline.
This needs to be investigated in a longitudinal design. The difficulty for the PLS
tree to separate the sample into two distinct groups during the eyes open condition
is another indication of how effective the postural control system is at adapting to
age-related changes. Vision turned out to be such an equaliser that some individuals
with varying decline and varying levels of fall-related concern looked too similar
for the model to tell them apart.
Certain medicines or groups of medicines can influence balance performance,
postural control, and risk of falls (115), but even when no fall risk inducing drugs
(FRIDs) are prescribed, the use of four or more of any non-FRID prescription
medicines increases fall risk in older adults with an odds ratio of 1.25 (1.13–1.40)
and with FRIDs included that goes up to 1.35 (1.26–1.44) (116). The women in
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our sample used an average of 3.6 (± 2.8) prescription medicines (table 2) and their
regression model for factors associated to fall-related concerns included number of
medicines and was significant alongside physical performance, indicating that there
is a direct relationship between polypharmacy and fall-related concerns as well as
the indirect one discussed in the literature. In Paper III, the more declined and
concerned group was mostly made up of women (although the model holds and
classifies two groups when applied to only women as well). Number of medicines
was not included as a regressor in Paper III, because it focused on further
investigating the associated factors of the total sample, as the lab sample was too
small to split into separate sexes and maintain power. This should be accounted for
in future plans of investigating the role of polypharmacy in relation to fall-related
concerns and postural control.
Creating and understanding the mathematical model of human, ageing postural
control has provided our research group with the option of simulating specific
sensory and motor decline to test model-based hypotheses in the near future. It is
safer and more ethical to push the mathematical model to a near or actual fall
through bigger perturbations and creating more sensory and motor decline than to
do the same to an older adult. The model has some important features that lets me
assume that such simulations would portray an accurate, life-like if you will, result
once it has been developed further. The first of those features is the high
adaptability the model shows when it comes to sensory and motor decline. It is not
locked to a single solution or strategy that would fail if a sensor failed. Like human
postural control, the model reweights the incoming information, based on
correlations between the different sources. In humans, I have lightly touched on
that phenomenon in Paper II and described it more in Paper III. The second
feature that lends validity to the model is the internal feedback in the neural
network unit. The model has the greatest success at predicting postural corrections
when this feedback is tuned to a delay of 150 ms. This is on average the same delay
the human internal feedback has when it is combined with actual feedback from
the sensory systems (117). Finally, the model accurately predicts postural
corrections 1.0 second ahead in time, which is reflected by a large body of work
describing human predictive postural control (45,118,119).
Adaptation and theory
This work shows how the physical and the psychological aspects together can
explain how concerned an individual is about falling (I). Within the physical
domain, vision can compensate for some loss in proprioception (III) and a
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successful adaptation to a loss in specific subsystems is correlated to low fall-related
concerns (II, III) and a maintained ability to adjust control strategy (III). When
modelling ageing postural control, the model only works if the flexibility to adapt
to a changing input is part of the model (IV). This combined view of the individual
study results paints a complex picture of various internal systems, working together
and flexibly compensating for each other’s loss in functionality (Figure 17).

Figure 17. Combined schematic of the results from Papers I-III. The grey arrow indicates a
substantial but non-significant contribution.

The ability to adjust to changes is essential in human life and as long as the brain
manages to adjust in such a way that the individual does not notice the underlying
change, the brain is succeeding, and the process is called adaptation. What I have
presented in these Papers are complex systems. Due to their many parts that can
make up for each other’s functional decline, the systems are highly adaptable both
to internal and external changes. Do I understand enough of the complexity to
suggest predictive models or even a theory? Maybe.
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When trying to visually schematise the project findings (Figure 17), it becomes
obvious that this project is both based on and strengthens the biopsychosocial
model. In its original form, this model describes the holistic view of the individual
and how the psychological, social, and biological interactions within an individual
can explain the aetiology of illness and therefore advise in therapy selection (120).
Since then, it has evolved to a model of maintaining and regaining health and has
been adopted by physiotherapists as an aid to assess, understand, explain, and treat
for example chronic musculoskeletal pain (121,122). The model is not a model of
ageing specifically, but as Smith describes, biopsychosocial models of ageing are
emerging as a result of acknowledging that age-related processes operate as a
multivariate system, spanning domains of several disciplines (123). The presented
findings confirm that acknowledgement by showing a high level of complexity
when looking at explanatory factors, but also when describing successful and
unsuccessful adaptation for declining function within and across domains (postural
control, balance behaviour, and fall-related concern). This view of human ageing
also drove the analytical choices made of using multivariate and neural network
(systems identification) techniques to analyse and model the processes as an allencompassing, complex system.

Methodological discussion and reflections
Research on ageing and health has a somewhat problematic relationship with age
(124). Researchers in the field tend to use chronological age as one of the main
inclusion criteria and to define who is an older adult, but it is becoming well
known that functional age is not simply driven by chronological age (4). However,
at the population level, functional (physical and cognitive) age seems to accelerate
from the chronological age of 70 (4), which is why 70 and over was part of our
inclusion criteria. We needed a population sample with high prevalence of
concerns and physiological decline in order to answer our research questions. With
the knowledge currently available, chronological age is the most time and costefficient way of including older adults for research concerning physical functioning,
but I urge anybody who does this to be very aware of the meaning (or lack thereof)
of age when designing trials, performing analyses, and communicating results. In
the PCA of Paper I, age and physical performance both loaded onto the same
component, but we decided to keep both in the stepwise regressions of FES-I;
neither the loadings nor the literature were very clear on which one could be
driving the component the most. In the regression it became clear that it was
physical performance; age did not show up in any of the regressions. Had the
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sample included a wider age span, e.g., from 60 and up, this could have looked
different.
I needed to recruit our sample in two batches (300+200, see Figure 6), because
reaching people by telephone proved more difficult than expected. Despite this,
comparing the 153 who were recruited in phase 1 to the population shows a similar
age distribution (mean 78.0 years in the sample versus 78.1 in the Swedish
population), but a slight overrepresentation of women (63 versus 55%) (Paper I).
SPPB normal data was found for Columbia (0.5 point lower), Norway (about 1.5
points higher), and Spain (0.8 points lower) (125–127) and did not differ
significantly from the scores in our sample. I feel secure in stating that the results
of Paper I are representative of the population with the same inclusion criteria (70
years or older and living in a Swedish community). However, the regression model
for men alone should be interpreted with some precaution due to the small size of
the sub-sample.
The 45 who moved on to participate in the phase 2 data collection were not
significantly different from the phase 1 sample, albeit that they averaged one point
more on SPPB and one point less on FES-I. However, the sample size of 45 can
be on the small side to represent the entire population. This project is the only one
I am aware of with the ambitious goal of truly exploring as many factors as possible
that (according to the literature) could be involved in postural control and fallrelated concerns, especially in more than only a few well-selected participants.
Even though this has come at the cost of not having a larger sample, it has given
us a very rich data set to explore. A so-called horizontal dataset (few participants,
many variables), with possibly some noise, some missing data points, covariances,
and multiple dependant variables is well tolerated by the multivariate regression
method of orthogonal projection of latent structures (OPLS) (91). OPLS (and
OPLS discriminant analysis) is a form of supervised machine learning, meaning we
provide training data with known inputs and outputs to create a multidimensional
component model that can cluster, classify, or predict by identifying components,
features, or systems (amongst others) (128). The trials with eyes open showed too
much variance in its patterns for a robust model to be formed on the sample size
we had; the heterogeneity in how the outputs relate to the inputs was too large for
the model to learn to predict and discriminate correctly. This could be a result of
the complexity and adaptability human postural control exhibits. This notion is
backed by the eyes closed trials; when a whole subset of possible solutions (using
vision in various ways) to physiological decline are removed, a robust model

51

emerges. It has not only given me insights on the systems we studied (presented
and discussed elsewhere), it has also informed me that in my future endeavours to
understand the complexities of postural control and fall-related concerns even
more than we do now, these methods are valid, but we need larger sample sizes.
The need for larger sample sizes is even clearer when planning to follow up on the
differences between men and women found in Paper I; more were needed to be
able to make sex specific models in Papers II and III.
Another aspect of these models that should be treated with caution is that the words
used to describe their results could mistakenly be interpreted as causation (explain,
predict). All the data collected in this projected are cross-sectional and the models
are merely showing correlations. Now that we know more about which factors
are and are not correlated, the next step would be to design a longitudinal project
with a smaller, but relevant, protocol including a larger participant base.
One major strength of this project when considering my own development and
expertise has been the lack of a laboratory technician. It is valuable to be there on
every step of the way: from protocol design and lab set-up, through data collection
and variable extraction, to data preparation, modelling and interpretation. It gave
me an understanding of the data and the processes it went through that would have
been hard to match if they had been done by others. Of course, I am not a
technician or engineer or statistician, so it does not come without risk of mistakes.
Checking for validity with experts was an important part of the process, as was the
interdisciplinary collaboration with experts from robotics and control engineering.
The clearest examples of that collaboration can be found in Papers III and IV in
which I learned how to use certain mathematical algorithms and methods (and
MatLab scripting) and in turn could share insights about the physiological validity
of some of the control modelling.
One of the issues solved through this collaboration concerned the frequency
analysis. As others have concluded, 30 seconds of quiet stance is too short to capture
full oscillations at some of the lower frequencies (129,130), but it has also been
acknowledged that some populations’ ability might not allow for longer captures
(130). Using a regular fast Fourier transform for the power spectrum density
analysis did indeed return unexpected (and faulty) results. Something we might not
have noticed if our sample had been smaller than it is; less than half, but a
considerable number, of participants showed similar results for some of the features
at about 0.033Hz (the longest wavelength that fits within 30 seconds). By means
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of collaborative thinking and learning, the problem was solved by applying a
Lomb-Scargle periodogram. This least squares method was developed to be able
to analyse very low frequency signals in unevenly sampled series (89). There are to
my knowledge no other studies who analysed 30-60 seconds of quiet stance CoP
with anything other than a Fourier transform, which might be problematic. It
illustrates the need for truly interdisciplinary collaborations where researchers learn
from each other and build on each other’s skills to understand and interpret the
steps taken – at least at a basic level – rather than each doing their own tasks
independently from each other.
When researching complex multivariate systems – especially those involving
humans – there is an analytical problem that needs to be solved. Multivariate
modelling is very dependent on which variables the researcher chooses to include
in their design. Look at the differences in factors associated to fall-related concerns
between Paper I and a more recent Tai study that contradicts those results (131).
These types of differences are quite usual in the field and it tells me that there are
latent variables that we who research it are not aware of. This could possibly be
solved by collecting an even wider data set, which brings with it issues of costs and
ethics. Those issues that come with collecting a lot of data from a lot of individuals
could possibly be solved by sharing and combining data sets. Such a large and
compiled data set would need very advanced multivariate analysis, involving many
dimensions that machine learning could be the answer to. This brings me to the
other side of the problem. Under current legislation, sharing health data is
prohibited by law, while it also raises ethical questions. These are problems that
are being investigated at the European level (132) and I am hopeful that a solution
will be found for the sake of progression and improvement of health research, and
by extension individual and public health.
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Conclusions
Fall-related concern is a widespread phenomenon among older people (70%) and
one of its constructs (falls-related self-efficacy) is explained by both psychological
and physical factors: fear of falling, morale, and physical performance.
Temporospatial measures of quiet stance with eyes open are correlated to fallsrelated self-efficacy. That relationship can in large part be explained by functional
variance of sensory input (proprioception in the left foot and knee, neck, and
vision), sensory processing (reaction time), and motor output (lower limb strength).
Investigation of the frequency domain of the centre of pressure signal of postural
sway, combined with data about postural control ability, and fall-related concerns,
revealed how control strategies relate to fall-related concerns and physiological
decline. Those with more decline in their sensory and motor systems and higher
levels of fall-related concerns, portray more power in lower frequencies and do not
change strategy to higher frequencies as much as others when the task asks for this.
Our group has developed and presented an adaptive mathematical model of human
ageing postural control in quiet stance. The PCA based input unit provides a
solution for sensory input dimension reduction while not losing sensory
information. The model predicts postural corrections up to 1 second ahead of time
and illustrates the need for internal feedback information.
Together, these findings both reveal and explain some of the complexities of the
human systems at work while maintaining postural control and dealing with low
or high levels of fall-related concerns. It has uncovered several factors related to
fall-related concerns. Among them is the decline of the unconscious ability to adapt
and compensate for sensory and motor decline.

Considerations for the future
Some of these findings required me to use different mathematical methods than
those that are usually encountered in physiotherapy research, indicating the need
for true collaborative learning that crosses disciplinary boundaries when
investigating real-world problems. These analysis methods will improve the quality
of future analyses by more closely resembling the complexity of human postural
control and fall-related concerns (the multivariate modelling) and by applying
calculations that allow for restrictions, imposed by participant’s functional ability
(the Lomb-Scargle transform method for relatively short quiet stance recordings).
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One of those real-world problems is how society will cope with caring for the
growing proportion of older adults. The line of research I have set out on in this
work, is aimed at relieving that burden by contributing to a body of evidence
needed to support healthy ageing. Here, I have shown which complex relationships
play important parts in a phenomenon – fall-related concerns – that threatens being
an active part of one’s community during the later years of life and thus healthy
ageing. To continue this line and translate these insights to successful preventive
interventions (i.e. prevent the emergence or progression of fall-related concerns),
more understanding about the direction of these relationships is needed. I could
speculate, but what really needs to be done is look at all these identified factors
over time. How and when and by whom do these factors develop or change? And
when they change, can we design interventions that have any effect on
(preventing) those changes?

Immediate implications
When working to promote active and healthy ageing, fall-related concerns cannot
be ignored. They need to be monitored and moreover, need to be measured with
the different constructs in mind (fear of falling, falls-related self-efficacy, and
consequence concerns) as to not miss individuals who experience one construct,
but not the one that was measured. But most importantly, there should be an
awareness about the associated factors I have presented in this work: psychological
aspects, sensory and motor function, central integration, and strategy adaptability.
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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.
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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: 
2. Godtyckande: 
3. Mediciner:

4. Upplever du smärta, värk eller obehag just nu? Om ja, var?

5. 10 m gång test:

Tid 1
Tid 2
Tid 3s
Tid 4s

6. Reaktionstest: 
7. Frenzeltestet: Upplever du ibland yrsel

ja:  nej: 
ja:  nej: 

Spontan nystagmus utan Frenzel

Symptom vid skaka huvudet + vestibulärt impulstest ja:  nej: 
ja:  nej: 

Spontan nystagmus med Frenzel
Symptom vid titta hö, vä, ned och titta upp
8. Syntestet bilateralt: _______.
9. Styrka hand:
handR 
handL 
10. Beröringsfilament. Känner som minst:
11. Fotpuls
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Vä: JA / NEJ

gram

ja:  nej: 

Hö: JA / NEJ

12. Parametrar:

Vikt

SIAS

75%

Längd

20

15

SIAS avstånd

21

16

22

17

23

17

24

18

25

19

26

20

27

20

28

21

29

22

Placera EMG sensorer
Placera markörer
1. Static trial 
2. Quiet stance:
Stillastående på hårt underlag med öppna ögon

3.

Stillastående på hårt underlag med slutna ögon

4.

30

23

Stillastående på hårt underlag med random blunda

5.

31

23

Stillastående på mjukt underlag med öppna ögon

6.

32

24

7.

33

25

Stillastående på mjukt underlag med slutna ögon

34

26

Stabilitetsgränser, 1x60 sek

8.

35

26

9. Drop load själv:   och av testledaren: 
10. Sit-to-walk: 1 försök , 1 mätning 
11. JPS nacke:
hö:  vä: 
6DOF plattan
12. Quiet stance utan perturbation 40 sekunder: 
13. Gå igenom fasta sekvensen:   (tog i repen: )
***PAUS INFÖR BIODEX!!***
14. Styrka/JPS, Biodex
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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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