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

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

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

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

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

 

Keywords: ageing, balance, fall-related concerns, postural control, sensory and 
motor systems 
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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 fall-
related concerns (17–20). While the risks of falls and of developing fall-related 
concerns are correlated (18), a fall is not necessarily the cause of those concerns or 
vice versa. Moreover, those who have never experienced a (near) fall, can develop 
concerns about falling (21,22). One major consequence of those concerns is 
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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.  

 
 

 

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 self-
efficacy 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 
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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). 

 

 

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 

Other Factors 
Affecting Avoidance 
(e.g., social support) 
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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 age-
related changes in balance performance (56). Having a larger centre of pressure area 
or a higher excursion velocity are thought to be indicative of having declined 
balance ability, while they also might be the result of the system looking for more 
input (57). Comparing these features between different circumstances like eyes 
open and closed or hard and soft surfaces, has led to the understanding of how 
specific sensory sources contribute to postural control (58). A clinical application 
of that understanding is the Romberg quotient in which the centre of pressure area 
size of eyes closed quiet stance is divided by that of the eyes open condition. 
Comparing that ratio to normal data is believed to indicate if a person is too 
dependent on visual input, which might indicate a loss in proprioceptive input 
(59). However, for healthy young adults, this ratio seems to have very poor test-
retest reliability, while the measurements themselves showed good consistency. 
The ratio holds better for those who showed faster frequencies in their CoP signals 
(60).  

 

 
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 fall-
related concerns in the elderly population.  

The overall aim of this dissertation  

To increase the understanding of the complexities of fall-related concerns, ageing 
postural control, and their relationship. 

This aim led to the following sub-aims 

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

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

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

IV. To introduce a (mathematical) model of human postural control, capable of 
adapting to postural control changes and decline.  
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Methods 

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

 

Table 1. Overview of Papers I-IV  

 Phase 1 Phase 2 

 Paper I Paper II Paper III Paper IV 

Data  
collection  

Questionnaires 
and clinical tests 

in the home 
environment 

FES-I, clinical 
screening tests, 

movement 
laboratory data 

FES-I, 
movement 

laboratory data 

Movement 
laboratory 

data 

Data 
analysis 

Descriptive 
statistics, PCA, 

linear regressions 

Descriptive 
statistics, 

hierarchical OPLS 

Descriptive 
statistics, PLS-

tree, OPLS-DA 

PCA and 
NARX 

Participants (n) 153 45 45 45 
PCA: principal component analysis 
OPLS: orthogonal projection to latent structures  
PLS-tree: partial least squares clustering method  
OPLS-DA: OPLS discriminant analysis 
NARX: non-linear autoregressive modelling with exogenous inputs 

 
Population and sampling 

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

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

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

 
 

  
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.  

* 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). 

 

Table 2. Sample characteristics 

    

Characteristic Total Women Men Laboratory* 

Participants, n (%) 153 96 (63) 57 (37) 45 (w:62, m:38)† 
Age, mean ± SD 78.0 ± 6.2 78.6 ± 6.3 77.5 ± 6.1 75.2 ± 4.5 
Number of prescription 
medicines, mean ± SD 

3.4 ± 2.7 3.6 ± 2.8 3.2 ± 2.6 3.3 ± 2.9 

≥1 falls past 6 months, n (%) 45 (29) 23 (24) 22 (39) 11 (24) 
≥1 falls past month, n (%) 24 (16) 8 (5) 3 (3) 9 (2) 

Fall Efficacy Scale – Int. nat. 
(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 
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See Appendix A for the full protocol. The most important of the used instruments 
are mentioned below.  

Falls-self efficacy was measured with the Falls Efficacy Scale – International, 
Swedish version (FES-I), which is a questionnaire instrument with 16 items 
(82,83). Each item asks how worried the participant is about falling were they to 
perform one of 16 different activities. They are activities of daily living such as 
getting (un)dressed, but also of a more social nature such as being in a large crowd 
or answering a telephone call. Scores can range from a minimum of 16 to a 
maximum of 64. A higher score indicates more fall-related concern. The Short 
Physical Performance 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 Lomb-
Scargle is a form of least squares transformation better suited for very low 
frequencies in relative short time series, than the usual fast Fourier transformation 
(89). More about this in the discussion. 

 

 
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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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:  

 

 

 

 
6. Reaktionstest:  
7. Frenzeltestet:  Upplever du ibland yrsel    ja:  nej:  

Spontan nystagmus utan Frenzel   ja:  nej:  

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

Spontan nystagmus med Frenzel    ja:  nej:  

Symptom vid titta hö, vä, ned och titta upp    ja:  nej:  
8. Syntestet bilateralt: _______. 
9. Styrka hand: 

handR  
handL   

10. Beröringsfilament. Känner som minst:   gram  

11. Fotpuls   Vä: JA / NEJ 

Tid 1  

Tid 2  

Tid 3s  

Tid 4s  
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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).  

 


