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Abstract

During ageing, degeneration undergoes at all levels of the sensorimotor system and causes
unfavourable consequences, including falls. Falls are the predominant cause of uninten-
tional injuries in the elderly and constitute a significant threat to our ageing societies.
While extensive research on falls has been done, the relationship between sensorimotor
variability, sensorimotor control and falls in elderly has not been investigated. We hypoth-
esise that both sensory and motor noise increases with age and results in more variable
movement. This leads to a higher probability of trips while walking, the main causes
of falls in the elderly. My research uses motor and sensory psychophysics and compu-
tational modelling to characterise sensorimotor variability across age. I pinpoint specific
system changes that cause it. Crucially, the experimental tasks we design and use have
shared biomechanics of walking and obstacle avoidance and can, therefore, be referred to
observed age-related changes in human locomotion. I show that sensorimotor variability
in foot placement increases with age and the degree of increase positively correlates with
higher foot placement. Sensory psychophysics indicates that increased sensory noise is one
cause underlying more variable movement in ageing. Notably, elderly participants rely
more on their vision to judge their own foot’s height compared with the young. This could
be related to their impaired proprioception. Thus, the multi-sensory integration strategy
shifts with age to compensate for increased sensory noise. By developing and using a sim-
ple but powerful cortico-spinal-motor model, I also demonstrate that an increase of motor
noise in ageing can well be explained by motor neuron loss in the primary motor cortex. In
summary, my results provide a first computational and psychophysics driven investigation
into how increased sensory and motor noise can lead to falls in the elderly.
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1
Introduction

1.1 Ageing, general and specific

Global ageing, a triumph, challenge and opportunity

People in the world are living longer than ever by virtue of advances in economy, nutrition,
medicine, etc [United Nations and Social Affairs, 2015]. World life expectancy has doubled
over the past two centuries [Oeppen and Vaupel, 2002]. As a result, population ageing
becomes a global and rapidly progressing phenomenon. The number of older persons has
tripled between 1950 and 2000. UN Population Prospects in 2006 predicted that the pro-
portion of older individuals (65 years old or older) will double between 2000 and 2050
[Ageing and Unit, 2008]. This is one of the biggest achievements in human societies. How-
ever, global ageing also poses unprecedented challenges worldwide. The world is searching
for policies maintaining prosperity with less available labour-force [Bloom et al., 2010] and
increased dependency ratio [Spijker and MacInnes, 2013]. In the UK, the number of people
beyond 65 years has outnumbered people younger than 15 years since 2010. The health-
care system is attempting to cope with the rise in complicated health problems and hence
substantial increase in healthcare demands. While life expectancy in both developed and
developing countries continues to increase [Christensen et al., 2009], keeping active and
independent in later life becomes imperative. It is because living longer without signifi-
cant morbidity is not only pivotal to an elder individual’s well-being but also paramount
to minimise impacts of population ageing on the socio-economic and health care systems.
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CHAPTER 1. INTRODUCTION

To address this issue, the World Health Organization presented its policy framework on
"active ageing", to promote older people’s social, psychological and physical health, auton-
omy and independence [Bowling, 2009; Dsouza et al., 2014] as well as empowerment and
engagement in activities from social to daily living [Stenner et al., 2011] in 2002.

In the meantime, modern-day research on ageing is not only promoting ageing people’s
health status but also revolutionising our fundamental understanding about biological age-
ing. Throughout most of human history, the quantification of ageing has been mainly based
on chronological age. Nevertheless, the biological and healthy states at the same age are
known to be highly heterogeneous among different persons on account of chronological age
only. Accumulating evidence is delineating the relationship between ageing and the biolog-
ical changes it brings to the human body. For the first time, we have the best opportunities
to redefine ageing with novel scientific evidence. In fact, there have been suggestions that
cellular markers such as DNA methylation levels [Marioni et al., 2015] or behavioural
markers such as frail index [Mitnitski et al., 2013] would predict health outcomes more
reliably than chronological age. Recent research has aimed at building neurobehavioural
biomarkers for a variety of movement disorders through high resolution kinematic body
sensor network technology [Gavriel et al., 2015]. We aimed at developing neurobehavioural
biomarkers quantifying the ageing process of the sensorimotor system.

Changes of the sensorimotor system by ageing

Biologically, ageing is marked by accumulated molecular and cellular damage, which leads
to gradual decline in tissue and organ functions and increased occurrence of chronic sys-

Figure 1.1: Population aged 60 years or more by region, 1980 - 2050 Source: United Nation World
Population Ageing 2015 Report
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1.1. AGEING, GENERAL AND SPECIFIC

temic diseases [Kirkwood et al., 2003; Kirkwood, 2008]. Sensorimotor functions are no
exception. Degeneration occurs from the central nervous system (CNS), the peripheral
nervous system (PNS) to the musculoskeletal system. Because efficient precise action
control is attained through cooperation between the cognitive, sensorimotor and muscu-
loskeletal systems, any part of these systems can be a candidate contributing to behavioural
decrements.

Anatomically, joint ligament and muscle tendon elasticity decreases [Narici et al., 2008],
cartilage [Beaupre et al., 2000] and synovial fluid [DeGroot et al., 2004] also decline in
quality and quantity. Generally speaking, joint flexibility decreases with advanced age.
Osteoarthritis, which is highly prevalent among aged people (more than one third in people
beyond 63 years, increases with age [Felson, 1990]), has been reported not only to limit
patients by pain and rigidity, but also by impaired proprioception. Research has suggested
that arthritis triggers articular proprioceptive receptor and nerve degeneration [Knoop
et al., 2011]. Even within elderly people not suffering from osteoarthritis, decreased size
and number of muscular [Kararizou et al., 2005] and articular proprioceptive receptors
[Morisawa, 1998] still alter their proprioception. Clinically, research has shown decreased
proprioceptive capacities including lower sensitivity of joint angular position and speed
perception [Verschueren et al., 2002].

Vision is also highly susceptible to ageing. Senile miosis, decreased pupil size occurring
in ageing, affects the amount of light projecting to the eyes [Owsley et al., 1983]. Other
degenerative ocular diseases, such cataracts and macular degeneration can also negatively
impact the quality of visual information for movement control. With regard to motor
nerves and muscle, decreases in the number of spinal motor neurons [Doherty and Brown,
1993; Tomlinson and Irving, 1977] and loss of whole muscle mass and individual muscle
fibre size with age are prominent features in the elderly [Miljkovic et al., 2015; Narici
et al., 2008]. Pathological and volumetric neuroimaging studies of the (CNS) have widely
shown that the brain volume decreases in the process of ageing. [Good et al., 2002; Raz
et al., 1997] Specifically, in the case of the sensorimotor system, decrease in grey matter in
both pre and post-central gyri has been shown [Good et al., 2002; Salat et al., 2004]. Age-
related degeneration also occurs in the motor related subcortical structures including basal
ganglia [Kennedy and Raz, 2005] and cerebellum [Raz et al., 2005]. Decline in the white
matter integrity has been widely investigated using diffusion tensor imaging in MRI and
many studies have demonstrated age-related white matter changes [O’Sullivan et al., 2001;
Ota et al., 2006; Salat et al., 2005; Sullivan et al., 2010]. The effects seem to be global,
however, in a study [Salat et al., 2005], corticospinal tract was noted to be significantly more
vulnerable to age than other major tracts. More importantly, some of these neuroimaging
studies tested the functional relationship between observed and structural changes and
the results have supported that both structural changes of the grey matter [Kennedy and
Raz, 2005; Rosano et al., 2008] and white matter [Sullivan et al., 2009, 2010; Zahr et al.,
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CHAPTER 1. INTRODUCTION

2009] correlate with motor function deterioration, including walking, balance and motor
dexterity.

In terms of behavioural changes in movement, ageing is generally related to decreases in
speed and strength. Movements can slow down by as much as 15-30% with age [Buckles,
1993], presenting as prolonged movement duration [Cooke et al., 1989; Ketcham and Stel-
mach, 2004] and lower peak velocity [Cooke et al., 1989; Pratt et al., 1994]. Some studies
have argued that the slowing of movement speed is a manifestation of Fitt’s Law [Fitts,
1954], that the elderly move slower in exchange for accuracy. With a decrease in motor
unit numbers and muscle mass, elderly people compared to the young have a reduced
force production and increased force output variability [Doherty et al., 1993; Galganski
et al., 1993]. Other typical movement characteristics include increased movement variabil-
ity [Brown, 1996; Contreras-Vidal et al., 1998], balance and gait impairments [Maki and
McIlroy, 1996] and difficulty coordinating multijoint movement [Seidler et al., 2002]. In-
creased movement variability can be viewed as an indicator of inability to deliver consistent
movements. In the ageing population, both variability of movement trajectory and end-
point are higher than their younger counterpart when performing rapid aiming movements
[Ketcham and Stelmach, 2004]. Considering cognition-action interaction [Seidler et al.,
2010], significant decreases in attentional capacity also place limitations on maintaining
optimal motor performance during ageing. Indeed, studies also have shown that in con-
trast to young people, motor performance in elderly people deteriorates disproportionately
under attentionally demanding circumstances [Huxhold et al., 2006; Lexell et al., 1988;
Schulz et al., 2010].

Mainly, ageing is associated with degenerative changes at all levels of the sensorimotor
system as well as motor related cognitive and musculoskeletal systems. Elderly people
generally move slower and less accurately and perform less steadily in postural and bal-
ance control. In recent years, accumulating evidence from different disciplines has shown
that increased sensorimotor variability closely relates to the elderly’s difficulty in executing
their daily activities and increased risk of negative consequences from inaccurate movement
[Enoka et al., 2003; Hamacher et al., 2011; Ketcham and Stelmach, 2004; Shaffer and Har-
rison, 2007]. Therefore, advancing understanding of mechanisms of increased sensorimotor
variability is imperative. Decreased movement accuracy with age may seem to be intuitive.
However, similar to other physiological functions, alterations in ageing are heterogeneous
and multi-factorial. This poses greater amounts of difficulty when attempting to explain
which and how the anatomical changes observed in each system lead to behavioural changes
and draw clear causal relationships. Our group has been using high-resolution movement
data and computational modelling to develop understandings of human motor control in
healthy [Thomik and Faisal, 2012] and neurodegenerative patients [Gavriel et al., 2015].
The same disciplines can be applied to research in the ageing sensorimotor system.
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1.2. FALLS IN THE ELDERLY: A BARRIER TO ACTIVE AGEING

1.2 Falls in the elderly: a barrier to active ageing

Many fundamental health challenges faced by modern societies are caused by rapid popula-
tion ageing. Falling constitutes one such challenge and is the leading cause of unintentional
injuries in the elderly. Approximately 28-35% of people aged 65 years or more fall each
year [Campbell et al., 1981; Prudham and Evans, 1981; Blake et al., 1988] and both fall
incidence and resultant injuries rise with age and degree of frailty [Rubenstein and Joseph-
son, 2002]. For example, the annual incidence of falls of the elderly living in long-term care
is about three-times higher than the community-dwelling elderly [Rubenstein et al., 1994].
Also, although most falls do not result in death, falls account for approximately 40% of
accidental injuries related death in the elderly [Ageing and Unit, 2008] and its incidence
increases exponentially with age (see Fig. 1.2). In terms of healthcare demands, falls ac-
count for 10-15% of emergency department visits [Scuffham et al., 2003] and more than
50% of injuries-related hospitalization in the elderly [Roudsari et al., 2005]. Fall-related
health costs have been reported to range from 0.85 to 1.5% of total healthcare expenses
within the USA, Australia and EU [Heinrich et al., 2010]. In the UK, £1 billion (around
1% of total healthcare expenses) each year was spent on fall related injuries [Scuffham
et al., 2003]. Besides healthcare costs, falls are also in connection with societal costs due
to dropping productivity of family caregivers.

Falls lead to loss of individual’s autonomy and social participation, with or without injuries.
Both qualitative and quantitative data have shown that a large proportion of elderly people
reduce their movement and mobility range in response to a fall [Boyd and Stevens, 2009;

Figure 1.2: Fatal fall rates by age and sex group (in the US) Source [Ageing and Unit, 2008]
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Iglesias et al., 2009; Rousseau, 1993; Vellas et al., 1997], which can increase the risk of
cognitive decline [Weuve et al., 2004]. This also impacts their confidence to walk, thereby
affecting one of the strongest predictors of lifespan [Studenski et al., 2011], gait speed. It
should be noted that all these health and non-health impacts soar with a rapid increase in
the proportion of elderly population. Considering the magnitude of negative consequences,
falls should be regarded as a barrier to "active ageing".

Trips: the main causes of falls in the elderly

In this thesis, we specifically focus on one of the causes of falls, trips. This is because
tripping during walking is a predominant cause of fall events happening both in commu-
nity [Berg et al., 1997; Blake et al., 1988; Campbell et al., 1990; Prudham and Evans,
1981; Schiller et al., 2007] and long-term care [Robinovitch et al., 2013; Rubenstein et al.,
1994]. According to literature, trips account for more than 50% of fall incidents in the
elderly. This result is highly consistent across multiple studies using different research
methods, whether they are questionnaires, interview-based or CCTV-documented research
[Robinovitch et al., 2013].

1.3 Noise in the sensorimotor system and computational prin-
ciples to counteract it

As has been mentioned, one major characteristic occurring with age is increased move-
ment variability. In fact, human movement is universally variable. Variability is observed
in perception and action even when sensory stimulus and task goal are the same. Recent
evidence from computational models and experimental works indicate that the origin of
human behavioural variability arises considerably from noise. Here, noise is defined as
random fluctuations which are not part of the signals of the nervous system [Faisal et al.,
2008] and interfere with the transfer of information. Since the objective of the sensorimotor
system is to process sensory information from the environment and react to it with precise
and accurate movement. Noise naturally poses limitations on achieving this goal. Con-
sequently, in order to optimise action precision and accuracy, the human nervous system
uses multiple computational mechanisms to overcome the negative effects of noise [Faisal
et al., 2008; Osborne et al., 2005; van Beers et al., 2004]. Extensive research has been done
to show that noise plays an important role shaping sensoritmotor computation [Bays and
Wolpert, 2007; Faisal et al., 2008; Franklin and Wolpert, 2011]. Considering noise being
ubiquitous in the nervous system and critical to sensorimotor variability and computation,
we provide an overview of noise here. We begin with cellular noise, which exists in all types
of neurons and thus permeates every level of the nervous system from sensory to motor
and evidently in the central information process (see Fig. 1.3). We also address sensory
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PRINCIPLES TO COUNTERACT IT

and motor noise which is specifically related to the biophysical properties of sensory (i.e.
sensory receptor) and motor organs (i.e. motor pool). We then introduce computational
principles which mitigate negative effects of noise. Finally, we include computational prin-
ciples which do not directly aim to counteract noise but also aim to minimise sensorimotor
variability.

Cellular noise

In electrophysiological experiment, when being driven with identical stimuli repeatedly, ac-
tion potential timing varies across time [Bryant and Segundo, 1976; Mainen and Sejnowski,
1995]. Although this variability is on millisecond or lower timescales, the precision of action
potential timing on this scale has been shown to be relevant in perception and action [Carr
and Konishi, 1990; Fairhall et al., 2001]. In neurons, the internal states are affected by ran-
domness in biochemical and biophysical process which can cause this variability. The most
important source is channel noise. Channel noise means electrical currents generated by

Figure 1.3: Overview of noise in the nervous system. Left-upper corner: sensory noise – sources of
sensory noise include signal transduction at receptors. Here it is exemplified by a photoreceptor and
its signal amplification cascade. muscle spindle as a muscle receptor serves the first stage of muscle
proprioception. Right-upper corner: cellular noise, mainly includes channel noise and synaptic
noise. Left-lower : motor noise, which is related to the motor pool properties and contractile
properties of muscle fibres. Adapted with permission from [Faisal et al., 2008]
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CHAPTER 1. INTRODUCTION

unpredicted opening of ion channels, which results in fluctuations of membrane potential
[Steinmetz et al., 2000; White et al., 2000]. The effect of channel noise to action potential
timing is related to axon size. In the brain, where many connections are constituted of
small diameter axons (0.3 µm), simulation work showed that channel noise produced sig-
nificant variability (action potential jitters) [Faisal and Laughlin, 2007]. In synapses, it
has also been observed that identical pre-synaptic stimuli trigger post-synaptic potentials
with trial-to-trial variability [Katz and Miledi, 1970]. Considering the complex machinery
and mechanisms in synaptic transmission, many sources can induce variability. Evidence
of random activities has been observed in synaptic calcium channels [Wang et al., 2001],
synaptic vesicles [Lou et al., 2005] and the effectiveness of neurotransmitters [Franks et al.,
2003; Lim et al., 1999; Wu et al., 2007].

Sensory noise

The biophysical properties of sensory stimuli make them intrinsically noisy whether they
are thermodynamic (e.g. chemical sensing including olfaction and gustation) or quantum
mechanical (e.g. vision) in nature [Faisal et al., 2008]. In vision, the rate that photons
arrive at a photoreceptor follow a Poisson process [Bialek, 1987]. This means that signals
in sensory stimuli contain noise. When sensory receptors convert external sensory stim-
uli into electrical signals, noise cannot be separated from signal and more noise is even
generated during the transduction process [Lillywhite and Laughlin, 1979]. Therefore, the
sensory organs provide information with limited resolution and set perceptual thresholds
for later processing, because signals lower than noise levels cannot be differentiated from
noise. During the process of transmission in the PNS and CNS, sensory inputs are also
contaminated by cellular noise. Taken together, these lead to uncertainty in the state
estimation of the environment and the body.

Motor noise

To interact with the environment, motor commands are generated in the brain, relayed
by motor neurons and then converted into mechanical forces in muscle fibres to produce
movements. There are three major sources of motor noise. The first one is cellular noise
in motor neurons, as with the sources of noise in any other neurons. The second source
of motor noise is contributed by the physiological properties of ‘motor units’ [Jones et al.,
2002]. Each motor neuron innervates a specific number of muscle fibres and constitutes a
motor unit. The force generated by a motor unit is directly proportional to its number of
muscle fibres. When generating small forces, motor units with a small number of muscle
fibres are active. When generating larger forces, additional motor units, including those
ones with larger number of muscle fibres, are active [Henneman, 1957]. Furthermore,
when the whole-muscle forces rise, the firing rates of the active motor neurons increase.

24



1.3. NOISE IN THE SENSORIMOTOR SYSTEM AND COMPUTATIONAL
PRINCIPLES TO COUNTERACT IT

Therefore, whole-muscle forces are determined by the number of active motor neurons
and the firing rates of these neurons. As large motor neurons have slower firing rates,
un-fused firing and then un-fused twitches of muscle fibres are induced [Christakos, 1982].
This leads to the second source of motor noise [Hamilton et al., 2004]. Third, each twitch
of muscle fibres expresses trial-to-trial variability produced by noise in the biochemical
cascades generating mechanical forces [Faisal et al., 2008].

Computational principles to mitigate negative effects of noise

While noise poses substantial challenges to sensorimotor control, the nervous system be-
haves optimally and minimises overall uncertainty successfully when we are young. [Wolpert
et al., 1995; Ernst and Banks, 2002; Körding and Wolpert, 2004]. Averaging is often used
when each signal unit (such as receptor, neurons) carries the same signal with independent
noise [Laughlin, 2001]. Therefore, simple averaging works best in the very first stage of
sensory processing. For example, the stereocilia of auditory receptors are mechanically
coupled so their movements can average random fluctuations in the movements of single
cilia [Kozlov et al., 2007]. In the sensory processing in the CNS, since sensory informa-
tion is often conveyed via more than one modality, the brain takes advantage of this fact
by combining information to increase precision. Both computationally and experimentally
[Ernst and Banks, 2002; van Beers et al., 1999, 2002], evidence supports that when informa-
tion is integrated, the brain knows the reliability of each sensory information and weights
that accordingly to achieve optimal estimation. Even when only one sensory modality is
available, prior knowledge about the body and environment can also be used to alleviate
negative effects of noise because prior knowledge contains the structure of signal and noise,
and therefore can be used to separate signal from noise.

The motor system also applies the weighted-averaging mechanism to reduce the detrimen-
tal effects of noise. Our motor system has a potentially highly variable repertoire with
more than 600 muscles controlling over 200 joints. Despite this redundancy, humans con-
trol actions in a highly stereotyped way. Specific sequences and combinations of muscle
activations (a form of weighted average of muscle activities) are commonly observed from
eye movements to hand trajectories. Computational neuroscience assumes that movements
are planned to minimise the effects of signal-dependent motor noise. Simulation results by
using this optimal control rule showed good agreement with observed movement patterns
[Harris and Wolpert, 1998; Jones et al., 2002; Hamilton et al., 2004].

The principle of averaging and prior knowledge can be placed in a more general mathemat-
ical framework: Bayesian decision theory. Bayesian decision theory provides a systematic,
quantitative framework for understanding how the nervous system estimates the states of
the world and thus achieves its objectives in the face of uncertainty [Bays and Wolpert,
2007; Franklin and Wolpert, 2011; Körding and Wolpert, 2006]. It is composed of Bayesian
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statistics and decision theory. Bayesian statistics describes how to use probabilistic reason-
ing in order to make an optimal inference about the reality of the world. The sensorimotor
system generally has prior knowledge of the statistics of tasks and likelihood information
from the sensory inputs. Prior and likelihood information can be optimally combined as a
function of their respective uncertainties to give a posterior probability estimate [Körding
and Wolpert, 2004]. This posterior generally leads to an estimate which is closer to the
truth and has smaller uncertainty (posterior uncertainty) than an estimate which is either
made with only prior or likelihood. Decision theory is used to choose an optimal action,
which gives the best expected result, based on the posterior estimate.

Other computational mechanisms that minimise uncertainty in sensori-
motor control

Our own actions cause changes of our body and its association to the world and therefore
can result in uncertainty. Effective mechanisms are needed to discriminate self-generated
state changes from external sensory information. A forward internal model which pre-
dicts sensory outcomes according to generated motor commands, is proposed [Wada and
Kawato, 1993; Wolpert and Kawato, 1998]. By subtracting prediction from presently sen-
sory streaming, sensory feedback from external causes can be revealed. This type of sensory
cancellation can be observed in many sensory systems [Blakemore et al., 1998; Roy and
Cullen, 2004].

States of the motor system and the environment are not stationary and this also produces
variability. Adaptation is necessary and proposed to be achieved through an inverse model,
a model represents motor errors through a conversion from sensory inputs resulting from
actions [Lackner and Dizio, 1998; Wolpert et al., 1998]. As can be imagined, when the state
of the motor system changes, the same motor command would cause a different action and
therefore unforeseen and often undesirable result. The difference between an expected
state and real state is perceived by the sensory system and then transferred into a motor
error, which can be used as a corrective signal for the motor system to adapt to a new
state.

Research question

We briefly reviewed the nature of noise in the sensory and motor systems and also the
computational sensorimotor control to minimise the adverse effects of noise. As has been
introduced in section 1.1, ageing brings to degeneration at all levels of the sensorimotor
system. Sources of noise could well increase because of degeneration. Further, control
mechanisms in the CNS may also decline with age. Consequently, goal-directed actions in
the elderly can become less precise and accurate. Indeed, increased behavioural variability
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with age has been observed in the context of many motor studies, including reaching
movements [Ketcham and Stelmach, 2004] and force matching tasks [Laidlaw et al., 2000].
In this thesis, we investigate fall mechanisms via the perspective of sensorimotor variability,
which we argue, is relatively disregarded in the fall research.

1.4 A lost perspective in fall research

Extensive research has been done to study falls in the elderly from the perspective of
epidemiology, clinical medicine, and biomechanics. This has made great progress in our
understanding of falls. However, falls have been less well studied in the context of sensori-
motor noise and the computation of it. Some studies investigated how sensory uncertainty
affects stability in standing [Shaffer and Harrison, 2007] and found less reliable proprio-
ception was correlated with poorer balance control. Falls, however, typically occur during
walking. Therefore, more understanding about the relationship between sensorimotor vari-
ability and locomotion is needed.

Our nervous system transmits signals and coordinates the actions of different body parts.
This function is accomplished by complex networks. Computational neuroscience focuses
on the information processing properties of these networks and therefore provides a link
between pathological changes in aged sensorimotor system to behavioural changes. Because
ageing is associated with degradations at multiple levels in the nervous system, it is difficult
to study the mechanisms causing behavioural changes of the aged nervous system (in our
case: an increased probability of falls). By using a computational approach, we can focus
on the functional aspects and analyse changes on the basis of the hierarchical and organised
structures of sensorimotor control.

1.5 Grand hypothesis

Sensory and motor signals used for sensorimotor control are inherently corrupted by noise
and therefore uncertain. This uncertainty places limits to accurate motor control. Re-
cent evidence from experimental data and computational models of sensorimotor control
suggest that the human brain is aware of the statistic properties of our own sensory and
motor organs and the environment. Furthermore, the brain employs these properties, us-
ing principles of optimality and internal models to alleviate the negative impacts of noise
and uncertainty. As a result, movement accuracy and precision can reach an optimal
level.

During ageing, both sensory and motor noise is likely to increase [Enoka et al., 2003;
Verschueren et al., 2002]. Increased sources of noise may limit precise and accurate sen-
sorimotor control. The impairment presents as increases of variability in walking and a
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higher probability being contacting with the ground or an obstacle due to inaccurate foot
placement. This results in trips, the major triggers of falls in the elderly.

We, therefore, hypothesise that the movement variability of a closed-loop task biomechan-
ically mimicking stepping should increase with age. We also assume that both sensory
and motor noise contribute to increased movement variability in the process of ageing.
Multiple motor and sensory psychophysics are designed and undertaken to test these hy-
potheses. Modelling work is performed to focus on the changes of the motor system and
motor noise with age. With regard to the central processing which mitigates noise and
uncertainty, we assume Bayesian inference remains statically optimal in this thesis and ap-
ply this principle to inspect the contributions of individual sensory modalities to sensory
noise changes with age. However, this does not mean we fully exclude the possibility that
computational mechanisms which counteract noise may become less effective during the
course of ageing.

1.6 Thesis structure

The goal of this thesis is to build bridging knowledge between sensorimotor computation
and biomechanical understandings of ageing motor control. The specific clinical target is
falls in the elderly. We structure the thesis to follow methodological progression, collection
and analysis of human behavioural data and finally complementary computer simulation
work. The thesis is structured as follows, Chapter 2 describes one main technical challenge
to perform motor and sensory psychophysical experiments on lower limbs, which is a lack of
platforms for this type of studies. This is the motivation building a robotic workstation for
psychophysics in lower limbs. We then present the design and making of the workstation.
We also validate the precision of the system and test the performance of the system with
pilot subjects.

In Chapter 3, we investigate the relationship between age-related changes of sensorimotor
variability and gait parameters using a novel closed-loop motor psychophysics paradigm.
This paradigm is designed to match the targeted naturalistic tasks – level walking and
negotiating an elevated surface. Therefore, the experimental procedure mimics the move-
ment of a person lifting the leading foot to initiate a step when walking or clearing over
an obstacle. This choice is made based on previous research showing a strong correlation
between increased foot clearance variability and fall risk in the elderly [Khandoker et al.,
2008b]. We then use the paradigm to verify our hypothesis that increased sensorimotor
variability results in increased foot clearance variability.

Chapter 4 investigates the alterations of sensory noise in ageing and elucidates their roles
in the changes of sensorimotor variability. We also attempt to differentiate age-related
changes in different sensory modalities and their relative importance to sensorimotor vari-
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ability. We then compare multisensory integration effects in different age groups and
discuss their physiological, computational and clinical implications.

Chapter 5 uses modelling work to investigate how ageing-related changes in the motor
system influences motor noise. We firstly adapt a motor-pool model and augment this
model, so that its components follow the known biology of ageing. The manipulations cause
either negligible effects or disorganised results which make interpretation challenging. We
then develop a cortico-spinal model, retaining motor pool properties with simulated motor
cortex neurons communicating to the motor pool. Using this model, we test our hypothesis
that motor cortex degeneration by age may well cause changes of motor pool properties in
ageing. We compare the results of the two models and provide possible explanations for
the results.

Chapter 6 summarises thesis conclusions and proposes future research directions.
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2
Development of the FOot HEight POstioning

(FOHEPO) Workstation

2.1 Introduction

This chapter describes the justifications and design of our Foot Height Positioning (FO-
HEPO) Workstation for fall mechanism elucidation. Falls in the elderly are complex and
heterogeneous in nature, therefore, multiple disciplinary approaches are required to achieve
an in-depth understanding of falls. It is also because each methodology has its superior-
ities and limitations, understanding the mechanisms causing falls can be attainable only
with combined knowledge from different scientific domains. We also believe that thorough
knowledge of fall mechanisms is the foundation for the development of an effective fall pre-
vention therapy or technology solution. Various triggering events can cause falls. Different
causes, such as trips, giving way, or faints, have strongly different underlying mechanisms.
Epidemiological studies provide us rich information about the distributions of fall causes
and a guidance on the direction we began with this study. As has been mentioned in the
Chapter 1, we focused on trips, not only because they are the most prominent fall causes
in aged people [Berg et al., 1997; Blake et al., 1988; Campbell et al., 1990; Prudham and
Evans, 1981; Schiller et al., 2007] but also because we propose that trips are caused by
dysfunctional sensorimotor computation, our research target.

On the design of first controlled experimental paradigm presented on the workstation, we
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chose to begin with a task mimicking foot clearance, the vertical distance between the
lowest part of swing foot to the ground when walking (or to an obstacle when crossing
it). We named it the FOot HEight POsitioning task: FOHEPO task. The details of
this task will be described in Chapter 3. This measurement, which shaped the design of
FOHEPO Workstation, was inspired by both the work about the biomechanics of ageing
gait and the computation of sensorimotor control. Kinematic gait analysis has been widely
used in clinical diagnostic and research settings in past decades. It has been proved to be
an effective tool distinguishing and quantifying differences of walking patterns between
patients with movement disorders and healthy people [Blin et al., 1990]. Falls in the
elderly largely occur during locomotion [Campbell et al., 1990; Tinetti et al., 1988] and
ageing itself typically associates with modifications of gait due to limitations posed by
sensorimotor degeneration. It is not surprising substantial amounts of studies had been
conducted to characterise gait parameter changes [Aboutorabi et al., 2015] and to quantify
fall risk [Barak et al., 2006; Hamacher et al., 2011] in the elderly. Kinematic gait studies
have major advantages over other risk evaluation instruments such as questionnaires or
clinical motor performance tests (e.g. Romberg test [Stalenhoef et al., 2002]), because they
provide objective and quantitative assessment. Several gait parameters including temporal,
spatial and spatiotemporal also had been identified as potential risk predictive factors
[Hamacher et al., 2011]. Yet, time and cost required for gait analysis [Simon, 2004] put
limitations on its clinical applications. Also, motor control of the lower limbs, comparing
to which of the upper limbs, has much less been investigated by controlled experiments. As
a result, the relationship between ageing-associated neuromotor changes and behavioural
alterations (i.e. gait changes) is less well understood and interpretation of gait analysis
data from motor control point of views usually not achievable. A cost-effective platform
would enable neuroscientists to deliver simple closed-loop experiments, which measure
motor variables while subjects perform actions with common biomechanical features of
walking. This type of research can link the knowledge of neural control of leg movements
with gait parameter changes in kinematic studies. This is essential in order to identify
most relevant gait parameters for fall-prone elderly screening and more importantly, to
further the physiological understanding of kinematic gait parameters.

On the other hand, considerable progresses have been made on biological sensorimotor
control through high-resolution psychophysical experiments [Körding and Wolpert, 2004]
and computational modelling [Bays and Wolpert, 2007; Wolpert et al., 1995] which uses
algorithmic formalisations to account for general principles that the neurological system ap-
plies to achieve optimal action control. Both computational frameworks and experimental
research provide rich evidence on the control of actions in the constant face of redundancy
and uncertainty [Todorov and Jordan, 2002] and the learning of multiple sensory integra-
tion during early stages of development [Nardini et al., 2008]. However, far less research
has addressed walking in this context although walking is one of the most commonly ex-
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ecuted naturalistic sensorimotor tasks. Nor has ageing motor control been investigated
via the perspective of sensory and motor uncertainty and its computation. We appreciate
that one of the challenges being a shortage of satisfactory platforms when attempting to
apply neuroscience methodology to the studies of walking and falls in the elderly. This
also made suitable experimental paradigms delivering motor and sensory psychophysics
in lower extremities to be much less attainable. We aimed to build bridging knowledge
between biomechanics and sensorimotor neuroscience. As a result, building a robotic plat-
form naturally became the first task in this study. We designed and developed FOHEPO
Workstation. The workstation made closed-loop lower limb motor and perceptual tasks as
well as real time perception and action behavioural association available. Further, it also
presents other advantages including cost-efficiency, minimal computational demands and
safety consideration for risk population, such as ageing people. The presentation of visual
stimulus on the first attempt of this Workstation was designed for the FOHEPO task.
However, the stimulus is replaceable and other stimuli can be designed and then applied
in future experiments.

2.2 Aims and methods

Our main motivation was to design and develop an automated robotic multifunctional
workstation. A workstation allows real-time delivery of visual stimuli and the association
of motor and sensory psychophysics to neurophysiology through motion capture and other
response recording. An ideal way to design this type of platform is using a closed-loop
system with low computational complexity. Given that our target population was elderly
people and may expand to fall prone groups later, adequate safety measures were also a
necessity. Furthermore, based on our previous experience on low-cost wearable kinematic
body-sensor networks [Gavriel and Faisal, 2013] and fMRI-compatible object manipulation
system [Sylaidi et al., 2015], we aimed at developing an easily affordable neurotechnological
solution. By doing so, we also offered the system a greater degree of flexibility to be ex-
panded for various purposes including experiments in walking scenarios and rehabilitation,
with low financial burden.

Hardware

The general platform set-up was an one-side open metal frame (length 1180 mm × width
800 mm × height 1040 mm, open side: 800 mm). For explanatory purposes, we called
the opening side the posterior side and the opposite the front side in the thesis. This is
also because participants were requested to stand behind the posterior side, facing the
front side in all experiments. Inside the metal frame, one vertically movable step was built
on the front side. Bilateral adjustable handrails (height 600 to 1000 mm, diameter 40
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Figure 2.1: Robotic experimental set-up displays the components of FOHEPO system which in-
teract during an actual experimental session and also provide on-line feedback of the monitored
performance measured by the motion capture system. The object position is controlled by a PC-
run software module, through Arduino Uno micro-controllers. The button sending signals to the
PC also connects via the micro-controller.

mm, length 400 mm) were mounted to the posterior side of the frame and extended from
the longer edges (see Fig. 2.1). The metal frame was built with Bosch Rexroth (Bosch
Rexroth AG, Lohr am Main, Germany) assembly products, with variable and customised
choices. Therefore, the platform can easily be adapted or expanded for future experimental
or rehabilitation paradigms.

Stimuli: automated obstacle

Naturalistic obstacle Our obstacle was made of a white polystyrene sheet length 760

mm x width 300 mm x thickness 5 mm. It was positioned parallel to the floor and 100

mm away from the front side. Being 900mm in front of the subjects’ resting position, it
sufficed the visual distance when an observer has to clear an obstacle during ambulation.
In order to provide a clear contrast to the white target, both the walls of the frame and
the floor were black.
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Motors and controllers Four Firgelli (Firgelli, Victoria(BC/Canada) S-series linear
actuators (Firgelli L16-140-63-12-S) were linked to the 4 corners of the polystyrene sheet.
Actuators lowered the obstacle by pushing (extending actuators) and lifted it by pulling
(retracting actuators) along the stroke length of them. We used Arduino Uno micro-
controllers to send control signals to actuators synchronously. Actuators and controllers
were connected by L298 dual H-bridge motor drivers (Cana Kit Corporation, Vancou-
ver(BC/Canada)), which supplied power and allowed bidirectional drives to the motors.
Each H-bridge controlled 2 actuators. Two microcontrollers and all 4 actuators were syn-
chronised via commands from the PC. There was an automatic break system in the ac-
tuator, which activated when power from the H-bridge was off. Therefore, the actuator,
and also the obstacle automatically stopped and clutched at the position, when H-bridges
received "off" signals from controllers.

Position Control Firgelli S-series linear actuators do not provide position feedback.
Position control was therefore achieved through high precision movement time control. The
full speed of individual linear actuator existed sub-millimetre difference. Our experiments
needed high precision and therefore, these small differences needed to be taken into account.
We first measured both full extension and retraction speeds on each actuator, which ranged
from 15.5 to 16.5 mm/s respectively. Once the actuators were loaded with the polystyrene
sheet, we rechecked and confirmed speeds of all four actuators remaining the same as
pre-loaded speeds and constant over the whole stroke length. The speed values were
then stored in Arduino control software. When physically connected to the system, the
tips of actuators on full retraction, were set to be 150 mm above the ground. As a
result the intended obstacle height H target can be transformed into the actuator handle
position Pos (0 at full retraction and 140 at full extension) using a simple equation Pos =

150−Htarget. In Arduino software, the movement time was therefore expressed as |Pos−
positionCurrent|/Speed. If the value of Pos was larger than current position, actuators
extended and vice versa. Current position in the Arduino software was updated by sending
motion capture data to it every time when the obstacle changed its height to ensure correct
control signals.

Choices of motion tracking system

Rapid developments in three-dimensional (3D) motion capture cameras have made this
technology widely accessible for human motion control research. Many types of tracking
techniques are available. It is generally divided into two main categories, optical and non-
optical [Nocerino et al., 2015] methods. Main stream products in industry use optical
methods and can be further classified into passive-optical and active-optical techniques.
This classification depends on optical marker types deployed in the systems, whether they
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Figure 2.2: Comparing the cost and efficiency of Flex-13 versus established high accurate motion
tracking systems. Flex-13 corresponds to the lowest cost and possesses data with satisfactory
performance within the range of established systems.

are retroreflective, tracked by infrared cameras or LEDs actively illuminating visible light
or infrared. Various tracking software has also been developed to enable markerless motion
capture using established camera systems such as Kinect, etc. Markerless methods hold
the advantages that being able to capture movement without troubling subjects wearing
markers or suits. However, the tracking precision and long time stability are generally worse
than marker-based optical systems [Pfister et al., 2014; Springer and Yogev Seligmann,
2016].

Non-optical systems apply various methods including inertial sensors, magnetic and acous-
tic systems [Nocerino et al., 2015]. Non-optical systems have the advantages over optical
system that signals are unaffected whether tracking parts are obstructed by obstacles. The
accuracy and stability, however, rely much on the nature and maturity of individual sys-
tems and vary considerably among different ones. Among numerous non-optical systems,
Polhemus electromagnetic system (Polhemus, Inc. USA) provide high accuracy with no
concerns of obliteration by leg movements which are unavoidable in light sensor based sys-
tem including Vicon and Optotrack. However, in pilot tests, we identified huge position
errors (> 5 cm), which was suspected to be caused by electromagnetic field distortion when
sensors were placed highly close to cables running inside the floor.

Our experiments required high precision and resolution in motion tracking data. As a re-
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Figure 2.3: Diagram: showing overview of the tracking structure, demonstrating data transmission
between system components.

sult, some techniques, such as marker-less video and inertial sensors, were discarded because
currently these techniques still perform with limited precision and encounter problems of
drifting. Also, being set to be indoor static controlled experiments, the superiorities of
marker-less and inertial sensors, including unobtrusiveness or the ability to transmit data
in long distances were recognised to be less significant. We chose Optitrack Flex-13 camera
(Natural Point, OR, USA). It is a medium-cost passive optical system with high resolu-
tion (sub-millimetre, actual values depending on the number of cameras used, placement
of cameras and calibration qualities) and accuracy. Its motion tracking performance lies
in the same range as established motion tracking methods (e.g. in Fig. 2.2) Vicon with
1DOF motion tracking at 250 Hz, Polhemus Liberty with 6DOF at 240 Hz). Further-
more, it presents a significant cost-efficiency benefit compared to other motion-tracking
technologies with advanced features (e.g. Hiball with 6DOF motion tracking at 2000 Hz,
Optotrack with 6DOF at 4600 Hz,Oqus with 6DOF at 1750 Hz, for detail comparison,
see Fig. 2.2). Our studies focused on ageing population and the tasks were non-vigorous
movements. This indicates that applying high-end motion capture systems which deliver
extremely high framing rates but precision similar to which of Optitrack system (e.g. Op-
totrack 0.1 mm, Vicon 0.1 mm) would only provide us very limited additional information.
This holds another reason why Optitrack Flex-13 was chosen over high-end motion capture
systems.
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Setup of Optitrack Flex-13 cameras For the tracking software to locate Cartesian
x, y, z coordinates in 3D space, at least two cameras need to be used. Three Flex-13
cameras were installed on wall shelves locating above the front margin of the workstation
(see Fig. 2.1). This ensured both the stability of camera positions and satisfactory tracking
coverage. x, y, z coordinates in 3D space The cameras operate at a 120 Hz frame-rate for a
1280×1024 (1.3 Megapixels) resolution with low time delays (8.3 ms) and can track 6DOF
movement. The cameras were connected via USB to an OptiHub 2, a custom USB hub that
allows up to 6 cameras to synchronise with each other. This hub subsequently connected via
USB to Motive (Natural Point, OR, USA), the tracking software and data server, thereby
obtaining tracking data from the cameras to the PC. The server processed the tracking
data in real-time and then streamed data to PC-handled MATLAB (The MathWorks
Inc., Massachusetts, USA) experimental paradigm using NatNet SDK (Natural Point, OR,
USA). Therefore, the motion tracking system transmitted the real-time motor behaviours
of participants’ feet and our automated obstacle for the use of experimental process and the
Matlab paradigm keeps track of and records position data along the course of experiments.
Fig. 2.3 illustrated the dataflow structure between system components.

Lighting

To provide sufficient and maintain consistent lighting for the system. A 400W halogen work
light was placed and fixed on the top of workstation. The light position was adjusted to
avoid shadowing on both the automated obstacle and feet before fixed. Black curtain was
used to block light from the surrounding during any formal experimental sessions.

Safety measures

Following suggestions from a paper by Ishihara and his colleagues [Ishihara et al., 2002],
bilateral handrails with adjustable height from 600 to 1000 mm were placed on the metal
structure at participants’ standing position. The whole metal piece was made of Bosch
Rexroth aluminium struts and formed a strong and stable structure supporting handrails.
This allowed participants to shift their body weight to handrails when lifting their foot.
The floor was covered with an anti-slip mat. An emergency stop button was placed on
the right handrail, allowing participants to take breaks at any time during the experiment.
Experimenters could also press the "+" button on the numeric keypad of the PC to suspend
an experiment if they received oral requests from a participant or felt there was a need for
’time out’. When elderly participants performed an experiment, a chair with non-slip feet
standing was placed next to the left hind corner of the FOHEPO Workstation for them to
use when in need.
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Continuous closed-loop obsctale-foot interaction

The FOHEPO Workstation was controlled by a PC-based Matlab module. This module
integrated the automated obstacle, the motion tracking system and all response recorders
and therefore formed a closed-loop system. On initiation, this module drove the automated
obstacle moving to the target height, through an Arduino control board and then linear
actuators. Height precision was obtained through continuous position monitoring by the
motion tracking system. The module automatically transited between experimental trials
and phases unless ’time out’ was ordered. Behaviours were measured with both continuous
motion tracking and response recorders, which include one push button and one numeric
keypad. The system also provided participants and experimenters with different levels of
real-time information on behavioural measures.

Audio command and feedback

The set-up was designed for high resolution visual motor tasks with real visual stimuli.
Therefore, audio signals are used for experimental instructions and feedback to eliminate
visual distractions from these materials.

2.3 System validation

Motion capture system

We examined the precision over space and time of our motion capture system. We especially
focused on 3 tracking areas: obstacle, working space and resting positions of feet. Firstly,
two markers were placed 100 mm apart on the floor of 3 tracking areas and x, y, and z
coordinates were recorded at each area. Secondly, Using multiple 50 mm × 50 mm × 50

mm cubes, we then recorded the x, y, and z coordinates of two apart markers at heights of
50, 100 and 150 mms. The system was turned off and then restarted in every condition.
Also in all conditions, coordinates at 0, 15, 30, and 60 minutes after the system restarted
were recorded.The mean absolute error was 0.3 mm in all orientations and the drift over
1 hour is less than 0.01 mm. This resolution is equivalent to the state-of-the-art motion
tracking techniques including Optotrack (0.1 mm), Vicon (0.1 mm) and Hiball (0.2 mm)
systems. The levels of errors remained stable over sampled space. No radial distortion was
detected.
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Automated obstacle

Precision and accuracy of the automated obstacle was checked at three heights 50, 100 and
150 mm, which were the heights deployed in the FOHEPO experimental paradigm (for
details, see Ch.3). Initially, the obstacle heights, averaged from 360 trials for each height,
were 49.73 100.08 and 149.71 mm. However, 37% of trials comprised errors larger than 0.5

mm. These levels of accuracy were not acceptable for experiments with expected errors
from human subjects being only 10-100 fold.

To improve accuracy, a multi-step obstacle movement policy is used. In one step, the
moving distance is set to be 80% of the distance between the current position and the
target position. At the end of one step, the position value in Arduino software is updated
using motion capture data. The same steps repeat for 4 times and only on the 5th step, the
movement distance were set to reach the target position (100% of the distance between the
current position and the target position). Using this policy, re-validation showed that the
chances of > 0.5 mm errors decreased to less than 0.1% for 50 and 100 mm conditions and
2% for the 150 mm condition. The biomechanical and psychophysical properties affected by
errors in the automation system were therefore minimised. Still, all experimental paradigms
displayed on the FOHEPO Workstation were designed to further eliminate the possibility
of mechanical variability in FOHEPO workstation contaminating neuromotor variability
from the beginning.

Testing a closed-loop paradigm on pilot subjects

We tested the operating and tracking performance in a continuous closed-loop motor psy-
chophysics with one young and one elderly volunteer. The result was reported in our
previous publication [Lin and Faisal, 2015]. Both subjects completed the closed-loop ex-
perimental paradigm within 40 minutes. The foot height over time (0 ms was the start time
of each trial) and the registration of subject-determined trial completion signals (marked
in red crosses, indicating the time-step when a subject pressed a reaction button in each
trial) were displayed (see Fig. 2.4).

2.4 Advantages and limitations

As has been mentioned, the control of the FOHEPO workstation, real-time system feedback
and participants’ reactions were integrated via a PC-controlled Matlab paradigm, which
made this closed-loop system computationally low demanding and flexible. The whole
building cost was less than £6000 and provided quality motion tracking, automated visual
stimuli and real time feedback. Being cost-efficient, computationally low demanding, safe
also means this system has a capacity for alternative paradigms.
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Figure 2.4: Foot trajectories of pilot data. Foot height over time (trial start at 0 ms) and regis-
tration of button press by participants (marked in red crosses) in A one young subject and B one
elderly pilot subject

Real VS. virtual stimuli

During the designing stage, there were discussions on whether to choose real or virtual
stimuli. The advantages of using real stimuli were obvious. Virtual reality generally uses
a size-distance invariant principle, which proclaims that the ratio of linear size to distance
of a perceived object is a simple function of the visual angle, to create the perceived linear
length [Hettinger and Haas, 2003]. There have been studies investigating the coherence of
space perception between the real and virtual environment, and a significant amount of
studies found discrepancies between them [Hettinger and Haas, 2003]. Given that height
perception and accurate body movement with respond to height were our main investigat-
ing targets, using virtual stimuli would add unfavourable uncertainty to the experiments.
Besides, virtual reality sickness has been reported, especially in prolonged exposure [Bur-
dea and Coiffet, 2003]. Therefore, real visual stimuli were chosen. However, we do have to
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admit that one of the superiorities of virtual stimuli was eliminating height variability and
prolonged trial time, both of which were caused by the limitations of linear actuators.

Speed of motors and experimental time

The linear actuators operate at a maximal speed of approximate 16 mm/s, which prolongs
the time the FOHEPO system spends on moving the obstacle between trials and as a result,
the total experimental time. This imposes limitations on trial number we can apply to our
participants. This is especially true because our target population was ageing people,
whose safety and performance can be more susceptible with prolonged experiment time.
In chapter 4, when applying sensory psychophysics, this operating speed set limitations on
trial number that could have been deployed.

2.5 Conclusion

We designed a closed-loop robotic environment, the FOHEPO workstation, for the research
of sensorimotor uncertainty and control in lower extremities in order to advance the un-
derstanding of fall mechanisms. The FOHEPO workstation provides an computationally
undemanding interface for experiments systematically investigating the relationship be-
tween sensorimotor uncertainty and fall risk in elderly people. On validation, the system
was proved to provide high precision and accuracy in both data recording and stimulus
delivery. High standards on safety measures were employed for the system being suitable
for our target population. Moreover, based on our previous experience in making neu-
rotechnology solutions for clinical and experimental uses [Gavriel and Faisal, 2013; Sylaidi
et al., 2015], we aimed at developing an easily affordable platform. We successfully reached
this goal and made the cost of system lower than £6000. By doing so, we further increased
the adaptability and functionality for multiple experiment applications in the current plat-
form. In the future, using the FOHEPO workstation to deliver alternative experimental
paradigms and rehabilitation activity by placing minor adjustments to it is also achiev-
able. Of course, the first aim will be to apply experimental paradigms to establish the
most significant behavioural markers for fall risk identification. Once this goal is reached,
comparable behavioural measurements can then be used as both training and monitoring
tools. Also, as has been mentioned in the introduction, the behavioural marker will be
used for the elucidation of pathophysiological mechanisms underlying falls and eventually
enhancing our neuroscientific understanding of sensorimotor control in lower limbs in both
the elderly and the young.
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3
The FOHEPO task to measure sensorimotor

variability with age

3.1 Introduction

The design and production of the FOHEPO platform, explained in Chapter 2, equipped
us with capabilities to perform motor and sensory psychophysics for research studies on
lower limb sensorimotor control in ageing population. This chapter first details the reasons
behind our choices of sensorimotor variability on foot placement as the first research target.
It then describes the task, enlists the observations obtained from the task and finally
discusses its implications.

Movement control is a complex interplay between cognitive, sensorimotor and muscu-
loskeletal systems. Characteristics in the sensorimotor system, from noise, redundancy,
uncertainty, nonstationarity to nonlinearity, all make movement control naturally challeng-
ing [Franklin and Wolpert, 2011]. To produce precise and timely goal-directed movements,
the movement control system needs to develop effective strategies to deal with limitations
posed by the nature of the system. However, during the process of ageing, each part of
the sensorimotor system could suffer from degeneration and this could interfere with the
abilities to deliver effective solutions. As a result, imprecise or inaccurate actions are gen-
erated and cause unfavourable results, such as trips when walking. In this thesis, precision
is expressed by the term "variability", which refers to extent of measurable quantity, such
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as end-point positions or movement duration or trajectories, etc., diverges from central
position. In fact, human movements are always characterised by sensorimotor variability
[Faisal et al., 2008]. Even when we are young, healthy and well-practiced to a task, trial-
to-trial variability exists in movement endpoints, trajectories and time despite identical
external condition and internal goal. One major cause of variability is noise, random fluc-
tuations at every level of the sensorimotor system, which has been introduced in Chapter
1. When we are young, detrimental effects from noise can be diminished through several
computational mechanisms [Bays and Wolpert, 2007; Faisal et al., 2008]. As noise levels
are highly like to increase because of system degradation occurring in ageing, movement
variability may well become non-negligible even though the system still attempts to min-
imise it through these mechanisms. Also, with degradation happening in the CNS [Seidler
et al., 2010], it is possible that the computational mechanisms turn less efficient, which
further deteriorates movement precision.

Another example is the redundancy in the human motor system. The motor system ac-
commodates abundant degrees of freedom from more than 600 muscles controlling more
than 200 joints. This means that a planned task can be carried out with multiple, if
not infinite, combinations of muscle activations and movement trajectories. Nevertheless,
human and other animals are highly stereotyped in the movement patterns they produce
[Bahill et al., 1975; Bays and Wolpert, 2007; Franklin and Wolpert, 2011; Lacquaniti et al.,
1983; Morasso, 1981]. A computational framework called "optimal feedback control" has
been developed to explain how a favourable movement is determined from multiple choices
of actions [Todorov and Jordan, 2002; Todorov, 2004]. Each action has its own cost, be
it variability, energy or movement duration. The choice of action is based on fulfilling
the task goal while minimising the cost. As has been mentioned, computational studies
have elegantly shown how movements are planned by optimal control rules to minimise
the effects of signal-dependent motor noise [Harris and Wolpert, 1998; Jones et al., 2002].
The principle target for optimal control of walking has mainly been energy efficiency and
indeed, in previous research, normal human gait cycles have been replicated using a mini-
mum energy consumption model [Anderson and Pandy, 2001]. However, it should also be
noted that in Dingwell and colleagues’ work [Dingwell et al., 2010], both experimental and
computational evidence supported that humans exploit redundancy actively to regulate
gait variability in a preferable way, in parallel with minimizing energy cost. Dingwell and
his colleagues’ argument that gait fluctuations include not only physiological noise but also
intended stochasticity assisting robust control in healthy subjects is convincing. However,
the differences of physiological meanings and resultant consequences of variability between
the healthy young and the eld‘erly need to be discriminated. During the ageing process,
decline in the musculoskeletal system (e.g. sarcopenia; hip or knee osteoarthritis) may
well reduce redundancy in the motor system and optimal movements become no longer
feasible. As a result, an older individual is forced to choose achievable but sub-optimal

44



3.1. INTRODUCTION

actions, which can possibly cause increases in undesirable movement variability and bring
unwanted consequences.

Besides, sensorimotor signals exist delays due to the dynamics of nerve conduction. The
neural representation is actually a replay, that exists 10 to more than 100 ms delay, of the
world [Day and Lyon, 2000]. Therefore, the system needs to react to the world with this dis-
advantage. In computational sensorimotor control, it is assumed this challenge is resolved
by the forward model [Franklin and Wolpert, 2011; Wolpert and Kawato, 1998], a model
that makes predictions on momentary status by combining sensory information and motor
commands. With age, nerve conduction velocity decreases, which exacerbates the negative
effects of delays [Dorfman and Bosley, 1979]. Available state information and responses to
it become limited due to changes of the system mentioned in previous sections. Moreover,
the much proposed neural representation of the forward model, cerebellum [Wolpert et al.,
1998; Blakemore et al., 2001], has been demonstrated to show accelerated atrophy with age
[Raz et al., 2005]. It is reasonable to assume an increased probability of making erroneous
motor output due to delays and degeneration in forward modelling. Experimentally, stud-
ies have investigated the forward model performance between older and young using motor
imagery [Personnier et al., 2010] and proprioception based motor control [Boisgontier and
Nougier, 2013] and evidence supports that the forward model works less efficiently in the
elderly.

In fact, ageing can be viewed as one feature that the sensorimotor system constantly
faces throughout life span, which is nonstationarity. The properties of the system change
on multiple timescales and therefore the system constantly adapts to these changes to
maintain performance levels. For instance, the motor system has to deal with changes of
dynamics due to manipulation of tools or fatigue. Computationally, it has been proposed
that the inverse model, an internal representation of the dynamic properties of the system,
is used for the motor system to compute this problem [Wada and Kawato, 1993]. This
model has been supported experimentally, from evidence illustrating the process when
participants learn to adapt to manipulated dynamic characteristics of their arms in reaching
movements [Lackner and Dizio, 1998]. Ageing itself is a stage when multiple levels of the
system experience different degrees of alterations over time. Adaptation is imperative but
not always achievable [Kording et al., 2007].

We aim to find a biobehavioural marker estimating the health of lower limb movements and
advance our understanding of gait control in the elderly. Of course, with the vast amount
of potential markers available, the choice needs to be based on the clinical importance
to elderly people, its close association to an increased fall risk, and simpleness and non-
invasiveness of data collection procedures.

We started by investigating movement variability in fine motor control in the lower limbs
because all the above-mentioned changes can lead to increases of movement variability.
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Besides, how movement variability differs between young and old can provide us valuable
information on what may have occurred in aged sensorimotor computations. Moreover, in
the following section summarising findings from kinematic gait studies, we will see that
variability has a key role in gait changes in the elderly, especially elderly fallers.

Evidence supporting increased sensorimotor variability in ageing

Few studies have addressed how age-related biological changes of the nervous system affect
computational sensorimotor control. We assume that all this degradation from peripheral
sensory and motor organs causes increased levels of noise. Degeneration in the CNS may
or may not negatively affect their abilities to mitigate the effects of increased noise. It
is well known that vision and proprioception sensitivity declines with age. Studies have
also provided evidence linking anatomical degeneration of sensory receptors to functional
impairments [Goble et al., 2009; Shaffer and Harrison, 2007; Sturr et al., 1997]. For ex-
ample, in vision, spatial contrast sensitivity profoundly decreases with age [Owsley et al.,
1983] while in proprioception, joint position and velocity sensitivity decrease [Verschueren
et al., 2002; Madhavan and Shields, 2005]. With decline in sensitivity, sensory resolution
decreases and this could lead to more variability in performance [Verschueren et al., 2002].
In motor organs, ageing means fewer motor neurons, smaller muscle with less strength
and less flexibility of joints and tendons. Behaviourally, a well known fact is that force
fluctuations for submaximal muscle contractions are greater for older adults [Enoka et al.,
2003; Galganski et al., 1993; Laidlaw et al., 2000; Tracy and Enoka, 2002]. Importantly,
a more variable force output is functionally linked with impairments of precision [Kornatz
et al., 2005] and accuracy [Christou et al., 2003] of movements. The association between
the ageing–related increase of neuromuscular noise and fall risks have also been discussed
in some studies. In one study, Singh and his colleagues [Singh et al., 2012] demonstrated
that elderly fallers, compared to non-fallers, have a higher level of neuromuscular noise
during submaximal isometric force production in knee extensors and also increased both
postural sway and gait variability. A simulation study with a 3D dynamic walking model
showed that gait variability increased when neuromuscular noise was introduced to the
model [Roos and Dingwell, 2010]. While increased gait variability predicted the probabil-
ity of falling, the relationship was not linear. At either low gait variability or very high gait
variability, small increases in noise and variability affected the probability of falling very
little. Conversely, at intermediate noise and/or variability levels, the same small increases
resulted in large increases in the probability of falling.

Most ageing motor control studies, in which older adults demonstrate more variability
in various perceptual-motor tasks both in spatial and temporal domains, had been done
in the upper limbs [Brown, 1996; Contreras-Vidal et al., 1998; Ketcham and Stelmach,
2004; Sasaki et al., 2011]. In a study by Yan and his colleagues [Yan et al., 2000], senior
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adults, compared to young adults, had more variant arm movements during ballistic arm-
aiming. Also, in finger tapping tasks, older people’s performance was more variable both
in frequency and in force [Sasaki et al., 2011]. For some studies performed in the lower
limb, greater positional variability in the elderly was observed in both position holding
[Kwon et al., 2011] and goal-direct movements [Kwon et al., 2014].

Given that uncertainty of the prior knowledge of the world is represented in the CNS,
there is also a possibility that the policy to minimise noise in the CNS is disrupted by the
degeneration occurring during age. The reason is that neuronal death can cause destruction
of the neuronal codes of prior knowledge. In fact, experiments have found that elderly
people are less capable of re-weighting sensory information in order to maintain stance
balance when one of the sensory modalities has been manipulated on its quality or timing.
[Doumas and Krampe, 2010; Eikema et al., 2014; Yeh et al., 2014]. The same type of
studies have also identified that balance maintenance or regaining performance becomes
less efficient when attentional loads increase, especially in the elderly. Both results are
viewed as important evidence that standing, let alone walking, is not just reflex but a
complex interaction between the cognitive and sensorimotor system. These can be taken
as an indirect support of our hypothesis that computational mechanisms mitigating noise
perform less effectively in the elderly.

With regard to motor control policy, in a study by Park [Park et al., 2011], participants were
asked to produce an accurate force combination by pressing 4 fingers. While young adults
took a synergy policy, i.e. coordinate recruitment of muscles, to achieve the target, older
adults took element based control. In the lower limbs, a study compared movement profiles
when young and elderly subjects performed ankle angle matching task [Boisgontier and
Nougier, 2013]. Comparing to young subjects, elderly subjects used multiple corrective sub-
movements to achieve comparable precision and accuracy when they performed tasks with
no time constraints. Moreover, when they were asked to perform the same task at a higher
speed, the angle placements became significantly more erroneous and variable than the
younger. We can therefore say that ageing people tend to deviate from the ‘cost’ effective
optimal control combinations commonly used by young people. Considering the fact that
optimality has been shown to be the minimisation of motor noise [Harris and Wolpert,
1998; Jones et al., 2002], it is reasonable to expect that suboptimal policy produces more
variable movement.

Gait variability and risk of falls in aged people

Falls, especially when they occur in community-dwelling elderly, often happen during walk-
ing [Campbell et al., 1990; Tinetti et al., 1988]. It is therefore not surprising that gait
impairments are associated with increased risks of falls. Nevertheless, early biomechanical
measurements have failed to find differences between fallers and non-fallers and predictive
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value of parameters that describe limb kinematics, kinetics, or gait cycle timing. These
quantitative studies of walking in elderly fallers have largely focused on gait properties
such as an average stride or gait cycle [Hausdorff et al., 2001]. Actually, gait parameters
vary from one cycle to another even in healthy subjects [Hamacher et al., 2011]. Besides,
gait unsteadiness, inconsistency or arrhythmicity of stepping, has been described as a fea-
ture of aged fallers’ walk in clinical neurology [Hausdorff et al., 1997]. Hence, quantitative
measurements of gait variability are suitable candidates for fall risk predictors. In fact,
in the past two decades, studies have recognized several parameters of gait variability
differentiating fallers and non-fallers successfully [Bays and Wolpert, 2007; Brach et al.,
2005; Hamacher et al., 2011; Hausdorff et al., 2001; Maki, 1997; Owings and Grabiner,
2004].

Gait variability can be quantified in temporal, spatial and temporospatial aspects. Tem-
poral parameters include the variability measures of swing time, stride time and stance
time. Spatial parameters include the variability measures of step lengths, width and foot
height to floor or to an obstacle while crossing it (minimal clearance or obstacle clearance).
The spatiotemporal parameter mainly indicates the variability of walk speed. In earlier
gait-variability studies, linear variability of temporal measures, including stride, swing or
stance time, was found to be associated with increased fall risk. Later studies identi-
fied other markers, such as stride width, stride length variability etc., also being associated
with increased fall risks. In a systematic review by Hamacher and his colleagues [Hamacher
et al., 2011], 15 linear parameters of gait variability were used in 10 studies. Linear vari-
ability (both standard deviation (s.d.) and coefficient of variance (CV)) of the temporal
parameters, namely stride, swing and stance times, had average effective sizes greater than
1 and were reported more than once. On the other hand, step width and stride velocity
prove more capable of discriminating between old versus young adults. In non-linear pa-
rameters, while orbital stability measures (Floquet multipliers) applied to gait have been
shown to distinguish between both elderly fallers and non-fallers as well as between young
and old adults, local stability measures have been able to distinguish between young and
old adults. Both linear and nonlinear measures of foot time series during gait seem to hold
predictive ability in distinguishing healthy from fall-prone elderly adults.

Minimum foot clearance (MFC) is the minimum vertical distance between the lowest sur-
face of the foot/shoe and the ground surface during the mid-swing phase of gait. A trip
during level walking is generally considered most likely to occur at MFC. It is a task highly
sensitive to the spatial and balance control properties of the locomotor system. MFC has
been extensively investigated during the past two decades. Compared to young people,
elderly people have been identified to exhibit greater MFC variability in multiple studies
[Barrett et al., 2010; Begg et al., 2007; Mills et al., 2008; Winter et al., 1990]. No age-group
differences in the mean and medium of MFC have been found. In the absence of increased
safety margin, increased levels of MFC variability would increase probability of tripping
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over. Few and only retrospective studies had been done comparing MFC characteristics
between older fallers and non-fallers. Two studies reported significantly higher MFC vari-
ability in older fallers than non-fallers[Khandoker et al., 2008a,b]. In one study [Khandoker
et al., 2008b], the standard deviation of MFC increased in both aged fallers and non-fallers,
although the s.d. in the elder faller was also significantly higher than non-faller groups.
The non-linear indices of MFC variability (including Poincaré plot, wavelet-based tech-
niques and detrended fluctuation analysis (DFA)) showed structural differences between
the healthy elderly and elderly fallers but no differences between the healthy elderly and
the healthy young.

Another common scenario of tripping takes place when a person fails negotiating raised
surfaces such as crossing obstacle or climbing stairs. This constitutes the largest proportion
of falls occurring in open space [Begg and Sparrow, 2000; Benedetti et al., 2007]. In
obstacle crossing studies, more frequent obstacle contacts were consistently observed in
time-constrained conditions [Brown et al., 2006; Chen et al., 1991, 1994; Galna et al.,
2009], but not in time-unconstrained conditions [Lowrey et al., 2007]. Given the rare nature
of obstacle contacts happening in time-unconstrained obstacle negotiation, the results are
straightforward. In terms of vertical obstacle clearance, differing results were found. While
some studies demonstrated increased foot clearance [Lu et al., 2006; Weerdesteyn et al.,
2005], other studies showed no differences [Chen et al., 1991; Lowrey et al., 2007] or even
reduced clearance [Begg and Sparrow, 2000]. Even less has been examined on obstacle
clearance variability, with only limited results showing increased variability in patients
with Alzheimer’s disease compared to healthy elderly [Barbieri et al., 2015].

Although more variable foot clearance is widely investigated and regarded as an important
risk factor for falls in the elderly, physiological mechanisms underlying these changes are
largely unknown. Combining the above-mentioned evidence, we hypothesised that both
increased sources of sensory and motor noise and possibly less effective computational
mechanisms result in increased sensorimotor noise. On walking, this presents as higher
levels of foot clearance variability and thus a higher chance to be tripped during daily
activities.

3.2 Aims and methods

Using our controlled experimental paradigm: the foot height positioning (FOHEPO) task,
we were able to measure foot placement variability in a closed-loop paradigm. The FO-
HEPO task was designed to mimic the movement and therefore the biomechanical compo-
nents of foot clearance on level walking and obstacle clearance on stepping on an elevated
surface. Both are essential abilities for a person to walk safely in daily life. Unlike real
obstacle clearing, the FOHEPO task does not involve contact or even incidental contact
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with an obstacle and therefore has a minimal risk of falling, yet it mimics the scientifically
relevant elements of foot clearance/obstacle clearing.

There are several scientific questions we aimed to answer. Our main goal was to determine
whether older people (> 65 years) behave more variably in the FOHEPO task compared
to young people. Furthermore, in terms of our ability to control leg motion accurately, its
adulthood, let alone lifetime, trajectory remains an unanswered question. Extensive stud-
ies have investigated cognitive functions and cognitive-related brain anatomical differences
along whole adulthood. Interestingly, the impact of ageing on different cognitive domains
are diverse. Some cognitive functions, such as semantic and autobiographical memory,
show no or very little decline until later in life while some, such as perceptual speed, etc.,
continuously decline across the adult lifespan [Hedden and Gabrieli, 2004]. There are some
structural MRI studies investigating age-related changes of motor control related brain
structure across adulthood [Seidler et al., 2010]. With regard to primary motor cortex,
some studies found precentral gyrus (= primary motor cortex) artophy occurring only later
during ageing [Raz et al., 1997] while others showed the cortical thickness of the same area
decreases continuously across the adult lifespan [Salat et al., 2004]. Therefore, it is worthy
investigating the relationship between chronological age and movement variability. For this
reason, another group of people between 50-65 years were also recruited. Another relevant
question is whether foot placement variability has interaction between age and obstacle
height. Kinematic studies have demonstrated that elderly people remarkably change ob-
stacle clearance and movement strategy when encountering higher obstacles while young
people maintain the same clearance and change minimally in movement strategy [Lu et al.,
2006; Yen et al., 2009]. Previous studies considered that the results are mainly caused by
lower muscle strength in the elderly or the fact that elderly act more conservatively because
they are less capable of recovering from trips. We investigated if this age-height interac-
tion might be related to changed movement variability. Practically, to explore whether
movement variability changes play equally or differently between level walking and step
negotiation is also of clinical importance. For example, achieving a better understanding
of this relationship can help us developing efficient fall prevention intervention, including
both mechanism-based training programs and designs of a safer environment for the elderly.
Another interesting question is whether the levels of variability differ between dominant
and non-dominant foot. If yes, how does ageing related neuromuscular function interact
with lateralization ? To address this part, both feet were tested in the experiment.

Participant recruitment and exclusion

People aged 50 years or beyond were recruited by emails or posters from 1. the Uni-
versity of the third age (U3A), an organisation for retired people to continue learning
and participating life-enhancing and life-changing activities (http://www.u3a.org.uk/) 2.
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Friends of Imperial College, a registered charity with the objective: "To advance ed-
ucation for the public benefit in the latest developments in science, technology, engi-
neering, medicine and business, by supporting the work of Imperial College London"
((https://www.friendsofimperial.org.uk/) 3. Emeritus professors or senior employees at
Imperial College London. Young participants were graduate students of Imperial College
London. All of them were provided with informed consent before the experiment and re-
ceived £5/per hour compensation for their time. The experiment was approved by the
Imperial College London ethics committee. Our exclusion criteria included

1. Participants who are found to have special communication needs (e.g. translation, use
of interpreters) before being included in the study.

2. People with recent/persistent injuries and/or visual or neurological disorders that
could interfere with sensorimotor control.

Questionnaires

We used Waterloo footedness questionnaire-Revised (WFQ-R) [Bryden, 1998] and Edin-
burgh handedness Inventory and distance hole-in-the-card test to evaluate participants’
dominance of foot, hand and eye. WFQ-R is a 10-item questionnaire. Five items evaluate
foot preference when manipulating objects and the other five foot preference when support-
ing body during activities. Responses of (i) left always (ii) left usually (iii) right usually (iv)
right always were record on scale from -2 to 2. The sum of scores from 10 items were used:
positive indicates right-footed and vice versa. In a general health questionnaire, they were
asked their age, height and if they have any disorders affecting their control of movements.
During recruitment stages, potential participants were told that only people without dis-
orders affecting movement control will be recruited. Assessment of potential participant
suitability was also be done in telephone conversations and email communication when
potential participants inquired about experimental participation. Health questionnaires
were used for screening conditions that might not be noticed during early recruitment
stages. A person who had been found to have conditions that were considered to have an
adverse effect on movement control by questionnaires, were not recruited and the reasons
were thoroughly explained. They were also asked if they experienced any fall events in the
past two years. To identify potential knee injuries and degeneration, which can damage
proprioceptive sense [Knoop et al., 2011], Knee injury and Osteoarthritis Outcome Score,
KOOS (http://www.koos.nu/) was used to evaluate if participants presented any clinical
relevant knee symptoms which could have interfered task performance.
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FOHEPO procedures

Stimulus display

The matching target was a white polystyrene sheet length 760 mm × width 300 mm ×
thickness 5 mm. The movable height range was from 5 - 150 mm (ground = 0 mm). The
precision of object height control was described in Chapter 2. Since the floor and walls of
the workstation were covered with black floor mats and cardboards, there was a sufficient
visual contrast between the target and its surroundings.

Experimental trials

Figure 3.1: An example of typical optitrack marker placement for the FOHEPO task

Fig. 3.2 illustrated the experimental task and time course. A single trial started with
actuators moving the obstacle to the target height. Half second after the object reached
its target level, a countdown signal "three-two-one" with 100 ms duration for each sound
and 750ms inter-sound intervals was played. Participants were told to take this countdown
as a preparation phase, meaning that they had to pay attention to the target height, prepare
themselves for the foot movement but keep their foot on the ground. Eight hundred ms
after the countdown signal, a beep was played as a "go" signal, where participants had
to lift the designated foot and matched the shoe base to the target height. The foot had
to be kept level at all times. In order to keep a natural body positioning and also enable
participants to have visual information about their foot position, they were allowed to
perform movements along the sagittal plane of their body, with flexions of their knee and
hip joints on the moving side. To avoid unnecessary movements, their head position and
gaze direction were suggested to maintain constant during the whole trial. A button on the
left handrail had to be pressed when they considered their foot(shoe base) was matching the
target height. The button press transmitted to our PC-controlled Matlab Module via an
Arduino Control board as a flag for time monitoring purposes. After pressing the button,
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subjects had to keep their foot at the target level for 1000 ms until they heard another
audio signal, which indicated the end of a trial and also provided performance feedback
using real-time height difference extracted from motion tracking data during the 1000 ms
time between button press and the audio cue marking a trial end (positive feedback when
the difference between the foot and the obstacle less than 35 mms; otherwise negative
feedback).

If a participant did not press the button within 4 seconds after a "go" started, the trial was
terminated automatically and labelled as "mis-trial". However, participants were informed
that they would have one more chance to conduct all mis-trials again at the end of each
block. They were also informed that the speed of reaction was not taken as a main measure
on their behaviours and they could spend as much time on a trial provided that they could
complete a trial within the upper limit time. If a participant still failed to complete a trial
even after the second try, that trial was excluded from data analysis.

Three target heights, 50, 100, and 150 mm, were used as the height range covers usual
human step height ranges from level walking to stair-climbing, The 50 mm condition aimed
to imitate the minimal toe clearance of the leading limb during walking while the other
two higher conditions were mimicking limb movements when negotiating raised surfaces,
e.g. step on curbs, climbing stairs, etc. Another reason using multiple obstacle heights
is to prevent stereotypical behaviours and self repeating, which stopped participants from
using sensory information.

Sessions

1. Preparation session: Participants were informed to wear their own flat shoes before
they visited the Lab. An experimenter placed 3 Optitrack markers on each side after shoe
surfaces being cleaned with moist tissue wipes. Markers were placed as high as the shoe
base. One marker was placed on the tip of the shoe. Two other were placed on two front
sides of the shoes (see Fig. 3.1).

2. Practice session: Participants conducted a practice session with 12 trials, 6 for each
foot, to familiarize with the procedure and the stimuli, prior to the experimental ses-
sion.

3. Experimental session: There were 120 trials, divided into four 30-trial blocks. Each
height and foot combination was tested for 20 trials. Only one foot was tested in each
block. We tested feet on an alternative order (either R-L-R-L or L-R-L-R with counter-
balanced design) to prevent fatigue, which was reported by 4 out of 5 pilot subjects when
one foot was tested for two consecutive blocks in pilot experiments. Three obstacle heights,
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Figure 3.2: A.FOHEPO task – Human subjects stood inside the FOHEPO Workstation and were
instructed to lift one of their feet to match the height H of the obstacle. Three target heights are
examined. B. Schematic illustration of FOHEPO task timeline. A trial began with the obstacle
being moved to its target height, which took 3.1 to 6.2 seconds, depending on the height. A
’countdown’ phase with a audio signal sequence being "three-two-one-beep" was then delivered.
Subjects were asked to get prepared but keep still when hearing "three-two-one" and started
matching foot to the obstacle on the "beep". Subjects were permitted to spend up-most for
4 seconds to lift their foot to a position they considered to be equal to the obstacle height. In
practice, it normally took a subject 2-4 seconds for them for accomplish this part. Subjects pressed
a pushing button on the left handrail once they reached the height. They then kept their foot still
until 1 second after button pressed when they heard a feedback sound signal informed the the end
of a trial. Had they not pressed the button within 4 seconds, the trial would have been taken as a
mis-trial.

10 in each block, were randomly distributed. One experiment normally took 45 min to
1 hour. To ensure participants’ safety and comfort, however, they were allowed to take
breaks any time during the experiment when they orally informed the experimenter or
pressed an emergency stop button on their right-hand side.

Data processing and statistical analysis

Data analysis was performed by MATLAB (Mathworks, Inc. Natick, MA, USA). For
each trial, the average of 1 second (120 frames) front marker height data, beginning from
button press time, was regarded to be foot height, so as the height of the obstacle. With
regard to movement trajectories, position data of y axis from the onset of "go" signals
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(beeps) to the ends of trials were recorded with button press marked. For missing data
points in trajectories, spline interpolation and linear extrapolation were applied. Velocity
of movements was acquired by taking the derivative of position and then acceleration by
the derivative of speed. An 1D median filter with 10 frames window was applied for
smoothing. Movements were aligned with respect to their mean movement onset of each
foot. A movement initiation was arbitrarily defined as the time when an upward movement
larger than 3 mm was detected. However, on movement initiation time, raw data from
individual trial for each participant were used.

Statistical analysis was performed by SPSS (IBM Corp. Released 2013. IBM SPSS Statis-
tics for Windows, Version 22.0. Armonk, NY: IBM Corp.). Chi-sqaure tests were used for
categorical data. Mixed-design ANOVA was used for numerical data provided they were
proved to be normally distributed using one sample Kolmogorov-Smirnov Goodness-of-Fit
test. Bonferroni’s method was used for pairwise comparisons.

3.3 Results

Participants

Twenty-six volunteers (eleven female) older than 65 years (Older Adults, OA), 18 volunteers
(10 females) aged between 50 to 65 years (early old, EO) and 30 young volunteers (13
females; Young Adults, YA) participated in the FOHEPO task. One young participant
was excluded from data analysis because more than one third of motion capture data were
lost when streamed from Motive to MATLAB. Sixteen YA and 1 OA participants took
part in an older protocol with identical procedures except a longer 10 second upper time
limit, instead of 4 seconds. Nonetheless, there were no significantly different performances
between young completing the older protocol and the latest protocol, including both means
(F (1, 27) = .42, p = .52) and standard deviations (F (1, 27) = .11, p = .74) of foot
placement with respect to the target. Therefore, it was reasoned to include end point
data acquired by the older version of the FOHEPO task in group comparison. However,
with regard to trajectory data, only data acquired by the new protocol were included.
This is because that there is a high possibility that prolonged time limits lead to changes
in movement policy (e.g. movement time could be prolonged even without a significant
increase of accuracy and precision).

The result of chi-square test on gender was X2(2, N = 73) = 0.68, p = .71, indicating
no gender sampled ratio differences among three groups. Group age was 73.3 ± 4.4 years
(mean± s.d.) for OA, 59.5± 3.9 years for EO and 26.7± 3.7 years for YA. All participants
were right-footed except one older adult. We did not observe any group differences on the
score of Waterloo footedness questionnaires, which was 8.5 ± 6.1 (mean± s.d.) for OA,
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Figure 3.3: Mean footed difference of foot placement between obstacle height, left: non-dominant
foot; right: dominant foot; grey: young adults; blue: early old; green: older adults.

7.4± 6.4 (mean± s.d.) for EO and 9.0± 5.8 for YA.

Mean foot placement

Fig. 3.3 showed the mean difference foot placement of each group for each condition, us-
ing the mean of obstacle height subtracting from foot height. As can be seen from the
plot, participants systemically placed their feet higher than the height of the obstacle
(grand mean 9.5 ± 4.2 mm mean± 95% confidence intervals). However, the trend dimin-
ished with increased obstacle height, with a three-way mixed design ANOVA showing a
strongly significant height effect (F (2, 69) = 62.68 , p < .001). Moreover, dominant foot
(8.4±5.3 mm mean± 95% confidence intervals) showed less marginally biased performance
(F (1, 70) = 3.96, p = .051) than non-dominant foot (10.5±5.4 mm mean± 95% confidence
intervals). We also observed that the trend of biased foot placement was more apparent
in the OA (13.1± 8.6 mm mean± 95% confidence intervals) than EO (9.9± 10.2 mm) and
YA ((5.3 ± 8.1 mm)) groups. However, no statistical significance of age-group effect was
found (F (2, 70) = .87, p = .42).

Fitting foot placement distribution

Since it was observed that matching heights exhibited different degree of drifts affected by
height conditions, the moving feet and also individuals, we designed this analysis in order
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Figure 3.4: The probability density function (PDF), empirical and fitted cumulative density func-
tions of difference foot placement in the YA (N = 29, left, grey) and EO (N = 18, middle, blue)
and OA (N = 26, right, green) groups are shown. Data of each height condition is presented in
individual diagram. The empirical cumulative density functions (CDFs) (cyan lines in the YA and
EO, green lines in the OA) are highly corresponding to fitted Gaussian distributions (black lines in
the YA and EO, red lines in the OA). Kolmogorov-Smirnov Goodness-of-Fit tests also supported
that the distributions fit Gaussian.

to overcome these effects and separate precision (levels of sensorimotor variability) from
accuracy measurement (mean foot placement). We eliminated these bias by calculating
the difference between foot height and individual mean foot height of each condition on
a trial-by-trial basis and thus obtained distributions of height differences (differences to
each participant’s mean in the same condition) (see Fig. 3.4). Secondly, to decide a proper
variable describing accuracy, one sample Kolmogorov-Smirnov Goodness-of-Fit tests were
performed on height difference distributions. Out of 18 conditions (6 difference condition
combinations × 3 age groups), 14 were normally distributed. It is therefore reasonable
to conclude that foot height distributions did not violate our assumptions of being Gaus-
sian. Hence, standard deviations of height difference were used to represent sensorimotor
variability.
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Figure 3.5: Levels of sensorimotor variability expressed as standard deviation of foot placement by
age groups and height. Post-hoc analysis found significant differences between OA and YA at the
height of 100 and 150 mm.

Ageing effects

Fig. 3.5 and Table 3.1 demonstrated the results of standard deviations of each group in
each condition. With no significant foot main effect or interaction, data from both feet
were pooled together in the figure. A significant age-group effect was found (three way
mixed design ANOVA F (2, 70) = 4.71 ; p = .012) Post-hoc analysis revealed a significant
difference between the OA and YA, but not between EO and YA. A significant height
effect was also found (F (2, 140) = 55.13; p < .001). Further analyses were based on our
hypothesis that there may be different degrees of ageing related accuracy changes when
encountering different raised surfaces and also a marginally significant age-group/obstacle
height interaction (F (4, 140) = 2.04, p = .09). Simple effect on each height condition
was analysed using two-way mixed design ANOVA and then post-hoc analysis if ANOVA
showed statistical significance. To sum up, OA performed significantly more variably than
YA when matching obstacles at 100mm and 150mm.

One plausible explanation on strong height effect is signal dependent noise from motor unit
pool activation [Jones et al., 2002], which explains how force variability is linearly propor-
tional to force levels. To provide evidence for this hypothesis, thirty trials of concomitant
FOHEPO task and surface electromyography (EMG) were conducted in 2 healthy young
males using their dominant foot (both right). Considering the primary hip flexor, psoas
muscle, is a deep muscle not accessible by surface EMG, electrodes were placed following
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Table 3.1: Sensorimotor variability by age groups, feet and heights. Expressed in mean(SD) unit:
mm

YA EO OA
L50 10.0(4.0) 10.5(4.4) 11.2(4.3)
R50 8.6(2.7) 11.3(5.0) 11.3(5.2)
L100 12.0(4.2) 12.1(4.2) 14.8(5.9)
R100 10.7(3.7) 12.6(5.5) 14.8(5.5)
L150 13.6(3.5) 15.3(7.5) 17.5(7.2)
R150 12.2(3.8) 14.4(6.8) 17.2(7.3)

suggestions from literature [McGill et al., 1996] to faithfully correlate the activation level
of the psoas muscle from surface EMG. Following McGill and his colleagues’ suggestions,
surface electrodes were placed on the internal oblique muscle. The position was laterally
around 15 cm from umbilicus and vertically just superior to inguinal ligaments. For each
trial, Fig. 3.6 A. illustrated the relationship between EMG activities and foot height. Mus-
cle force and foot height showed strong positive correlation (subject 1 r = 0.85p < .0001

subject 2 r = 0.53p = .002). The same data were plotted on a log-log scale in Fig. 3.6 B.
Correlation remained strong and the slopes were shown to be 0.61 for subject 1 and 0.44
for subject 2. To explore whether we could find a signal dependent noise relationship in
this pilot data, we also did a log-log regression on force fluctuation with respect to force
level (i.e. s.d. of force with respect to mean force). Although the results were not shown
to be linear, it should be kept in mind that the nature of the FOHEPO task is highly dif-
ferent from the isometric task used in studies investigating signal dependent noise [Jones
et al., 2002; Laidlaw et al., 2000] and the sampled data size was small. Still the EMG
results provided us with reasons to assume motor noise being one of the sources causing
increased sensorimotor variability in the elderly. Considering the fact that it is naturally
difficult to separate motor noise from sensorimotor noise in experiments, in Chapter 5, we
used computational modelling to further elucidate possible mechanisms related to ageing
related motor noise changes.

Multivariate regression: sensorimotor variability as a function of age

A multiple regression was run to predict sensorimotor variability from age, gender, foot
and obstacle height. Gender was used as a moderating factor in the model. It is because in
ANOVA, female participants showed higher levels of variability than male across age and
condition groups (F (1, 63) = 5.2; p = .026) (also see Fig. 3.7 A). A moderate degree of
positive correlation was found between sensorimotor variability and (F (5, 72) = 21.27, p <

.001, adjusted R2 = .23). All variables, except foot, added statistically significance to the
prediction with p < .05. The result of R2 indicated that 23% of variation was explained
by age, gender and obstacle height.
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Figure 3.6: A. The scaling of mean force output as a linear function of foot height using concomitant
the FOHEPO and EMG in two pilots. Force increases significantly with foot height in both
subjects. On linear regression, both subjects show strong correlation (subject 1 r = 0.85p < .0001
subject 2 r = 0.53p = .002). B. The same data are plotted on a log-log scale with regression to
examine scaling of force and height conditions. Slope was 0.61 for subject 1 and 0.44 for subject.
C. force variability as a function of mean force using EMG data from the two pilots No significant
correlation is found. D. sensorimotor variability as a function of mean foot height for all subjects
in all 6 conditions are plotted to explore the relationship between black: young, green: Elderly
(EO), subjects’ sensorimotor variability is shown to be positively correlated with their mean foot
placement.RY A = .49p < .001;REO = .62p < .001. A foot height - age group interaction was also
found, showing that the elderly’s sensorimotor variability was more closely related to foot height
than the younger (T = 2.883; p = .004).

Behaviours along different stages of experiment

To examine whether participants’ performance changed along the experiment, paired t
tests were performed to compare foot placement and reaction time between 1). first block
v.s. 4th block and 2). first block v.s. 3rd block and 3). first half ( = first 10 trials) v.s
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Figure 3.7: Noise levels as a linear function of age. A.: white for female, grey for male, except
participants with fall history were marked with brick red. A significant linear relationship with
a mean slope of 0.07, showing that sensorimotor variability has moderately positive correlation
with age, was found. Observing the data, the increases are gradual and the effect to individual
is variable. B.: The same data were tested for the effect of height conditions. orange for 50 mm,
green for 100 mm and blue for 150 mm.

second half in each condition. No significant block effect was found in any of these tests.
This suggests that the group effects were not caused by slower learning rates or fatigue
which could happen more easily among older participants.

61



CHAPTER 3. THE FOHEPO TASK TO MEASURE SENSORIMOTOR
VARIABILITY WITH AGE

Subgroup analysis: fall history and osteoarthritis

Among older participants, four of them (3 OA, 1 EO; 3 females, 1 male) experienced
one fall in the past two years. Although their variability levels seemed to be higher than
average. On regression analysis (see Fig. 3.7 A, brick-red), the values were not proved to
be high-leverage points given that both the residual and cook-D values did not support
them being influential outliers. Five out of 26 OA and 1 out of 18 EO participants had
been diagnosed with mild to moderate hip or knee arthritis and were having minimally
active symptoms when they participated in the study. The sensorimotor variability was
not significantly different from other older participants either.

Movement trajectories

Besides end point variability, we further analysed movement trajectories to examine be-
haviours from movement control and coordination perspectives and compared our findings
with previous ones in ageing movement studies, mainly in the upper limbs. Fig. 3.8 A
showed movement trajectories from a representative young subject and Fig. 3.8 B showed
the mean trajectory of each participant (grey lines) and each group (bold line). It should
be noted that in Fig. 3.8 B, movement imitation time from every participant was re-aligned
to time = 0 sec for group effect analysis. In the FOHEPO task, a movement initiation
was defined when the moving foot moved upward for more than 3 mm. the time between
movement initiation and the moment of "go" signal ("beep") was defined as the reaction
time. As can been seen in the figure, in a typical trial, a participant started upward, moved
to a maximum height and then lowered the foot to a certain degree before pressing the
reaction button. In some trials from some of the participants, movement began before the
"go" signals. These were defined as "over-soon start" trials and were excluded from tra-
jectory analyses. Outliers with too many "over-soon start" trials were detected by Tukey’s
method [Hoaglin et al., 1986], taking (Quartile3) + (3× IQR) as a cut-off value. As a re-
sult, subjects with more than 64 "over-soon start" trials were excluded from all movement
profile analyses. In total, 13 YA (none excluded), 17 EO (1 excluded due to 119 over-soon
starts) and 22 OA (Three excluded due to too may over-soon starts) trajectory data were
taken for movement profile analysis. The time between movement initiation until maximal
foot height was called ’movement time’ and the time between maximal height and button
press was called ’correction time’. A ’trial time’ was recorded as a period from movement
initiation until button press. Several parameters were analysed.

1. Correction height/Maximum height ratio : The height at button press was
subtracted by the maximum height in each trial. This number provided information about
the degree of overshooting when the foot was at its highest point of a trial. There was
neither group main effect (F (2, 49) = 1.04; p = .36), foot × group (F (2, 98) = .011; p =
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.99), nor height × group interaction (F (4, 98) = 2.00; p = .10). On the variability of foot
heights at its maximum, contradictory to end-point variability, no age group difference was
found (F(2,49) = .71; p = .50).

2. Reaction time : OA generally reacted slower than YA (OA 484± 48 ms versus YA
363± 61 ms mean± S.E.) although statistically not significant (F (2, 48) = 1.56 p = .22).
Interestingly, early older group had the shortest reaction time among all (325 ± 53 ms
mean± S.E.).

3. Trial number of over-soon movements : Not only the early older group had
a trend to begin a trial earlier than the others, They also had significantly more over-
soon movement trials than young and older adults (F (2, 51) = 5.08; p = .01 and pairwise
comparison showed that EO to young p=.04 and EO to older p=.02). All outliers with

Figure 3.8: A. left: trajectories of a participant bold line: mean trajectory of each condition, red
for 50 mm, green for 100 mm, blue for 150 mm, colour shading represents standard deviation right:
key parameters used applied with statistical analysis B. mean trajectory of each participant (grey
lines) and mean trajectory of each group (bold line), 100 mm/right foot condition was used
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more than 64 over-soon starts were excluded in this analysis.

4. Movement time : Movement time was defined as a time span between movement
initiation and the instant when a foot reaching its highest point in a trial. There was a
robustly significant group main effect (F (2, 49) = 8.73; p = .001). Pair-wise comparisons
revealed that older adults (1595±192 ms (Mean± 95% CI)) spent more on lifting movement
than the other two groups (EO: 1057 ± 218 ms; young: 1085 ± 250 ms). A foot-group
interaction was also found (F (2, 98) = 14.92; p < .001). Simple effect analysis showed that
while age group effects were significant in both foot conditions, the patterns were highly
different. In dominant foot condition, OA (1145 ± 169 ms) did not move significantly
longer(slower) than YA (1070±220 ms) while in non-dominant foot condition, OA (2046±
255 ms (Mean ± 95% CI)) had longer movement time than YA (1099 ± 331 ms) and EO
(1393±290 ms). Additionally, the age effect on dominant foot was revealed to be caused by
EO (722± 192 ms), which had a shorter movement time than the other two groups.

5. Trial time and correction/trial time ratio : With regard to time spent to
complete a trial, a strongly significant group effect with F (2, 49) = 7.58; p = .001 was
found. Interestingly, older adults (1906 ± 204 ms; Mean ± 95% CI) had the longest trial
time, followed by young adults (1686 ± 206 ms), and the early old had the shortest (1307
± 233 ms). We also calculated the ratio of correction time to trial time. The number
indicated the proportion of time spent correcting matching heights in a trial. Significant
main effects were observed on age group (F (2, 49) = 6.16; p = .004), foot (F (1, 98) = 21.77;
p < .001) and height (F (2, 98) = 37.87; p < .001). There was also a significant interaction
between foot and group (F (1, 98) = 21.77; p < .001). Further analysis on the simple
main effect found that age group effects were significant on both foot conditions. The
features, however, were very different. On the dominant foot, OA did not have significant
differences in correction/trial time ratio when compared to YA (OA 0.61 to 0.70; YA 0.56
to 0.68; 95% CI). However, in the non-dominant foot, OA showed a significantly smaller
correction/trial time ratio (OA 0.44 to 0.53; YA 0.56 to 0.68; 95% CI). Combining the
findings from movement time and correction/trial time ratio, it is reasonable to assume
that OA took different motor strategies on different feet to accomplish high precision and
accuracy required by the FOHEPO task. In the dominant foot, their movement policy was
similar to their younger counter parts’. In the non-dominant foot, they tended to spend
more time in the initial movement to reach the same levels of performance. If we had
inspected the end point data only, we would have concluded that both OA and YA groups
were equally symmetric. Only by scrutinising trajectory data, we discovered asymmetry
between feet, which only existed in the OA group.
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Kinematics

Velocity and acceleration profiles were further investigated to provide a deeper under-
standing of the underlying motor control differences between young and older participants.

1. Peak velocity : Analysis of mean peak velocity showed neither significant age
group effect (F (2, 49) = 2.16; p = .13) nor any interactions. The only significant effect
was the height condition, showing the higher the obstacle, the higher the peak velocity
(F (2, 98) = 226.7; p < .001). We also analysed the variability of peak velocity using
standard deviation. No age group effect was found (F (2, 49) = .35; p = .71).

Figure 3.9: A. left: trajectories of a participant; bold line: mean trajectory of each condition, red
for 50 mm, green for 100 mm, blue for 150 mm, colour shading represents standard deviation right:
key parameters used applied with statistical analysis b. mean trajectory of each participant (grey
lines) and mean trajectory of each group (bold line), 100 mm/right foot condition was used
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2. Tacceleration/Ttrial : Time at peak velocity with respect to trial time was computed
for analysing the ratio of first acceleration phase to trial time. Similar to peak velocity,
there was no significant age group effect (F (2, 49) = .215; p = .807) or any interactions.
On average, participants spent 28% of their total trial time in this first initial acceleration
phase.

3.4 Discussion

We designed and performed a closed-loop experimental paradigm, the FOHEPO task, to
examine the relationship between ageing and sensorimotor variability in foot placement.
The task was devised to imitate the biomechanics when a person executes minimal foot/ob-
stacle clearance on leading limb and in order to reflect task relevant variability. The results
showed that older adults displayed significantly higher levels of sensorimotor variability
than younger adults. This followed our prediction and is consistent with increased foot
and obstacle clearance variability found in multiple kinematic gait studies [Barrett et al.,
2010; Begg et al., 2007; Mills et al., 2008; Winter et al., 1990]. Meanwhile, more than one
motor task performed in the upper limbs have been reported to demonstrate higher end-
point variability of older adults compared with young adults [Brown, 1996; Pratt et al.,
1994]. Our results provided complementary evidence in the lower limbs. More investi-
gations in terms of underlying mechanisms, especially its associations to increased neural
noise levels, and comparisons between upper and lower limbs are required. In fact, senso-
rimotor control can be viewed as a perception-action loop, which means overall variability
can generally be decomposed by variability from sensory processing and variability from
motor output [Bays and Wolpert, 2007]. In the following chapters, more work will be done
to clarify the sources of increased variability and the computation of it. In future work,
applying the FOHEPO tasks on fall prone elderly with harness will ascertain its fall risk
predictability.

Levels of sensorimotor variability increased remarkably with increased obstacle height and
substantially more in the elderly. A linear scaling between foot placement and sensorimotor
variability was found (Fig. 3.6 D). Also, it is interesting to note that there was a trend
towards placing the foot higher in the elderly compared to the young although it was
not statistically significant. A previous study [Lu et al., 2006] demonstrated that when
encountering higher obstacles, elderly people increased their leading foot clearance while
young people kept it equal across different heights. In the same study, obstacle clearance
was shown comparable between the elderly and young when obstacle height was small. Lu
and his colleagues suggested that the elderly perceived higher obstacle as sizeable challenges
and responded with higher safety factors. Our results indicated that increased sensorimotor
variability could also be the underlying cause of raised obstacle clearance. That means
that the aged sensorimotor system may be aware of the fact that movement precision
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degradation is more evident when obstacle height is greater. Higher safety factors (i.e.
obstacle clearance) thus only present in higher obstacle conditions. Of course, more studies
will be needed to draw a clearer picture whether larger obstacle clearance is due to the
participants’ reactions to their higher variability. Interestingly, though participants in the
FOHEPO task systematically placed their foot higher than the obstacle, the extent of biases
significantly declined as the obstacle heights rose. Moreover, while elderly participants had
increased bias levels compared to young participants, the differences were minimal and not
statistically significant. These findings implied that our subjects followed the experimental
instruction to match their foot to the obstacle but not to step over it. ’Safety factors’
thus should not be considered as a mechanism underlying these systematic biases of foot
placement observed in the FOHEPO task.

By recruiting participants between 50 to 65 years, the study also attempted to investigate
neurobehavioural changes across ages. Although in post-hoc statistics, no significant dif-
ference between early old group and young adults was proved, it should be noted that not
any significant age-group interaction was found either. We therefore cannot fully exclude
the possibility that ageing effects between early old and young groups were blanked by a
small sampled size and large amounts of individual differences. Lower motor neurons are
generally considered to remain stable anatomically and functionally until sixth decade. In
upper motor neurons, although some studies in sensorimotor functions and brain structures
supported a "last in, first out" hypothesis and argued that the sensorimotor brain regions
would be relatively resistant to the ageing process as they are early to develop [Raz et al.,
1997]. More recent studies displayed thinning of primary motor and sensory cortices [Good
et al., 2001; Salat et al., 2004] and demonstrated continuously linear decline across adult-
hood. Importantly, recent imaging studies found that comparing to global degeneration
speed, the primary motor cortex [Salat et al., 2004] and corticospinal tract [Salat et al.,
2005] had even more rapid atrophic changes across adulthood. In sensation, functional
proprioception tests also revealed continuous decline across adult lifespan [Skinner et al.,
1984]. Taking these pieces of evidence together, it is possible that sensorimotor variability
also begins to increase before

The result of multivariate linear regression demonstrated a significant R2 = .23, indicating
that 23% of variation was explained by age, gender and obstacle heights. This is not a
very high percentage. However, considering ageing a complex and heterogeneous process
with great inter-individual differences, this result did not violate our predictions also it
provided further information on variability levels across ages.

Female participants behaved significantly more variably across different ages. Among el-
derly, females experienced 40 - 60% more fall related injuries than males each year [Stevens
and Sogolow, 2005]. This has been suggested to be associated with lower physical activities
and strength in females compared to males. There have been limited studies investigating
gait differences between genders. Our results raised the question if a higher risk of falls

67



CHAPTER 3. THE FOHEPO TASK TO MEASURE SENSORIMOTOR
VARIABILITY WITH AGE

among females could be related to higher neuromotor variability. Of course, it should also
be considered that lower muscle strength in females leads to higher neuromotor variability,
as has been discovered in previous research [Kang and Dingwell, 2008b]. With relatively
smaller sample size, more evidence will be needed before drawing a conclusion. We also
attempted to address if this gender difference of task variability was related to sensory
accuracy. Another fact worthy of note is that this gender difference was observed in young
participants as well. This is contradictory to results from previous studies [Barrett et al.,
2008]. However, we should note that previous research targeted gait variability while our
study focused on sensorimotor variability.

We analysed movement trajectories to obtain more understanding of movement features.
The most prominent group differences observed were longer movement time in participants
older than 65 years. Specifically, the difference was observed only in the non-dominant foot.
This means that functional decline during ageing is more prominent in the non-dominant
foot. This result was in-line with previous observations of increased functional asymmetry
in lower limbs with age [Bell and Gabbard, 2000; Kumar et al., 2010; Sadeghi et al., 2000].
Some research has suggested that it is related to a higher degree of strength reduction in the
non-dominant limb. Although no foot difference was observed on sensorimotor noise levels,
a larger bias was found in the non-dominant foot. In one kinematic gait study, Nagano
and colleagues found elderly subjects asymmetrically increased foot clearance in the non-
dominant foot [Nagano et al., 2011]. They suggested this may be a safety strategy because
tripping on the non-dominant foot is more difficult to be recovered. From this point of
view, our finding is intriguing considering no safety factor was asked for in the FOHEPO
task. It is also possible that aged participants spent more time on the non-dominant foot
task to acquire comparable accuracy as the dominant foot. Therefore, it will be worthwhile
examining accuracy under time constraints. Also, to further our understanding about this
limb effect, it will be of help to investigate its relationship between foot clearance, both
mean and variability. Further, in the next chapter, we investigated whether ageing-related
functional asymmetry was also occurring in sensory performance.

Regarding reaction time and height adjustment ratio of movement trajectory, no age group
difference was found between YA and OA groups. Neither speed nor acceleration profile
revealed any age group differences. These results seemed to be contradictory to previous
research in upper limbs [Cooke et al., 1989; Pratt et al., 1994; Welford, 1984]. However,
it should be noted that in the FOHEPO task, a sufficient observation period (1.8 second)
and high upper limit on reaction time (4 second) were provided. Also, participants were
instructed that precision but not speed being the key measure in this task. It is therefore
not surprising that no significant age effect on reaction time and speed profile was observed.
This may also be the reason why no age difference of peak velocity was observed. We should
bear in mind that this is not the usual case in real life, when people need to negotiate
with uneven surfaces with limited time to react. Truly, as has been demonstrated in
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other studies, many ageing-related gait parameter changes are more evident when time-
constraints are placed. Our case can be viewed as examining end-point variability in a
less strict condition and still the age effect was obvious. This can be seen as evidence of
robustness of an age effect for the FOHEPO task. Nonetheless, as has been demonstrated
in other studies, while young adults gain gait stability by slowing down their walking speed,
the dynamic stability in the elderly remained to be high even after lowering walking speed
[Kang and Dingwell, 2008a].

Another interesting finding of trajectory analysis was that EO group tended to move ear-
lier (sometimes too early in those ’over-soon start’ trials) and faster than the other two
groups. One possible explanation is that EO participants attempted to gain How much
can the findings in this experiment be generalised to daily life situations? For example, the
task was an explicit motor task when participants could have focused fully on maintaining
highest performance levels. However, in the real life situation, people walk without con-
sciously performing "optimally" and frequently walk while concurrently executing another
task. It would therefore be worthwhile examining how attention loading plays a role in the
FOHEPO performance. Many studies have discovered a decline of attentional resources in
elderly people, which affects their capacity not only to multi-task but to control their gait
[Verhaeghen and Cerella, 2002]. Studies also have shown that concurrent cognitive tasks
affect motor control in elderly people significantly more than young people [Huxhold et al.,
2006; Lexell et al., 1988; Schulz et al., 2010]. Harley and her colleagues [Harley et al.,
2009] compared kinematics while obstacle crossing in single- and dual-task. They found
that the oldest group (age 70-79) had reduced obstacle clearance and increased obstacle-to-
heel variability while the younger groups (age 20-29 and 60-69) responded oppositely upon
performing dual-task. It will therefore be of much interest to compare sensorimotor noise
levels in single- and dual-task conditions and observe if any age-condition interaction ex-
ists. In application, due to safety concerns (elderly people trip much more over obstacles),
only healthy and physically active elderly were recruited in the current study. Nonethe-
less, age-related increases of sensorimotor variability was successfully demonstrated in this
healthiest subgroup, even under the most generous condition, with sufficient time and
plentiful attentional resources. This result indicated the robustness of this effect. The ap-
plicability to broader ageing population, who more commonly sustain visual impairments
or chronic systemic diseases, such as diabetes mellitus or cerebrovascular diseases, etc. can
only be expanded after recruitment with such population.

As has been mentioned, ageing changes many facets in sensorimotor control and a lot of
them can cause increased movement variability. Therefore, further clarification on physi-
ological components involved in observed behaviours in the FOHEPO task is needed. In
the following chapter, we will use sensory psychophysics to decompose sensory noise, which
includes proprioception and vision to understand to what degree each sensory modality
influences overall increased sensorimotor variability. We acknowledge the prospect that age
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related changes that affect other sensorimotor features, including redundancy and nonsta-
tionarity may also contribute to increased behavioural variability found in the FOHEPO
task. In this research, we focus on noise and uncertainty.
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4
Sensory noise as a source of sensorimotor

variability

4.1 Introduction

In the last chapter, we used the FOHEPO task to measure sensorimotor variability of foot
matching. The biomechanics of the FOHEPO task was equivalent to foot clearance and
therefore can help us to further the understanding of the relationship between sensorimotor
variability and foot clearance variability. Increases of end-point variability in the FOHEPO
task with age was observed. We could therefore reasonably deduce that increased senso-
rimotor variability being a key factor of increased foot clearance variability. The next
question to ask was, which parts of the sensorimotor system difference with age promotes
increased movement variability. As has been noted in previous chapters, dysfunction may
take place in any part of the sensorimotor system and can result in increased movement
variability. In this chapter, we focus on the alterations of sensory noise with age. There are
at least two reasons justifying why sensory noise was chosen to be investigated. First, we
know that accurate state estimates are essential to make accurate motor commands. This
means unreliable sensory estimates are highly likely to cause more variable movements.
Second, studies have discovered multiple sensory systems, from proprioception, vision to
vestibular sensations are all susceptible during ageing [Reed-Jones et al., 2013; Shaffer
and Harrison, 2007; Yeh et al., 2014]. These systems are all imperative in stance and
gait control. Reasonably, impairment in any of these systems can negatively impact upon
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movement performance. These two reasons explain well why sensory noise was targeted.
In this chapter we tested if sensory noise plays a key role in the increases of movement
variability with age found in the FOHEPO task. We also attempted to extract each vital
component of sensory noise in the task to understand age-related differences individually
and whether the significance of each sensory modality is similar or different to movement
variability in the task. We should note that in the context of this chapter, noise means
the degree of uncertainty of sensory estimates. Therefore, specifically in this chapter, noise
and variability can be used interchangeably.

The computation of sensorimotor noise

To understand the rationale behind experimental designs used in this chapter, we first need
to address on sensorimotor noise composition. Noise is present in all processes involving
sensorimotor control, from sensory inputs, sensory processing, motor planning to motor
commands [Bays and Wolpert, 2007; Faisal et al., 2008; Franklin and Wolpert, 2011]. The
overall variability in motor behaviours is therefore a product of sensory and motor noise.
Let us assume that sensory and motor variability is statistically independent from each
other, total variability can be expressed as the sum of the following:

σ2sensorimotor = σ2motor + σ2sensory (4.1)

where motor noise is the noise residing in motor control and execution [Harris and Wolpert,
1998] and sensory noise is the ’product’ of noise from multiple sensory sources and modal-
ities when we evaluate both the external states of the environment and the internal states
of the body. In the FOHEPO task, the external states are the estimates of obstacle height
and the internal states are the estimates of foot height. Considering both states are inde-
pendent but indispensable for performing the FOHEPO task, σ2sensory should equal to the
sum of the variance of external states and that of internal states [Howard, 1982; van Beers
et al., 1996] and can be expressed as:

σ2sensory = σ2obstacle + σ2foot (4.2)

where σ2obstacle is the variance of obstacle height estimates and σ2foot is the variance of foot
height estimates. As has been mentioned, correct state representation is essential for the
motor system to plan and execute optimal actions. Nature poses limitations on fulfilling
this goal because sensory organs have limited resolution and the information conduction
is constantly corrupted by neuronal noise. Despite so, sensory inputs are precise and
accurate enough for young healthy people achieving satisfactory motor performance in
daily tasks. Research has revealed the principles that the CNS uses to mitigate the adverse
effects of sensory noise. Two main mechanisms are multisensory integration and Bayesian
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inference.

Multisensory integration and Bayesian inference

State information is often transmitted using more than one sensory modality. It is rea-
sonable to assume that the brain uses all available useful information when generating
perceptual representations. Numerous amounts of experimental work [Alais and Burr,
2004; Ernst and Banks, 2002; van Beers et al., 1996] and computational models [van Beers
et al., 1999] provide evidence supporting this hypothesis. Moreover, evidence suggests that
mathematically, information from multiple sensory modalities is effectively integrated in
a statistically optimal fashion to generate the most reliable estimate. For example, both
vision and proprioception convey the information of the height of matching foot in the FO-
HEPO task. The brain combines a visual estimate of foot height Hv and a proprioceptive
estimate of foot height Hp to generate single foot height estimate. Supposing each sensory
estimate is independent and contains Gaussian noise with the variance of visual domain σ2v
and variance of proprioceptive domain σ2p, an optimal integrated estimate is produced by
inversely weighting each source information in proportion to its precision (the inverse of
variance). Therefore, the integrated height is wp ∗Hp +wv ∗Hv, where wp = σ2v/(σ

2
p + σ2v)

and wv = σ2p/(σ
2
p + σ2v) [Bays and Wolpert, 2007; Ernst and Banks, 2002; van Beers et al.,

1996].

With regard to the variance after sensory integration, following an optimal integration
rule, the reciprocal of the variance of multi-modal sensory representation σ2vp equals the
sum of the reciprocals of uni-modal variances [Bays and Wolpert, 2007; van Beers et al.,
1996].

1

σ2vp
=

1

σ2v
+

1

σ2p
=
σ2v + σ2p
σ2v ∗ σ2p

(4.3)

Eq. (4.3) can be rewritten as

σ2vp =
σ2v ∗ σ2p
σ2v + σ2p

= σ2foot (4.4)

As has been noted, σ2foot is the variance of foot height estimates. σ2foot, as a result, is
minimised by combining visual and proprioceptive information. Even with only one sensory
source available, like the situation when participants evaluated obstacle height, the brain
generally makes use of prior knowledge of the world. Basically, the brain combines the
sensory information and prior knowledge based on their reliability to obtain an statistically
optimal posterior estimate of the obstacle height.
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Sensory noise during ageing

There has been substantial anatomical and physiological evidence supporting that both
sensory organs and the conduction paths degrade throughout ageing. When degradation
exacerbates and levels of noise from sensory organs reach to a certain degree, σ2sensory
inevitably increases. An increase remains possible even when the above-mentioned com-
putational principles are intact.

Vision is required for estimating both obstacle and foot height in the FOHEPO task. How-
ever, vision is highly susceptible to ageing processes. For example, cataract, a cloudiness
of the crystalline lens, is highly common among ageing population, especially older fallers
[Reed-Jones et al., 2013]. Moreover, there is a loss of retinal neurons including photore-
ceptors [Cunea and Jeffery, 2007; Sturr et al., 1997] during ageing. These changes may
cause elderly people being less certain about the dimensions of obstacles, which leads to
trips and stumbles. In fact, epidemiologically, ageing related visual impairments, including
cataract, glaucoma and macular degeneration, etc., have found to be strongly associated
with increased risks of falls [Boptom et al., 1998; Lord and Dayhew, 2001]. With regard to
visual degeneration and visual noise levels, different results were found. There were some
studies showing increased noise with age [Owsley et al., 1983; Pardhan et al., 1993] but
also others showing negative association [Pardhan et al., 1996]. In terms of the relationship
between age-related visual impairments and foot clearance variability, the picture is even
less clear. Only in one study, foot clearance variability was found to increase when elderly
people wearing multifocal spectacles [Johnson et al., 2007]. This can be viewed as indirect
evidence suggesting visual noise increases a candidate causing foot clearance variability
and fall probability to rise.

Proprioception is also a top priority of our investigation. Proprioception declines with age
and changes have been observed at multiple levels including loss of sensory receptors and
neurons, slowing of sensory conduction velocity and decreased expression of neurotrophic
growth factor receptors on the sensory neuron surfaces [Shaffer and Harrison, 2007]. For
example, anatomical studies have found proprioceptive receptors in aged people are smaller
in their numbers and sizes [Kararizou et al., 2005; Liu et al., 2005; Morisawa, 1998]. These
differences are identified in both muscle spindles and Golgi tendon organs. Some studies
using aged animals with comparable anatomical and morphological changes and suggested
that these changes may be the cause of decreased proprioception sensitivity with age [Miwa
et al., 1995]. Senile sarcopenia, muscle wasting occurring in ageing, not only affects ex-
trafusal fibres but also the fibres of muscle spindles [Goble et al., 2009]. This means that
people with sarcopenia not only experience weaker strength but also dysfunctional pro-
prioception. It is also well known that manually measured proprioceptive thresholds in
clinical examination generally increase with age [Han, 2009]. In laboratory studies, the
vibration sensation threshold increases from around 10 volt unit in young adults to more
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than 20 in people over 60 years [Bergin et al., 1995] and the changes are associated with
increased sway during standing. There have been studies showing that ankle’s position
sense becomes less precise and more variable among the elderly [Verschueren et al., 2002;
Madhavan and Shields, 2005] and this impairment is also related to decreased abilities to
maintain balance. However, no clear relationship has been drawn between proprioception
loss and fall risk increases in the elderly. Furthermore, compared to stance control, much
less has been addressed on how proprioceptive degeneration in ageing can affect gait. On
the assessments of impaired proprioception between walk, studies were limited and only
identified decreased gait speed [Hurley et al., 1998]. Clearly, there is a knowledge gap be-
tween dysfunctional proprioception and its impacts on walking competence. We therefore
also attempted to explore and address this part using our sensory experiments.

Last but not least, effective sensory integration is dependent on both the peripheral sensory
organs and central processing. Most discussions on sensory ageing has focused on the PNS
although degradation with age not only occurs in the PNS, but also in the CNS. In the
brain, both anatomical degeneration such as reduced cortical thickness [Salat et al., 2004]
and functional changes such as decreased amplitude of sensory evoked potentials have been
observed in primary sensory cortex [Yordanova et al., 2004]. Cognitive decline is also a
common feature during ageing [Hedden and Gabrieli, 2004] and recent evidence suggests
that gait control needs more cognitive control than we used to assume [Horak, 2006; Yeh
et al., 2014]. In this thesis, we explored the roles of different sensory modality in the
FOHEPO task based on optimal (Bayesian) integration rules. However, we should bear in
mind that with age, the brain reacts to peripheral degradation with compensation but the
chances of failure may still increase because of too severe peripheral impairment or less
efficient central processing.

Using psychophysics to estimate sensory noise levels

Following the rationale of sensory noise computation described in the aforementioned sec-
tion, we used multiple psychophysical experiments to measure noise including 1st: external
states (obstacle height) estimated by vision, 2nd: internal states (foot height) estimated
by vision and 3rd: internal states estimated by proprioception. Here we deliver a brief
overview on psychophysics and describe how it can be used for sensory noise quantification.
Psychophysics is the scientific discipline which investigates the relationship between phys-
ical feature and their subjective correlates [Klein, 2001]. We use a classical two-alternative
forced choice (2AFC) discrimination paradigm to illustrate the logics of extracting sensory
noise. The principles can be generalized to other well-documented psychophysical meth-
ods. In a 2AFC paradigm, two stimuli are presented on each trial. The stimuli should
differ only in one perceptual property (e.g. length in vision or pitch in audition, etc.). One
of these stimuli contains a standard stimulus whose intensity is fixed across the task while
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the other contains a comparison stimulus whose intensity, either larger or smaller than the
standard stimulus, varies from trial to trial. Observers are requested to distinguish the two
by choosing a stimulus that fulfils a requirement (e.g. choose the longer one in a length

Figure 4.1: Illustrated derivation of psychometric function in 2AFC paradigm. A. Internal re-
sponses for standard (distribution Xs) and comparisons levels from C1 (Xc1 ) to various levels
Cm. B. Difference distributions between the distributions of each comparison level and standard.
Proportion correct is acquired from integrating areas to the right of the vertical line at zero. C.
Psychometric function derived from plotting the area of each difference distribution lying above
the zero from B. Figures were adapted from [Tyler and Chen, 2000]
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discrimination task). The relationship between comparison intensity and the proportion
of observers perceive one of the stimuli (standard or comparison but the choice has to be
fixed) as target stimulus is expressed as a psychometric function (PF).

PFs are then put in the context of signal detection theory (SDT) [Klein, 2001; Tyler
and Chen, 2000] for noise estimation. SDT is a computational framework explaining how
signal can be extracted from noise and therefore naturally embodies noise information.
The theory is well studied and broadly applied in psychophysics. SDT assumes that the
strength of each sensory input is internally represented as independent Gaussian variables.
The discriminability of two stimuli is therefore depending on three factors: 1. Separation
between two stimuli 2. Distribution of the internal Gaussian representation 3. Decision
criterion. In 2AFC discrimination tasks, SDT can be comprehended by a simpler difference
distribution of internal sensory responses. For example in a length discrimination task, on
each trial, observers compare the difference between two internal responses and pick the
stimulus based on the sign of the difference. Therefore, criteria in the difference space is
fixed at zero (see Fig. 4.1).

To express the relationship in mathematical formulas, we assign standard stimulus intensity
to be s and comparison stimulus with varying intensity across trials to be c. r1 is the
internal response to first stimulus and r2 is the internal response to second stimulus. On
a trial, observers pick the first stimulus if r1 − r2 >0 and vice versa. The order of stimuli
is expressed as sc if standard is the first stimulus and cs if comparison is the first. The
probability that observers choose comparison stimulus Pr(c) is

Pr(c) = Pr(r1 − r2 > 0|cs) · Pr(cs) + Pr(r2 − r1 > 0|sc) · Pr(sc) (4.5)

Let the internal response to comparison rc and the internal response to standard rs. Eq.
(4.5) can be rewritten in a form of psychometric function PF

Ψ(c) = Pr(rc − rs > 0|cs) · Pr(cs) + Pr(rc − rs > 0|sc) · Pr(sc)

= Pr(rc − rs > 0)

= Pr(δcs > o)

=

∫ ∞
0
Zc(δ,∆)dδ

(4.6)

As can be seen δcs = rc − rs is the difference between comparison and standard internal
responses. Zc(δ,∆) is the normalised probability density function (PDF) of the difference
distribution for comparison c, with mean ∆. Computing proportion perceiving comparison
stronger than standard at different levels by applying Eq.(4.6) repeatedly, one PF can be
acquired. Fig. 4.1 illustrates the derivation of PFs from internal response distributions to
difference distributions.
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One common hypothesis of SDT is the variance of internal response distributions indepen-
dent of stimulus levels. In addition, the mean internal response for each stimulus intensity
is unbiased. In other words, the PDF representing rc is N (c, σ2c ) and the PDF representing
rs is N (s, σ2s) . This means for comparison interval at intensity c, the internal response
will be a normal distribution with mean C and standard deviation σc. Comparably, the
standard interval at intensity s will also have a normal distribution with mean S and
standard deviation σs. Let us suppose σs = σc = σ, and assume that noise is additive.
According to operating rules of Gaussian distribution, the difference distribution δcs can
be written as another Gaussian distribution N (δcs, 2σ

2). Thus, Eq.(4.6), can be rewritten
as

Ψ(c) = 1− Φ(δcs,∆,
√

2σ)

= 1− Φ(−rcs ;Rcs ,
√

2σ)

= Φ(rcs ;Rcs ,
√

2σ)

(4.7)

where Φ indicates the Gaussian cumulative distribution function. Rcs is the mean of Gaus-
sian difference distribution and

√
2σ is the standard deviation of difference distribution.

As the reciprocal of
√

2σ corresponds to the slope β of PF, levels of Gaussian internal noise
are obtainable from PFs. Therefore, we capture the sensory noise level σ by computing
PF. Last but not least, in discrimination tasks, if we assume observers being unbiased, the
points of subjective equality (PSEs) where there are 50% responses choosing comparison
and 50% responses choosing standard normally occur at occasions when comparisons have
the same values as the standards. Sometimes, positive or negative PSEs can be observed,
which means participants could have made biased judgements or factors other than the
computation listed here is affecting the result.

Unequal variance cases

As has been noted before, in most cases of psychophysics and also our obstacle visual
2AFC (details see section 4.2 Aims and Methods), participants discriminate two stimuli
with differences only in one sensory property and the internal noise levels to the property
are equal between standard and comparison distributions. However, to be able to capture
conditions of the FOHEPO task and quantify some domains of sensory noise which are of
interest, i.e. noise of foot estimates. It is imperative for us to design height discrimination
psychophysics between obstacle and foot. We as a result encountered a situation where
the noise levels of standard and comparison were unlikely to be the same. In this type of
situation, Eq.(4.7) has to be re-written as

Ψ(c) = Φ(r ;R,
√
σ2c + σ2s) (4.8)
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Table 4.1: Using psychophysics to decompose sensory noise

σ2motor σ2obstacle σ2ftv σ2prop
FOHEPO X X X X
Obstacle
2AFC X

Foot-Obstacle
2AFC-LV X X X

Foot-Obstacle
2AFC-LI X X

where
√
σ2c + σ2s can be acquired from psychophysical experiments and one part of the

sensory noise can be attained using the obstacle visual experiment. The other part of
sensory noise is thus computable.

4.2 Aims and methods

The aim in this section is to design the most suitable psychophysical experiments to mea-
sure sensory noise involving in the FOHEPO task. Three experiments were designed and
undertaken. All were intended to associate 100 mm height condition in the FOHEPO task.
Experiment 1, Obstacle 2AFC, measured noise of visual estimates of obstacle heights using
height discrimination psychophysics. Experiment 2, foot-obstacle 2AFC leg-visible condi-
tion, was height discrimination between the obstacle and one of participants’ feet, which
was passively raised by a small platform. In this task, the biomechanics was designed as
similar as which in the FOHEPO task. Because there was no motor planning and execu-
tion involved, motor noise was minimised. By doing so, total sensory noise level in the
context of the FOHEPO task could be measured. We thereby conducted a Experiment
3, foot-obstacle 2AFC leg-invisible condition. The protocol was nearly identical to the
Experiment 2, except that the visual information of leg heights was blocked. By doing
so, participants could only infer their foot heights using proprioceptive information. We
could thereby extract proprioceptive noise with data acquired in Experiment 1 and 3, using
Eq.(4.8) (Details are described in the data processing section). Also, we could study the
influences of visual foot height estimates on sensory noise by comparing the performance
of Experiment 2 and 3.

Development of optimal experimental paradigms

The nature of psychophysics is indirectly measuring perceptual parameters by directly
measuring behaviours. Preferably, many samples are required to obtain valid and reliable
estimations of psychometric functions and thus perceptual parameters. To obtain a satis-
factory estimation of sensory noise, 100 or more trials for each level are suggested [McKee
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et al., 1985]. However, considering our target population being ageing people, enormous
trial numbers would jeopardise both participants’ safety and performance levels. We resul-
tantly faced a dilemma between establishing correct parameter estimates and minimising
trial numbers. To attain a best trade-off between accuracy and efficiency, two types of
2AFC, including a classical method of constant stimuli and the Psi method, an adaptive
procedure, were tested. Between the two, we chose the classical method for formal exper-
iments. In this section, We firstly provided the rationale beginning with the Psi method
and then summarised its performance and limitations we discovered, which justified our
final choice on the classical method. Finally, we performed simulation tests to choose an
optimal design for the classical method of constant stimuli. All experimental modules and
simulation procedures mentioned in this chapter were performed in MATLAB environment
(Mathworks, Inc. Natick, MA, USA).

Adaptive versus classical method of constant stimuli

1. Adaptive – the Psi procedure

One type of well-established method improving efficiency of experimental psychophysics
is adaptive procedure, which adjusts the physical intensity of the stimulus on each
trial in accordance with stimuli and responses in the previous trial or sequence of
trials [Treutwein, 1995]. Our main variables of interest, slope levels, are nevertheless
noticeably prone to deviate from actual values in most adaptive procedures [Legge
et al., 1987; Mayer and Tyler, 1986]. We therefore adapted the Psi procedure devel-
oped by Kontsevich and Tyler [Kontsevich and Tyler, 1999] with small adjustments
done by Prins and colleagues [Prins, 2013]. The reason for choosing the Psi method
is because it is a Bayesian adaptive psychophysics protocol for authentic assessments
of both slopes and PSEs. The advantages of the Psi method include improvement of
efficiency and the capability of updating both threshold and slope of a PF optimally
[Leek, 2001; Prins et al., 2016]. The latter is of higher importance to our experiments.
This is because not only slope values are vital to precise evaluations of sensory noise
but also PF slopes among different age groups might well be significantly different.
In the Psi method, participants started from differentiating a comparison height that
can provide most information about the threshold and slope. The posterior prob-
ability distribution of threshold and slope are updated each trial according to the
responses of all previous trials, which are represented in the form of likelihood func-
tion. The difference between standard and comparison is also adjusted trial-by-trial
based on all preceding trials. PSE and slope are then computed according to the fi-
nal parameter estimates. We piloted obstacle height discrimination (Obstacle 2AFC)
psychophysics with the Psi method using 100 trials. Three young participants took
part. As can be seen from Fig. 4.2 A, although PSE converged quickly after 50
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trials. The value of sigma (calculated from 1/β) remain unstable until the end of
experiment. We therefore decided to run simulation verifying this finding. Before
simulation, pilot classical 2AFC of constant stimuli with 200 trials, 10 levels ±18

mm were conducted in 5 young volunteers. Estimated PSE was 0.7 ± 0.5 (mean±
s.d.) and sigma was 7.2±1.0. Based on pilot data, 700-fold bootstrap simulations of
500 trials were performed. According to pilot results, the simulated observer was set
to be unbiased (PSE = 0) with sigma randomly sampled from 7.2 ± 5 · s.d.(= 1.0).
Performance was evaluated following a statistics method used in the original work in
which the Psi method was developed [Kontsevich and Tyler, 1999]. Let i = 1,......,
I be the simulation experiment number and j = 1,......, J the trial number. ai,j

the PSE estimate acquired at j-th trial in i-th simulation fold, si the sigma value
randomly set at the i-th simulation fold, si,j the estimate at j-th trial. For each trial

Figure 4.2: Psi method A. The results of a representative pilot experiment. The top panel shows
the convergence of the PSE estimate at each trial. The bottom panel shows the convergence of
the slope estimate. B. Convergence performance of the Psi method on a simulation of 700-fold
bootstrap, 500 trials with observer’s PSE 0 and σ 7.2± 5 · s.d.(1.0). The vertical axes in the upper
two panels represent the standard deviation (s.d.) and bias of the PSE estimate at each trial and
the lower two panels the s.d. and bias of the sigma estimate at each trial. The horizontal axis in
each panel represents the trial number.
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number, the bias of σ estimate after j-th trial was

bias(s)j =

∑i=I
i=1 si,j − si

I
(4.9)

and the standard deviation of σ estimate was computed as

S.D.(s)j =

√∑i=I
i=1(si,j − si)2
I − 1

(4.10)

For estimations of bias(a)j and S.D.(a)j , identical calculations were applied. Sim-
ulation results were shown in Fig. 4.2 B, where the top two panels presented the
performance of PSE estimations and bottom two the performance of sigma esti-
mations. It was shown that although PSE, as has been demonstrated in literature,
efficiently converged beyond 50 trials, slope estimate could not have converged stably
even after 300 trials. This was compatible with our findings in the adaptive pilots.

2. Choosing trial numbers and stimulus levels used in the method of constant
stimuli Since the Psi method did not provide significantly more efficiency with regard

Figure 4.3: Median estimated α (PSE) and σ of 2000 fold bootstrap simulation using different
sample schemes are plotted in the upper (PSE) and lower panels (σ). Both are shown as a function
of λgenerated ranged from 0 to 0.05 to represent the effects of common non-task related lapse rates
λ on estimation performance
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to sigma estimation. We decided to use classical 2AFC with constant stimuli. The
challenges lay in choosing an optimal combinations of trial numbers and stimulus
ranges, which can provide a best trade-off between performance and experiment
time.

Following suggestions from literature [Wichmann and Hill, 2001], we ran 2000-fold
bootstrap simulations with parameters set according to a simulating observer with
PSE 0 and σ 6 (see Fig. 4.3). Choosing any combinations with trial numbers higher
than 120 was not considered because experiment time exceeds 1 hour when trial
number ≥ 120. We found a design with 120 trials, 4 conditions and stimulus spacing
of 1.5 Z unit providing a satisfactory result. This design was therefore applied to all
psychophysical experiments, although slightly underestimated sigma values were still
noticed, especially when lapse rate being close to 0. The real spacing was determined
using pilot data (5 young subjects for obstacle 2AFC and 3 young subjects for foot-
obstacle 2AFC). To maintain spacing consistency, the spacing of foot-obstacle 2AFC,
both foot-visible and -invisible, was decided according to foot-invisible condition data
only.

Experiment procedures

Experiment 1: Obstacle 2AFC

1. Participants: Twenty-three volunteers (eleven female, 69.8± 5.9 years (mean± s.d.))
older than 65 years (Older group, OA), 17 volunteers (9 females, 59.3 ± 3.9 years
(mean± s.d.)) aged between 50 to 65 years (early old, EO) and 18 young volunteers
(10 females; 28.6±4.7 years (mean± s.d.); young adults YA) participated in the object
height discrimination 2AFC task. All participants also took part in the FOHEPO
task.

2. Preparation: The robotic set-up of our movable obstacle was identical to the design
of the FOHEPO task. Participants were standing in their resting positions during
the FOHEPO task. A numeric keypad was placed on the right hand rail recording
subjects’ responses.

3. Experimental trials and blocks: Each trial consisted of the sequential manifestation
of two stimuli (Fig. 4.4). In standard intervals, the heights were always 100 mm. The
comparison stimuli, varied from ±4 and ±12 mm to the standard were presented 30
times in random orders (4 difference levels × 30 repetitions). Also, standard and
comparison stimuli were randomly allocated to the first or second intervals. Ten
blocks, with 12 trials for each block were used. In the beginning of a trial, linear
actuators moved the obstacle to its target height of the first interval. After the
obstacle reached its target height, a "beep" sound indicated the beginning of an
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interval. Participants were instructed to look at the front border of the obstacle, as
they did in the FOHEPO task, and paid attention to the height. Being identical
to the request in the FOHEPO task, they were asked to maintain their head and
gaze direction still when judging the obstacle heights. A stimulus was presented for
2 seconds. At the end of an interval, another "beep" sound played to inform the end
of this interval. Right after the end of the first interval, actuators moved the obstacle
to the position of the second interval. To avoid participants’ choices being biased by
actuator and obstacle movements, participants were asked to close their eyes during
movement (when they heard the ’beep’ informing the end of an interval). At the
end of a trial, participants were instructed to choose the interval they considered
containing the higher stimulus between the two by pressing buttons on the numeric
keypad, on which button "1" represented the first trial and button "2" represented
the second trial. Each block took about 3 to 4 minutes and participants could take a
pause with no time limits between blocks. They could also take ’time out’ at any time
during a block by pressing an emergency stop button or informing the experimenter.

Figure 4.4: Schematic illustration of the obstacle height 2AFC task. The time-line goes from
left-lower to right-upper corner. Each trial consisted of two successive observation intervals. The
standard (100 mm)stimulus randomly appeared in one of the two intervals. The other one was the
uniformly distributed comparison stimulus, ranging 100-12, 100-4, 100+4, and 100+12 mm. Each
interval presented the stimulus for 2 seconds. Between intervals, actuators moved the obstacle to
the position of the second interval. Participants were ask to choose the interval containing the
higher between the two at the end of each trial.
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Figure 4.5: Schematic illustration of the obstacle-foot height discrimination 2AFC task A. Foot
visible condition B. foot invisible condition. In both conditions, one of a participant’s feet was
lifted by a platform height 100 mm. The obstacle height were uniformly distributed (100-24, 100-
8, 100+8, 100+24) mm. Participants were required to choose the higher between foot and obstacle
height in each trial.

Experiment 2 & 3: Foot-obstacle 2AFC: leg-visible(LV) and leg-
invisible (LI) conditions

1. Participants: Twenty-three volunteers (eleven female, 70.0± 6.2 years (mean± s.d.))
older than 65 years (Older group, OA), 17 volunteers (9 females, 59.3 ± 3.9 years
(mean± s.d.)) aged between 50 to 65 years (early old, EO) and 17 young volunteers
(9 females, 27.5 ± 4.0 years (mean± s.d.) young adults YA) participated in the
leg visible condition. Twenty-one volunteers (eleven female, 69.8± 5.8 years (mean±
s.d.)) older than 65 years (Older group, OA), 17 volunteers (9 females, 59.3±3.9 years
(mean± s.d.)) aged between 50 to 65 years (early old, EA) and 17 young volunteers
(9 females, 27.5 ± 4.0 years (mean± s.d.), young adults YA) participated in the leg
invisible condition. All participants who took part in these two experiments also
completed both the FOHEPO task and obstacle 2AFC, except one OA participant
withdrew because of an exercise injury after completing the FOHEPO task and foot-
obstacle-LV 2AFC.

2. Preparation: Optitrack markers were placed on participants’ shoes. The lay-out was
identical to the lay-out used in FOHEPO task.

3. Robotic set-up of our movable obstacle was identical to the FOHEPO task. A small-
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sized platform was used for foot lifting. A numeric keypad was placed on the right
hand rail recording participants’ responses. In leg-invisible condition, a piece of black
paper (width 800 mm, length 400 mm) was placed at the height around participants’
lower waist to block visual information of their lifted leg. The exact positioning of
the paper was adjusted to cover their lower limbs but still ensure they could have
seen the obstacle without changing their posture and distance to the obstacle. By
doing so, we maintained visual angle and body posture consistency among conditions
and experiments.

4. Experimental trials and blocks: The experimental set-up was substantially similar
to which in the FOHEPO task. In these two psychophysical experiments, however,
one of subjects’ feet was lifted to 100 mm by the small platform during sessions.
As has been explained in the introduction, section: Using psychophysics to estimate
sensory noise levels, foot heights were thus used as standard stimuli. The obstacle
heights, varied from ±8 and ±24 mm to the standard were presented 30 times in
random orders (4 difference levels × 30 repetitions). In each trial, participants were
asked to discriminate which one, the obstacle or the lifted foot, was higher. To avoid
unnecessary movements, their head position and gaze direction were suggested to
maintain constant during a whole trial. They chose by pressing buttons on the nu-
meric keyboard, on which button "F" meant that they felt the foot was the higher
stimulus and button "O" meant they felt the obstacle was the higher stimulus in
a trial. This procedure eliminated the motor planning and execution but retained
relevant biomechanical features of the FOHEPO task as much as possible. To avoid
fatigue and boredom, the two conditions took place on two separate days. Also, in
one participant, the two conditions required to have a minimum interval of 3 days
to avoid carry-over effect and condition orders were counterbalanced. Using two
conditions enabled experimenters to quantify body sensory variability when subjects
receive both visual and proprioception information of foot heights and when they
only have proprioceptive information for foot height estimation. In each condition,
both feet were tested. Ten blocks with 12 trials each block were used. Since pro-
longed raise of a foot could have possibly caused both participants’ discomfort and
decreased performance levels (e.g. experiments have shown physical fatigues impair-
ing proprioception temporarily [Proske and Gandevia, 2012]), participants switched
their feet on the platform every block. Each block lasted about 2.5 to 3 minutes.
Participants were instructed to keep head and gaze fixed in a block. To prevent
exhaustion and discomfort, they were suggested to take breaks and move their body
around between blocks. Also, they were free to take breaks during a block as long
as they pressed the emergency stop button or informing the experimenter. To avoid
order effect, leg visible and invisible as well as foot orders were also conducted in
counterbalanced designs.
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Data processing and statistical analysis

Data analysis was performed by MATLAB (Mathworks, Inc. Natick, MA, USA). For
all psychophysical experiments, raw responses were the proportion of trials in which a
comparison stimulus was judged higher than a standard at each comparison level. They
were fitted with a cumulative Gaussian distribution

Ψ = λ+ (1− 2λ) · N (α, σ2) (4.11)

to compute PFs using Maximum Likelihood Criteria [Prins et al., 2016]. Free parameters
in the fitting included α the point of subjective equality (PSE), β the slope of a PF and λ

a nuisance parameter to account for non-task related lapse rates. Reciprocals of PF slopes
were calculated to acquire sensory uncertainty on each experimental condition for each
person (σ = 1/slope). Let σ2ObV be the variance of the difference distribution in obstacle
2AFC. From Eq.(4.7), it can be expressed as

σ2ObV = 2σ2obstacle (4.12)

Let σ2LI be the variance of the difference distribution in foot-obstacle 2AFC, leg invisible
condition. Using the unequal variance model mentioned in the introduction (see Eq.(4.8)),
σ2LI can be expressed as

σ2LI = σ2obstacle + σ2prop (4.13)

σ2prop is the proprioception variance of foot height estimates. Therefore, proprioceptive
variability can be derived by using

σ2prop = σ2LI − σ2obstacle (4.14)

Finally, with regard to foot-obstacle 2AFC, leg visible condition, let σ2LV be the variance
of the difference distribution. It also represents the estimate of σ2sensory in Eq.(4.1) as has
been explained in previous sections. From Eq.(4.1) and (4.2) we know that

σ2LV = σ2sensory = σ2obstacle + σ2foot (4.15)

To simplify mathematical expressions. Let

σ2LV − σ2obstacle = σ2foot = A (4.16)

σ2LI − σ2obstacle = σ2prop = B (4.17)

We can quantify changes of foot estimate sensitivity between leg-visible and -invisible
conditions (the relative changes of variance when visual information of foot was combined
with proprioception to form foot height representations) by (B − A)/B and use it as an
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index of sensory gain Gvision from visual information. It should be kept in mind that
Gvision depends on the relative reliability between vision and proprioception. According
to the rules of optimal integration, the value of Gvision is close to 0 (σ2foot ≈ σ2prop) when
proprioception is much more reliable than vision. Conversely, when visual cue is much
more reliable than proprioceptive cue, the value of Gvision is close to 1.

On the assumption that foot height was estimated following optimal integration in both
young and elderly. σ2foot can be expressed as

σ2foot = A =
σ2ftv ∗ σ2prop
σ2ftv + σ2prop

(4.18)

where σ2ftv stands for the variance of foot height based upon visual information alone.
Because all the other quantities can be attained from the other psychophysical experi-
ments, evaluation upon σ2ftv levels is achievable. To simplify mathematical expressions, we
replaced σ2prop with B. Therefore,

A =
σ2ftv ·B
σ2ftv +B

(4.19)

Eq.(4.19) can be rewritten as

A(σ2ftv) +A ·B = σ2ftv ·B

We assume B > A following optimal integration rule. σ2ftv is obtained as follows

(B −A) · σ2ftv = A ·B (4.20)

Therefore,

σ2ftv =
A ·B

(B −A)
(4.21)

Kolmogorov-Smirnov Goodness-of-Fit tests were then performed on estimates of PSEs,
sensory noise and Gvision. All tested parameters passed Kolmogorov-Smirnov Goodness-
of-Fit Tests, except σftv. One-way ANOVA was used to test the age group effects of
obstacle 2AFC PSEs, obstacle visual variability, proprioceptive variability and Gvision. A
repeated measure ANOVA with three levels of age groups(YA, EO, OA) and two levels of
conditions(LV, LI) were used to compare PSEs and sensory noise in the obstacle-foot 2AFC.
kruskal-wallis nonparametric test was used to compute the group effect of σftv. Data from
one outlier (1 in OA group) and participants who did not complete all 3 experiments were
excluded. Again, outliers were tested by Tukey’s criteria [Hoaglin et al., 1986], as has been
mentioned in Chapter 3.
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Figure 4.6: A. (left upper and lower panels) Psychometric functions of obstacle height discrimina-
tion upper OA (green) and YA (grey); lower EO(blue) and YA (grey) B. The PSE of each group
C. The σ estimate of each age group, with mean ± s.e. YA 7.4±3.5, EO 9.3±4.5 and OA 9.2±4.3

4.3 Results

Obstacle height discrimination

Fig. 4.6 showed psychometric functions, obstacle visual noise and PSE levels of different age
groups. No significant age group difference was observed on either visual noise σ (F(2,58)
= 1.3 p =.28) or PSEs. PSE values were not significantly different from 0, which meant
that participants were unbiased in this discrimination task.

Foot-obstacle height discrimination: Leg-visible and leg-invisible conditions

Fig. 4.7 showed the PFs, sensory noise levels and PSEs obtained by obstacle-foot 2AFC,
both leg-visible and leg-invisible conditions. Further, in Table 4.2, we compared sensorimo-
tor noise at height of 100 mm, σLV , σLI , and proprioceptive noise in different groups.
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Figure 4.7: A. PFs of foot-obstacle 2AFC in left leg-visible and right leg-invisible conditions B.
Mean σ of each group for each condition left half σLV ≈ σsensory, right σLI . Strongly significant
age group and condition effects were observed. Post-hoc showed that sensory noise in OA was
significantly higher than YA in both conditions. C. PSEs. No significant group difference. YA:
grey, EO: blue, OA foot-visible condition: green, OA foot-invisible condition: red
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Sensory variability, which derived from the slopes of psychometric functions, showed sig-
nificant age group(F(2,52) = 6.07, p = .004) and condition (F(1,52) = 8.40, p = .005) effects,
but no interaction. Pair-wise comparison found OA had higher levels of sensory variability
than the other two groups in both leg-visible and leg-invisible (see Fig. 4.7 B) conditions.
This means that total sensory noise levels in OA were significantly greater than those in
YA. When comparing differences between leg-visible and -invisible conditions, the increased
amount of sensory variability in OA (leg visible 9.5 ± 4.2mm; leg invisible 12.0 ± 5.1mm

mean± 95% confidence intervals) appeared to be greater than YA (leg visible 6.7±2.2mm;
leg invisible 7.5± 3.7mm). This implied that deprived foot height visual information neg-
atively affected discrimination performance of both groups but the deterioration was more
remarkable among OA than YA. When directly examined the differences of variance of
foot σ2LI − σ2LV . It was shown that OA comprised significantly higher variance in foot
invisible than in foot visible condition (p = .018, one-tailed t-test). While to YA and EO
participants, the variances in two conditions were not statistically different (YA: p = .12;
EO: P = .06).

With regard to the PSE, there was a small trend showing that participants tended to
consider their foot higher than the obstacle (grand mean±95%CI : 6.0±2.3). A marginally
significant ANOVA (F(1,52) = 3.08, p = .055) of age effect was found. However, pair-wise
comparisons found no significance between any two groups. Although mean PSE was less
biased in conditions with vision (mean± s.d. PSELV = 5.9± 9.3 ; PSELI = 6.5± 11.1),
There was no statistical difference either (p = .77).

We performed linear regression on total sensory noise against age, which was shown in
(Fig. 4.8). Sensory noise levels across adulthood increased 0.05 mm per year averagely.
Also, Fig. 4.8 B. illustrated sensorimotor variability with respect to sensory noise at the
height of 100 mm. The correlation coefficient was 0.27 (p = .04). This indicated that
although increased sensory noise was moderately correlated to increased sensorimotor vari-
ability linearly, it is reasonable to assume factors other than sensory noise levels also con-
tribute to the changes of sensorimotor noise. Fig. 4.8 C. plotted the same data in log10σ2

-log10σ2 scale.

Proprioceptive noise

Fig. 4.9 A. and Table 4.2 (the last row) showed proprioceptive noise. Significant age group
effect was observed (F (2, 44); p = .048). Pairwise comparison showed that OA had higher
proprioceptive noise compared to YA (Bonferroni p = 0.055; LSD p = .018). EO group
did not have significant differences to any of the other two groups. It should be noted
that some individual’s data (4 out of 17 in YA, 4 out of 17 in EO and 2 out of 21 in OA)
were excluded from statistical analysis because negative values were obtained when using
Eq.(4.14) to extract proprioceptive noise.
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Figure 4.8: A. Total sensory noise as a function of age B. and C. Sensorimotor noise in the FOHEPO
task as a function of sensory noise. In C., data were plotted on double-log coordinates

Effects of multisensory gain

We compared foot height estimate variance when both vision and proprioception and only
proprioception available. One-way ANOVA showed marginally significant age group effect
with p = 0.059. The medium of Gvision was 0.05 in YA (N = 11), 0.15 in EO (N = 9)
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Figure 4.9: A. Proprioceptive noise extracted from foot-obstacle 2AFC. Each bar represents single
subject. OA group have higher proprioceptive noise compared to YA group B. Gvision, index of
decreased foot height estimate variance from combining vision and proprioception information.
Following the optimal integration rule, the range of Gvision is between 0 to 1, with bigger number
indicating a higher degree of improvement. Negative values indicated the variance of the bimodal
estimates are larger than proprioceptive estimates. This could have happened when very limited
improvement gained from vision when proprioceptive noise is much smaller than visual noise. In
this case, negative value could happen due to fluctuations of performance between experiments.
As can be seen, YA had a significant proportion of negative Gvision values.

Table 4.2: Levels of noise σ of each group in different experiments

YA (M±S.D) EO (M±S.D) OA (M±S.D)
FOHEPO
(100 mm) 11.4(4.0) 12.3(4.8) 14.8(5.6)

Foot-obstacle
2AFC-LV 6.7(2.2) 7.4(3.5) 9.5(4.2)

Foot-obstacle
2AFC-LI 7.5(3.7) 9.2(4.1) 12.0(5.1)

Proprioceptive
noise 6.7(3.6) 7.9(4.3) 10.5(4.9)

and 0.27 in OA (N= 16). Following the optimal cue combination rule, the range of Gvision
should be between 0 to 1. Smaller Gvision values indicate less benefit from vision. Our
results suggested that YA benefited less from visual information than EO and OA on foot
height reliability. When looking into the data, YA had a highest proportion of negative
Gvision (5 out of 11, compared to 2 out of 9 and 4 out of 16 in EO and OA), although Chi-
Square test did not find significance. (X2(2, N = 36) = 1.7; p = .43). This also implied
that with limited improvement gained from vision, higher chances of negative values could
happen due to inter-experiment performance differences.
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Noise of visual estimates of foot

Based on the assumption of optimal integration rule, we also attempted to extract visual
noise using Eq.(4.21). As has been described in the section of multisensory gain, negative
values of variance σ2ftv were found in some participants. After excluding those cases, the
medium of σftv was found to be 5.4 in YA (N=6), 12.3 in EO (N=7) and 11.0 (N=12) in
OA. The result of kruskal-wallis H test was not significant (p = .24).

Footed sensory noise

As has been described in the methods, both feet were tested in obstacle-foot height dis-
crimination and the above-mentioned results were attained by data pooled from both. It is
therefore worthwhile investigating whether dominant and non-dominant foot contributed
differently to the results. Footed data from each participant underwent the same psycho-
metric function fitting processes used for pooled data. Acquired PF parameters were then
tested statistically. The results showed no foot effect of sensory noise levels, neither in the
leg-visible (F (1, 51) = 2.47; p = .12) nor leg-invisible (F (1, 51) = 2.16; p = .15) condition.
No foot difference was observed on PSE values either.

Gender effect of sensory noise

In the previous chapter, we found a significant gender effect in sensorimotor variability.
Across different age groups, females consistently had higher movement variability than
males. Therefore, we inspected if there was also gender difference in sensory noise. Using
three-way mixed design ANOVA, We found no gender effect (F (1, 49) = 2.716; p = .106).
Neither any interaction between gender and other factors was found. It is therefore rea-
sonable to suppose gender effect observed in the FOHEPO task was not caused by sensa-
tion.

4.4 Discussion

To delineate the role that sensory variability plays in ageing-related increases of move-
ment variability in the FOHEPO task, we designed and performed multiple sensory psy-
chophysics. We aimed at quantifying each source of sensory noise accounting for senso-
rimotor computation in the FOHEPO task. These experiments provided complementary
information, not only to the FOHEPO task but also to each other. Crucially, the ex-
perimental protocols and participants’ responses were all delivered and recorded on the
FOHEPO workstation. This ensured a high level of experimental environment consistency
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between the FOHEPO task and sensory psychophysical experiments and thus minimised
defilement.

Total sensory noise, measured via the foot-obstacle 2AFC, leg visible condition, was shown
to be higher in the OA group than which in the YA group. No statistically significant
age group difference was found in the EO group between any other two. Numerically, the
mean value of the EO was in between the YA and OA group means. This finding was
identical to the age group trend of sensorimotor noise. Sensory noise with respect to age
during adulthood was characterised using linear regression. As illustrated in Fig. 4.8 A,
with age, sensory noise rose gradually with a mean slope of 0.05 (increase by 0.05 mm
per year) and its spreading becomes wider. The pattern was similar to the relationship
between sensorimotor noise and age in Fig. 3.7 B, where the regression line slope of the 100
mm condition was 0.07. These results supported the hypothesis that increased noise in the
aged sensory system being one source of increased movement variability in tasks requiring
high accuracy, such as the FOHEPO task. The result is also reasoned considering that
anatomical [Shaffer and Harrison, 2007], physiological [Miwa et al., 1995] and behavioural
[Petrella et al., 1997] data all have discovered decreased sensory capabilities in the elderly.
Fig. 4.8 B. and C. showed sensorimotor noise levels with respect to sensory noise levels.
The correlation coefficient was 0.27 (p =.04) and the slope of log-log regression was 0.11.
It is therefore reasonable to assume that other sources were also related to movement
variability increases in the FOHEPO task. There have been debates over whether sensory
[Osborne et al., 2005] or motor noise [van Beers et al., 2004] accounts more for movement
variability. In the case of ageing, the degree and speed of degeneration in each system
differs and the CNS may adjust sensorimotor computation to adapt to unequal changes
[Horak, 2006; Yeh et al., 2014]. Therefore, whether the relative significance of individual
noise to overall movement variability transforms in ageing is also a topic of interest in
future research.

Generally, when visual information of foot height was blocked, foot-obstacle height discrim-
ination PF slopes declined. This means that the variance of foot height estimates increased
in foot invisible condition. This should be viewed as a piece of evidence that participants
integrated foot height estimates from different modalities when visual information available
to enhance their performance. We reasoned that cue integration on foot height should be
applicable to the FOHEPO task considering the experiments were performed in compara-
ble settings. In daily activities like obstacle avoidance, evidence shows that a person not
only plans foot placement using vision beforehand (2-3 steps away) but also adjust a step
within a gait cycle using visual information continuously [Marigold and Patla, 2008; Patla,
1997]. It has also been proved that this type of "on-line" visual information on distance
between obstacle and approaching foot is vital for successful obstacle avoidance [Marigold,
2008; Patla, 1997; Rhea and Rietdyk, 2007].

However, the degree which height discrimination abilities is boosted by visual informa-
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tion may differ among age groups. By examining Gvision, the proportion of foot estimate
reliability improvement with visual cue of foot height, we found that visual information
only brought very limited improvement to young participant. All our experiments in-
cluding the FOHEPO task and the sensory psychophysics had less uncertainty from the
environment compared to real life activities such as level walking or obstacle negotiation.
Therefore, the variance of foot height from proprioception in the YA could have been so
small that integrating visual foot estimates only provided negligible benefit of lowering
uncertainty. While in the OA group, because proprioceptive accuracy has declined to
a certain degree, when visual information was integrated, the overall accuracy improved
significantly. This result was compatible with previous studies showing enhanced benefit
from multisensory integration in the elderly compared to the young [Mozolic et al., 2012;
Strupp et al., 1999]. Besides, the result was in-line with research discovering that elderly
people compared to young people rely more on vision to maintain balance [Yeh et al.,
2014]. Here, we should clarify that increased benefits of multisensory integration does not
mean that the elderly bear a more efficient integration function but simply indicates that
they experience more multisensory gain as unisensory quality degrades. The phenomenon
can be taken as an effective compensatory mechanism. However, it also raises concerns
about over-dependence on fewer modalities, or just one modality, of sensory information.
This means that when the relied modality of information is absent or wrong, substantial
increases of erroneous sensory estimates and thus motor outputs are likely to occur. This
is especially critical when subjects encounter environmental changes that the quality of
the relied sensory modality deteriorates. For example, with higher dependence on vision
to guide gait control, the probability to trip in dim environment can disproportionally
increase. Indeed, research has repeatedly proved that elderly people are less flexible and
efficient when reliability of sensory information changes and they have to reweigh to regain
"optimal" integration [Doumas and Krampe, 2010; Eikema et al., 2014; Yeh et al., 2014].
From application perspective, several points can be taken. First, a comprehensive under-
standing of sensory integration policy on both a group and an individual basis can be of
huge benefits. It will not only assist clinicians delivering effective rehabilitation paradigms
but also service providers building safer environment. Future research to investigate possi-
bilities enhancing sensory reweighing ability and efficiency is of values, too. Also, as some
studies have revealed, training can prevent and even reverse degeneration in some sensory
modalities including proprioception. Our result provide favourable evidence on the benefits
of training.

Previously, studies have demonstrated ageing related proprioceptive decline with decreased
stableness of standing [Shaffer and Harrison, 2007]. Clinical observations have also shown
gait changes and impairments in patients with severe sensory neuropathy. In our study,
proprioceptive noise was found to be significantly higher in the elderly. This finding was
consistent with previous studies [Verschueren et al., 2002; Madhavan and Shields, 2005].
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Importantly, previous studies mainly discussed the impacts of impaired proprioception dur-
ing ageing on stance and balance control [Horak, 2006; Shaffer and Harrison, 2007]. Though
it is plausible to assume that impaired proprioception should well negatively affect locomo-
tor control when static control was already impaired by damaged proprioception, evidence
is sparse and needed. Our study is the first one providing evidence which showed increased
proprioceptive noise critically influencing foot placement variability and as a result, foot
clearance variability. This finding also exhibits great clinical significance. As studies have
found supervised physical training promoting preservation [Ribeiro and Oliveira, 2007] and
even improvements on proprioceptive capabilities [Thompson et al., 2003]. Our result can
provide a supportive theoretical framework explaining why proprioceptive training works
in fall prevention.

As has been mentioned, somatosensory functions are affected by degenerative joints and
other motor end organs [Knoop et al., 2011]. Inaccurate state information can result in
non-optimal motor commands. Sub-optimal movement commonly brings higher proba-
bility of failures which can produce immediate injuries or accelerate degeneration. One
clinical extreme example comes from neuropathic joints [Han, 2009], which is joint de-
formity followed by sensory neuropathy. Although ageing is generally a slower and more
gradual process, this vicious cycle in the sensorimotor system does play a role. The train-
ing mentioned in the previous paragraph should be taken as an intervention to modify the
course of this vicious cycle in a broader context.

When obstacle visual noise was examined specifically using obstacle height 2AFC, no age
group effect was found. This is of interest because visual loss is known be a prominent
characteristic during ageing. Ageing-related visual dysfunction can generally be categorised
into optical and neural changes [Pardhan et al., 1996]. There have been studies showing
that optical factors, especially increased light scatter, but not neural factors, cause the
increases of internal visual noise levels [Pardhan et al., 1993, 1996]. Light scatter is pre-
dominantly caused by the clouding of aged lens, namely cataract. We further inspected
elderly participants’ health status questionnaires, and found that not only they had cor-
rected normal sight, but also a very low (2 out of 26 in OA; 1 out of 18 in EO) prevalence
of clinically significant cataract. This may explain the reason why we discovered equally
good performance between the young and elderly. Last but not least, to excel the obstacle
2AFC, participants need to maintain the visual representation of the first interval in their
working memory. A negative age group effect found in this task provided us confirmatory
information that working memory difference was unlikely to an influential factor in the
age-group differences found in the other tasks.

We also attempted to attain visual noise of foot height estimates, assuming that multisen-
sory information is combined using an optimal integration rule. Although a trend showed
that σftv being higher in the OA and EO than in the YA, the result of kruskal-wallis H test
found no statistical difference. A mindful interpretation of the result is needed, considering
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that a significant proportion of the data in YA, were excluded because of σ2LI−σ2LV < 0. We
do admit that estimating noise using this method has many interference factors. Firstly,
each term of sensory noise was estimated indirectly using forced choice behaviours. Sec-
ondly, calculations were then made by using estimations from two experimental occasions
and under the assumption of optimal integration.

Still, the endeavour was worthwhile. The main reason is as follows. Studies have shown
that when walking, especially when clearing over obstacles, two types of visual naviga-
tion are used [Patla, 1998]. When a person walks towards an obstacle, around two to
three steps away, a brief fixation on the obstacle provides a visual estimate for forward
motor planning [Patla, 1997, 1998]. However, on-line visual information, without gazing
towards the obstacle or the feet while approaching, provides vital movement guidance to
achieve successful obstacle avoidance [Marigold, 2008; Marigold and Patla, 2008; Patla,
1997]. This type of information is obtained from peripheral visual field. Considering the
spatial relationships and protocols in our settings, obstacle visual noise is similar to visual
information for pre-planning phase while visual noise of foot is similar to on-line peripheral
visual information. Photoreceptors in the peripheral visual field are mainly rod cells while
those in the central are mainly cones. Their physiological functions and course of degener-
ation are different. Therefore, it is possible central and peripheral vision undergo different
ageing courses in term of noise levels. Indeed, evidence has shown the functionality of
rod cells is susceptible to ageing [Sturr et al., 1997]. Therefore, we cannot totally exclude
the probability of increased noise from peripheral vision. Of course, more evidence in the
future will be needed before conjecture made.

We tried to use sensory psychophysics to evaluate sensory noise involved in the FOHEPO
task. The experimental environment and designs were made as comparable to FOHEPO
task as possible. Still, some limitations exist. First, our trial numbers were limited by
three factors, the study population being elderly people, test conditions being standing,
and finally trial time restrained by linear motor speed. However, We did our best attempt
to find an optimal trade-off design between trial time and estimation performance. Second,
the experiments had been designed to match the biomechanics in the FOHEPO tasks as
much as possible, but we were not able to evaluate dynamic proprioceptive information
quality (such as perception of body speed) in our protocol. This was an unavoidable
consequence when attaining high precision position sensory function. Finally, considering
the perception of body posture, the vestibular system also serves a role in real life. To
simplify the computation, vestibular noise was not included. We were aware of the fact
and made our best attempt to minimise changes of vestibular activities. In all experiments,
participants remained static and head and eye movements were minimised.

One interesting discovery found in all psychophysical experiments was a small but signifi-
cant positive bias in point of subjective equality. This indicates a small tendency sensing
foot higher than the obstacle when they are actually equal in heights. Considering that the
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bias did not exist in the FOHEPO, one initial explanation included some perception-action
dissociations observed in some experiments settings [Simoncini et al., 2012]. However, re-
search has found no perception action dissociation in step-height perception [Elliott et al.,
2009]. The trend of larger bias in both OA and foot invisible condition indicate that this
bias might be related more to proprioception. We cannot fully exclude the possibility that
this bias may come from an absence of dynamic proprioceptive feedback. Further studies
will be needed to draw a conclusion.

Previous studies have revealed the brain flexibly adapts the weightings of sensory sources
according to the changes of their variances [Ernst and Banks, 2002; van Beers et al., 2002].
This optimal integration principle exists in multiple perceptive domains, from vision, audi-
tion, proprioception, haptic perception and so on. From developmental studies, however,
it is known that the capabilities of multisensory integration do not mature until childhood
[Nardini et al., 2008]. Although in this study, we hypothesised that with ageing, the brain
still integrates sensory information in an optimal way. It would be interesting investi-
gating whether sensory integration is still "optimal" in terms of minimising uncertainty.
Up to now, only one study involving way-finding found suboptimal weightings of naviga-
tional cues in ageing [Bates and Wolbers, 2014]. However, as path-integration involves
entorhinal-hippocampal network, this finding can not be easily generalised to other condi-
tions involving sensory integration. The implication of the path-integration study was to
show the importance of other neurocognitive domains to cue integration. This also suggest
the possibility that with age, the elderly may also be limited by cognitive capacities and
thus sub-optimally integrate information.

Although in this chapter, sensory noise was inspected in a way which acts independently
from motor noise. It should be still be remembered that in real life sensorimotor tasks, it
is difficult to disentangle motor noise from sensory when we take the nature of perceptual-
action loop into account. It is because the motor output acts in accordance with state
information provided by perception and also adjusts on-line using feedback from the sensory
system. One thing we did attempt is that we performed simple subtraction following the
assumption we made in Eq.(4.1) that σ2sensorimotor = σ2motor + σ2sensory. By doing so, we
acquire mean σmotor valued 9.2 mm in young people, and 11.4 mm. in the elderly. It was
almost not possible to draw a conclusion by visually inspecting the number. Therefore,
we attempted to use modelling work to achieve more understandings about motor noise in
the age system.

In conclusion, using multiple psychophysical paradigms, we confirmed the increases of
sensory noise as one important cause of increased variability in the FOHEPO task. Also, we
identified the importance of increased proprioceptive noise on total sensory noise. Elderly
participants benefited more from vision than the younger. The noise of central vision
seemed to be unaffected by ageing. However, whether noise of peripheral vision increases
with age needs further investigation.
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5
Modelling motor noise in the ageing nervous

system

5.1 Motivation

One of the most apparent observations in the FOHEPO task was a strong height effect
and a height-age group interaction. Crucially, significant age effects were found in two
higher obstacle conditions, but not in the lowest condition. Driven by this finding, con-
comitant EMG with the FOHEPO task was done in a small sample of young subjects. The
pilot results showed that muscle activity increased with foot height. Previous studies have
repeatedly shown increased force variability in the elderly when performing submaximal
contractions [Enoka et al., 2003; Galganski et al., 1993; Laidlaw et al., 2000; Tracy and
Enoka, 2002]. Importantly, an increase in force variability adversely impacts limb move-
ment precision [Enoka et al., 2003]. It was therefore reasonable to hypothesise that motor
noise acting as a part of sensorimotor variability and particularly the age effect observed
in the FOHEPO task.

Therefore, it is worthwhile investigating how motor noise changes with age. On motor
noise, much of the work has been done on signal dependent noise (SDN), which describes
a linear scaling between motor noise and motor command. Physiologically, SDN is well
documented in many electrophysiological studies, which invariably show variability linearly
proportional to mean force in isometric contraction tasks [Enoka et al., 2003; Galganski
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et al., 1993; Laidlaw et al., 2000]. Computational studies have found that SDN plays
a critical role in motor planning and can provide theoretical foundations for observed
movement kinematics [Hamilton and Wolpert, 2002; Harris and Wolpert, 1998]. Hence, we
began with a model which captures SDN well with a physiological representation of motor
unit pools [Hamilton et al., 2004; Jones et al., 2002]. Another reason to begin with this
motor pool model was related to model implementation. Elaborative physiological studies
have been done on motor pool alterations with age [Barry et al., 2007; Erim et al., 1999;
Laidlaw et al., 2000; Vaillancourt et al., 2003]. This enabled us to make modifications
based on pathophysiological evidence.

However, it should also be noted that the size of SDN is dependent on spinal motor
neuron firing synchronization and variability, which is on account of motor input from
the CNS [Jones et al., 2002]. This explains our motivation to build a novel cortico-spinal
motor model and then model age-related changes. By doing so, we tried to advance the
understanding of how ageing changes in the motor cortex could have an effect on motor
noise.

Differentiating motor and sensory noise is difficult

Considering the nature of perception-action loop, motor and sensory noise is practically
indispensable. This also explains the reason why there are still disagreements on indi-
vidual contributions of sensory and motor noise in movement variability despite the fact
that enormous amount of experimental and computational research has been done. For
example, Osborne and colleagues used smooth eye pursuit data and found that more than
90% of movement variability can be successfully explained by sensory noise [Osborne et al.,
2005] while Van Beers and colleagues took a series of experimental arm movements exper-
iments and argued that movement noise is largely caused by motor noise [van Beers et al.,
2004].

It is especially difficult when attempting to differentiate motor from proprioceptive noise.
It is because proprioceptive receptors, including both muscle spindles and Golgi tendon
organs, are sensitive to the contractions of standard muscle fibres (extrafusal muscle) and
react to extrafusal muscle contraction instantly by modulating excitatory drive through
mono-synaptic reflex loops [Erim et al., 1999; Proske and Gandevia, 2012]. In the first part
of the chapter, we adapted a motor-unit pool model developed by Fuglevand and colleagues
[Fuglevand et al., 1993; Yao et al., 2000]. In the second part, we connected motor units to
primary motor cortex. These implementation allowed us to investigate accordingly force
production changes following parameters modifications only in the motor system. However,
we should still bear in mind that alterations of parameters described in the model have a
chance to be linked to synchronous feedback inputs from proprioception.
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5.2 Introduction

An overview of the motor system

In the brain, the main output cells are pyramidal cells in the layer V of primary motor
cortex (M1) [Kandel et al., 2000]. The axons of pyramidal cells form corticospinal tracts,
which terminate directly on motor neurons in the ventral horn of the spinal cord, providing
the most direct pathway for movement execution. A group of spinal motor neurons which
control single muscle is called a motor pool and they coordinate under motor commands
sent from the brain to perform actions. In a motor pool, a spinal motor neuron innervates
multiple muscle fibres and the number can vary. A motor unit is constituted by a spinal
motor neuron and the muscle fibres it innervates. A motor unit activates when the synaptic
inputs reach its activation threshold. While being activated, each motor unit discharges
during a certain amount of time to generate a twitch force. The integration of twitch forces
generate the whole muscle force [De Luca and Erim, 1994]. Inside the brain, the neurons in
the pre-motor and motor cortices form a complex network. Besides, the motor cortex exists
multiple connections between the sub-cortical motor systems, including the cerebellum and
basal ganglia [Kandel et al., 2000]. As has been repeatedly noted, all signal processes in
the motor system can be potential sources of noise. Hence, all age-related changes in the
motor system can possibly cause increased motor noise. We therefore review motor unit
property changes with age to direct parameter modifications in the spinal-motor model.
With regard to ageing in the motor brain, We focus on the motor cortices, especially the
primary motor cortex (M1). It is because in the cortico-spinal model we built, the motor
command directly drives M1 neurons. The motor command can thus be viewed as intended
output which is generated by integrated input from the pre-motor cortex and sub-cortical
motor areas. In this modelling work, we began with decreasing cortical neurons. However,
the model pertains to study changes of other motor related brain areas in the future.

In literature and also in this chapter, motor variability is defined as muscle force variability,
which also represents motor noise.

Motor unit property changes with age

Much has been done to study anatomical and morphological changes in motor units and
muscle fibres during ageing. Well-known results include loss of motor unit number [Doherty
and Brown, 1993; Tomlinson and Irving, 1977] and muscle atrophy due to shrunk fibre
size and decreased fibre number [Doherty, 2003]. All the above-mentioned degeneration
has been found to contribute to muscle strength reduction in the elderly [Roos et al.,
1997].

On average, the number of motor neurons in the spinal cord in humans begin to decline
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when people reaches their sixties [Masakado et al., 1994; Morrison, 1959; Tomlinson and
Irving, 1977]. Pathologically, Tomlinson and Irving visually examined motor neuron num-
ber in the lumbosacral spinal cord and discovered motor neuron number is around 50%
lower in people beyond 60 years than in young adults. [Tomlinson and Irving, 1977]. Esti-
mations of functional motor unit number are normally achieved by measuring motor unit
action potential. Although varying from one study to another, research has found between
30 to 80% decrease of motor unit action potential with age. Sica and colleagues [Sica
et al., 1974] studied motor neurons innervating hand intrinsic muscles and found only 20%
of motor units remain functioning in people in their ninth decade. Doherty and colleagues
[Doherty et al., 1993] discovered that in comparison with young people(22-38 yr), older
people (60-81 yr) lost about one third of motor neuron populations. As a result, the re-
maining spinal motor neurons innervate more muscle fibres although overall muscle fibre
numbers in a motor pool still decline due to muscle loss (For each muscle in the elderly,
motor unit number is lower with each one being larger than the younger). This could well
increase motor unit force fluctuations and thereby force fluctuations especially when motor
neurons discharge at lower rates. However, despite being logical, previous simulation work
[Enoka et al., 2003; Jones et al., 2002] found decreased motor neurons had little effect on
force variability. It is however worth noting that in the process of ageing, there are signif-
icantly disproportional loss of fast twitching motor neurons than slow twitching neurons
[Doherty and Brown, 1993; Lexell et al., 1988]. Another interesting fact is that unlike cor-
tical neuron number and sensory function showing linear decline throughout adult lifespan,
no evident spinal motor neuron loss is found before 60 years old.

Another predominant feature of ageing motor units is muscle atrophy [Doherty, 2003].
Clinically relevant ageing-related muscle atrophy, sarcopenia, is defined by muscle atrophy
with weakness, functional limitations or statistically significant muscle loss (decline more
than 2 standard deviation of young population’s norm) in body imaging studies [Cruz-
Jentoft et al., 2010]. Using these definitions, the prevalence of sarcopenia may range from
4% to 27% [Miljkovic et al., 2015]. Specifically, in the population beyond 80 years, multiple
studies show more than 30% in the prevalence of sarcopenia [Doherty, 2003]. This results in
a decrease of force on average by 20–40% by the seventh and eighth decade of life. Further,
muscle loss is more prominent in the lower limbs, and thus places a clinical importance to
falls. Not only muscle size changes, contractile properties alter with age, showing slowing
of twitching speed. [Doherty and Brown, 1997]. Using the spino-motor model, the effect
of combined changes of motor unit number and contractile properties on force variability
were investigated.

Motor unit forces were shown to increase in many electrophysiological studies [Campbell
et al., 1973; Doherty and Brown, 1997; Galganski et al., 1993; Semmler et al., 2000].
This has been suggested to be remodelling effects from survival motor neurons [Enoka
et al., 2003] and also a compensatory mechanism [Campbell et al., 1973] to preserve force
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production.

With regard to time-dependent functional properties of motor units, the mean firing rates
generally decrease with age [Erim et al., 1999; Vaillancourt et al., 2003]. Results from pre-
vious experiments were somewhat mixed in terms of the variability of single motor neuron
firing rates. Some studies demonstrated that older adults had higher firing rate variability
of single motor neuron [Erim et al., 1999; Laidlaw et al., 2000; Tracy et al., 2005] while
others found no firing rate variability differences between the young and old [Barry et al.,
2007; Vaillancourt et al., 2003; Welsh et al., 2007]. One potential cause of discrepancies
between studies lie in the method used in motor unit studies. Due to technical limitations,
only a small proportion of motor units can be sampled once. Therefore, the observed dif-
ferences/similarities between study populations might be caused by differences/similarities
of sampled motor units but not real age group features. A study addressed this issue by
combining modelling and experiments to evaluate a wide range of motor unit activities in
the targeted muscle [Moritz et al., 2005]. In this work done by Moritz and colleagues, co-
efficient of variation for the discharge rate (relative discharge variability) reduced greatly
as force increase. Later, Barry and colleagues [Barry et al., 2007] adapted this method
and found no remarkable differences of discharge variability between young and elderly.
However, the study by Moritz and colleagues also proved that discharge rate variability
being highly influential on force variability. Therefore, discharge rate variability remained
a target of investigation. Another salient finding in the study by Barry and colleagues was
reduced maximal firing frequency in the elderly.

It should be noted that although a great amount of studies had been conducted to inves-
tigate motor unit property changes with age. In the vast majority, the research targets
were intrinsic hand muscles. Since studies have demonstrated that time courses of force
variability increases in ageing differ between muscles [Tracy and Enoka, 2002], individual
muscle differences should also be taken into account when explaining ageing-related motor
unit changes. We attempted to apply available physiological data of lower limb muscles to
the spino-motor model to address this issue.

Beyond the scale of single motor neuron, the modulation of firing pattens among motor
neurons within a motor unit had been reported in much fewer studies. One study observed
that the orderly relationship between recruitment threshold and firing rates, with earlier-
recruited neurons firing at higher rates than later-recruited neurons, became disrupted in
the elderly [Erim et al., 1999]. This phenomenon was repeatedly observed in a later study
[Barry et al., 2007]. Previous motor physiology studies in healthy adults have shown that all
excitatory and inhibitory signals for a motor command are integrated into single net drive
before sending to a motor pool. This common modulation works together with Henneman’s
size principle to coordinate muscle activation [De Luca and Erim, 1994]. It is postulated
that common modulation may become less efficient when neurodegenerative processes occur
at multiple levels with age. We also tested if changes of common modulation can be a cause
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of increased motor noise with age.

Motor cortex and corticospinal tract in ageing

It is generally known that brain volume decreases with age [Han, 2009; Kandel et al.,
2000]. However, traditional autopsy methods are biased by many artefacts including post
mortem swelling and fixation shrinkage [Matsumae et al., 1996]. The advances in magnetic
resonance imaging (MRI) technologies permit in vivo comprehensive assessment of human
brain structure across age [Sowell et al., 2003]. Evidence shows that grey matter volumes
in the elderly generally are lower than the young [Good et al., 2001].

With regard to the primary motor cortex, although early histopathological evidence [Haug
and Eggers, 1991] and some early MRI studies [Raz et al., 1997] suggested pre-central
gyrus (M1) being relative resistant to age and showing minimal signs of atrophy with age.
More recent studies have found that the grey matter of M1 reduces significantly with age
[Good et al., 2001; Salat et al., 2004; Seidler et al., 2010; Sowell et al., 2003]. Salat and
colleagues observed the thinning of cortex with ageing and being approximately 0.07mm
per ten years [Salat et al., 2004]. Importantly, the cortical thinning rate in the primary
motor cortex was found to be higher than other cortical areas. In another study, using
detailed whole brain MRI mapping of grey matter volume and density across lifespan, it
is also also found that cortical grey matter density, including the primary motor cortex,
begins to decline from degeneration after 40 years [Sowell et al., 2003].

Decline in the white matter integrity can be investigated using diffusion tensor imag-
ing in MRI and numerous studies have demonstrated age-related white matter changes
[O’Sullivan et al., 2001; Ota et al., 2006; Salat et al., 2005; Sullivan et al., 2010]. The effects
seem to be global, with corticospinal tract also being significantly affected. Specifically, in
a study by Salat and colleagues, corticospinal tract was noted to be much more vulnera-
ble to age than other major tracts [Salat et al., 2005]. More importantly, some of these
neuroimaging studies tested the functional relationship between observed and structural
changes and the results have supported that both structural changes of the grey matter
[Kennedy and Raz, 2005; Rosano et al., 2008] and white matter [Sullivan et al., 2009, 2010;
Zahr et al., 2009] of motor cortex correlate with motor function deterioration.
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5.3 Model 1 – Modelling the spinal-motor system

Methods: Fuglevand model as a working model of the spinal-motor sys-
tem 1

How does motor pool changes related to behavioural changes with age? A model developed
by Fuglevand and colleagues [Fuglevand et al., 1993] to configure a motor neuron pool
and muscle innervated by the motor pool has been found to provide great explanations on
motor unit discharges and their relationship to force output. Simulation work by Jones and
colleagues applying this model found it captures linear scaling of SDN extremely well. They
also suggested that motor neuron discharge and excitatory drive variability determine the
magnitude of noise while range of motor unit force, spacing of recruitment threshold and the
feature of orderly recruitment was crucial to the scaling of SDN. Hamilton and colleagues
[Hamilton et al., 2004] further investigated the model and proposed the optimality in
multi-joint arm muscles can be described by a cost function to minimise SDN. Here, we
review parameters which have been found to be influential on force variability in previous
computation work for us to be tested in the modelling.

Less work has been done to elucidate the relationship between motor pool property changes
with age and subsequent motor variability changes. Enoka and colleagues attempted to
manipulate motor unit number, twitch force and discharge variability of single neuron
[Enoka et al., 2003]. They concluded that the first two parameters were not influential
to the force variability while increased discharge variability was associated with increased
force variability. However, it should be noted that the modulation levels of motor unit
number (120 to 90) was quite moderate. In our work, we reduced motor unit number at a
bigger scale because there has been evidence showing that up to 80% motor neuron lose by
the eighth decade. Besides, We performed manipulations on recruitment orders to examine
their effects on force variability. This was motivated by Jones and colleagues’ simulation
work showing the importance of orderly recruitment to force-variability relationship [Jones
et al., 2002] and also by previous electrophysiological evidence [Barry et al., 2007; Erim
et al., 1999].

Studies that have modifying Fuglevand’s model have shown that force variability increases
when motor units fire synchronously [Taylor et al., 2002; Yao et al., 2000]. Increased
synchrony means that at a moment, there are more units in a pool firing simultaneously. In
ageing, it is reasonable to assume a higher proportion of units firing synchronously because
of a shrinkage of motor pool size. We therefore also tested how increased synchronization
affects motor noise [Yao et al., 2000].

1This methods of Model 1 were implemented as computer simulations by an MSc student Marie Leroy
that I co-supervised with my PhD supervisor. The scientific questions and modelling decisions were the
result of my work, the implementation in software and running these simulations were the student’s work.
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We adapted the Fuglevand model, with modifications from literature [Jones et al., 2002]
to simulate force variability during submaximal isometric contraction. This is because
the model is not only widely studied but also has been the main model to explain the
biophysical basis of signal dependent noise [Hamilton et al., 2004; Jones et al., 2002].

The first part of the model described the recruitment and firing rate coding of a motor pool.
In a motor pool, the recruitment threshold, firing rate and twitch force follow Henneman’s
size principle [Henneman, 1957; Henneman et al., 1965]. The mathematical descriptions of
Henneman’s size principle are put as follows. The model consisted of a motor unit pool,
which was excited by an excitatory drive E. At each moment, the recruitment threshold
of each motor neuron was compared to E to decide whether it was activated. Recruitment
started with a motor unit that innervated a single (or very few) muscle fibre. The re-
cruitment threshold at neuron excitation (RTE), which was the excitatory synaptic input
that a neuron needed to fire, increased in an exponential way. This means the recruitment
threshold excitation (RTE) can be expressed as

RTEi = elnRR∗i/n (5.1)

(from equation (1) [Fuglevand et al., 1993].). The relationship resulted in a motor pool
with relatively greater number of low- than high- threshold neurons. RR was the range
of recruitment thresholds values, and n was total neuron number in the motor pool. The
twitching force and contraction time were also arranged as exponential orders [Fuglevand
et al., 1993]

Pi = elnRP ·i/n (5.2)

(from equation (13) [Fuglevand et al., 1993].). Pi was the peak twitch force for each neuron
i. RP was the range of twitch forces. Also, Pi was linked to contraction time of the motor
neuron Ti by this relationship

Ti = TL ·
1

Pi

1
logRT RP

(5.3)

(from equation (14) [Fuglevand et al., 1993].). TL was the longest duration contraction
time in the pool and RT was the range of contraction time. and RT was the range of
contraction time. For example if RT equals 3, the fastest (and the strongest) unit in the
motor pool contrasts 3-time faster than the weakest unit. As a result, the firstly recruited
motor unit had the smallest twitch force and the longest contraction time. Contrarily, the
last recruited motor unit had the largest twitch force and the briefest contraction time.
The firing rate was modelled to increase linearly as following

FRi,j =
1

ISIi,j−1
=

1

ti,j − ti,j−1
= ge · [E(t)−RTEi] +MFR if E(t) ≥ RTEi (5.4)

FRi,j was the firing rate of the neuron i at the discharge j. ISIi,j−1 was the inter spike
interval (ISI) of the neuron i between the discharges j and j − 1, and ti,j was the time

108



5.3. MODEL 1 – MODELLING THE SPINAL-MOTOR SYSTEM

of the discharge j for the neuron i. ge was a constant gain for the excitatory drive -
firing rate relationship, E, as has been noted, was the excitatory drive and MFR was the
minimum firing rate. The ISI has been found to be variable due to asynchronous arrival of
postsynaptic potentials (synaptic noise) [Fuglevand et al., 1993], c.f. [Calvin and Stevens,
1968]. In Fuglevand’s model, ISIs were normally distributed around the constant mean
interval and expressed as

ISIi,j−1 = ti,j − ti,j−1 = µ+ σ · Z (5.5)

µ, the predicted mean interval, was assumed to be equivalent to the ISI from Eq. (5.3).
The coefficient of ISI variation (cv = σ/µ) was set to be a constant 0.2 according to
experimental data. Z represented a normally distributed array of Z-score, ranging from
-3.9 to 3.9. Equation (5.5) then can be rearranged as

ti,j = µ+ µ · cv · Z + ti,j−1 (5.6)

(from equation (6) and (7) [Fuglevand et al., 1993]). Since the development of this model,
latest physiological evidence has discovered that when motor neurons are firing less than a
rate ≤ of 10 pulse per second (Hz)[Matthews, 1996], the ISI variability distributes with a
long tail, which is better fit to a Rayleigh than a Gaussian distribution. Therefore, in Jones
and colleagues’ work, if a resultant mean firing rate was larger than 10 Hz given a excitatory
drive [Jones et al., 2002], the ISI distribution remained to be a Gaussian distribution with
a constant cv valued 0.2. When mean firing rate was less than 10 Hz, the Rayleigh
distribution was used for ISI distribution where the probability density distribution ISIs
was rewritten as

y(x|b) =
x

b2
· e−x2/2b2 (5.7)

and b was calculated using the equation

b = 2 · (1000/meanRate · cv)

where cv was shaped by mean ISI

cv = 0.006 · (meanISI − 0.45)

The second part of this model illustrated muscle force generation. Each motor unit gener-
ated a twitch force responding to a single excitatory input beyond its excitatory threshold
and a tetanic force when receiving multiple inputs with short ISIs. There was a non-linear
relationship between neuron firing and unit-force generation in muscle contraction. This
relationship was captured well in this model by a gain function

gi,j =
S(Ti/ISIi,j)

Ti/ISIi,j
where S(Ti/ISIi,j) = 1− e−2 · ( Ti

ISIi,j
)3 if Ti/ISIi,j > 0.4 (5.8)
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(from equation (16) and (17) [Fuglevand et al., 1993]). When Ti/ISIi,j ≤ 0.4, the gain
was constant and similar to single twitch. This means that gi,j equalled 1.0 and in this
initial region force increased linearly with firing rates. Using the gain function, the impulse
response of fi,j(t) motor neuron i for each discharge was

fi,j(t) = gi,j ·
Pi · t
Ti
· e1−t/Ti (5.9)

(from equation (18) [Fuglevand et al., 1993]. The force of each motor unit i is then expressed
as

Fi(t) =
k∑
j=1

fi,j(t− ti,j) if t− ti,j ≥ 0.4 (5.10)

(from equation (19) [Fuglevand et al., 1993]. fi,j(t− ti,j) was the force response of motor
unit i to discharge j. The whole muscle force was then computed as the summation of all
motor unit force.

Fm(t) =

n∑
i=1

Fi(t) (5.11)

(from equation (20) [Fuglevand et al., 1993].

Augmented Fuglevand model that incorporates ageing-related factors

1. Motor unit size and loss of fast twitch fibres A decrease in the number of motor
unit is a prominent change from the age of 60 onwards. Although previous simulation
did not support its role in the increase of motor noise. Following physiological data,
two different approaches were attempted.

First, evidence suggests that an extreme degree of motor unit loss (80%) can happen
in the ’old-old’. Manipulation coefficient of variation as a function of motor unit
percentage loss was administered to observe the changes of motor variability to an
extreme degree of loss.

Table 5.1: Initialization of parameters in motor pool model

Parameter Value Initial
Range of recruitment = RR 30
Range of twitch forces = RP 100
Peak firing rate (/sec) = PFR 50
Number of motor neurons in the pool = n 120
Range of contraction time desired = 3 3
Longest duration time desired for the pool (ms) = TL 90
Minimum firing rate (/sec) = MFR 8
Gain of excitatory drive = ge 1.5
Coefficient of variation = cv 0.2
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Second, as has been suggested [Doherty and Brown, 1993; Lexell et al., 1988; Vaillan-
court et al., 2003], the loss of motor units controlling fast twitch muscle fibres occur
before the loss of those controlling slower fibres in the processes of ageing. Therefore,
based on physiological data [Masakado et al., 1994; Morrison, 1959; Tomlinson and
Irving, 1977], we computed the loss of motor units with a yearly reduction by 2%,
starting at the age of 60. Meanwhile, we computed the loss of fast twitch motor units
by reducing the range of contraction times RT from 3 to 2. It corresponded to a
minimal contraction time which changed from 30ms to 45ms.

2. Interspike interval variability Considerable amount of electrophysiological and
modelling work had been performed on the effects of interspike variability on force
variability. However, the same as other parameters, vast majority of data were
obtained from hand muscles [Erim et al., 1999; Laidlaw et al., 2000; Barry et al., 2007;
Vaillancourt et al., 2003]. Only one study [Welsh et al., 2007] investigating ageing-
related discharge variability differences in knee extensor muscle was found. This
study showed a mild increase of discharge variability, indicating the mean interspike
interval coefficient variation being 12.5% in the elderly compared to 10.6% in the
young. We adapted their measured values to initial CVISI , which was 0.2 in motor
pool model. For simulation, CVISI was adjusted to 0.25 for simulated elderly people
and remained to be 0.2 for simulated young. Following Eq. (5.5), (5.6) and (5.7),
CVISI therefore oscillated around a Gaussian or Rayleigh distribution depending on
the mean firing rate on simulation.

3. Firing time synchronization As modifications used in Yao and colleagues’ work,
we chose 10% and 15% of synchronization [Yao et al., 2000]. The way to impose
synchrony was done as follows. First, a proportion of discharge by the reference unit
during simulation period was randomly chosen. Second, for each selected discharge, a
specific percentage of active motor units were randomly selected aligned their timely
nearest discharge to the reference discharge. The proportion to be selected was
decided by the degree of synchronization. This process was repeated for each motor
unit in the motor pool.

4. Variability of orderly recruitment Studies have found that a violation of Henne-
man’s size principle could be observed during ageing [Barry et al., 2007; Erim et al.,
1999]. However, previous literature only provided qualitative but not quantitative
descriptions in terms of defining the degree of violation. We tested the effect of less
orderly recruitment on force variability by adding randomness to Eq. (5.1).

RTEi = elnRR∗i/n · (1 + x · p)

where x is uniformly distributed random noise between -1 to 1. p is a factor controlling
the degree of randomness from 10% to 100% (total random recruitment).
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Results of Model 1 : Ageing Fuglevane model does not age well

Motor unit loss plus loss of fast twitch units

Ten simulations were run. The was little variation between simulation. Force variability
expressed as CV at 60 years was 1.3(%). At the age of 90 in our simulation around 45% loss
of motor units with the range of twitch duration changed from 3-folds (90-30 ms) to 2-fold
only (90-45 ms). The force CV was 0.9(%). Further, 80% loss of motor unit was simulated.
Force variability did not increase even at this extreme level of loss (CV = 1.2(%)). We
concluded that changes of motor size, with reduced fast twitch units, did not increase force
fluctuations.

Figure 5.1: Results force variability as a function of simulated motor unit loss combined with
fast-twitch fibre loss occurring during ageing

Interspike interval

Ten simulations were performed. There was very little variation between simulations. Be-
tween simulated young and old subjects, only 0.1(%) difference of CV was observed (1.3(%)
for the young; 1.4(%) for the older). Therefore, increased interspike interval manipulation
also did not affect motor noise scaling significantly.
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Figure 5.2: Upper panel: force variability changes with simulated increased motor unit synchro-
nization during ageing, young: 0% synchrony, young-old: 10% synchrony, old-old: 15% synchrony.
Lower panel: force variability changes with disrupted orderly recruitment, young: fully followed
size-principles, old: 50% chances of violation

Firing time synchronization

A hundred simulation were run for each degree of synchronization. On average, in 15%
synchronization condition, which represented older-old simulated subjects, force variability
increased by 2%. However, it was noted that variability between simulation folds increased
much more significantly than the average increase of force variability (see Fig. 5.2).

Variability of orderly recruitment

A hundred simulations were run for every orderly recruitment condition. By adding ran-
domness to recruitment thresholds, higher force CV could be observed. However, this
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manipulation also destabilised model performance enormously with variability between
simulation runs increased significantly more than the mean increase of force variability
(see Fig. 5.2).

5.4 Model 2 – A novel cortico-spinal model of motor con-
trol

By examining the first model’s performance, we found that our augmented Fuglevand
model failed to reflect age-related increases of force variability faithfully. We explored
an alternative hypothesis that increased force variability with age originates from loss of
pyramidal neurons in primary motor cortex. In the Fuglevand model, this was attempted
by adding randomness in recruitment order. However, performance of the model was not
stable for us to draw a firm conclusion. Therefore, we derived an original cortico-spinal
model to test this hypothesis.

This model incorporated the primary motor cortex (M1), spinal motor neurons and their
innervated muscles. The first stage of the model assumed that M1 layer V pyramidal
cells encode their intended force command in the firing rate λ of spike trains. This force
command may descend from higher motor areas (e.g. pre-motor cortex, supplementary
motor cortex) and drive a population of N neurons which was all firing at the same rate
λ, but these neurons were not explicitly synchronised. It should be noted that λ can be
time-varying function, without loss of generalities in our model. However, we restricted
our simulations to constant λ regimes. We assumed that each value of λ represents a
desired muscle force level. M1 neurons were simulated at a resolution of 1ms, where at
each second there was a probability p = λ

1000Hz that the neuron spikes. This modelled the
Poisson firing statistics of cortical neurons [Dayan et al., 2001].

From cortex to M1 output

This population of N M1 neurons innervated a pool of motor units, composed of M spinal
motor neurons. Each spinal motor neuron innervated a number of muscle fibres. All muscle
fibres together formed the muscle. Each spinal motor neuron in the pool received synaptic
input from a subset of the N M1 neurons. The wiring diagram between the two populations
was set up in a manner that a given motor unit would receive input from a fraction γ of the
N motor neurons. This factor thus indirectly controlled the amount of synchrony in the
motor unit pool firing as well as introduced noise correlation across muscle fibres derived
from their common cortical input [Negro et al., 2016].
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Figure 5.3: Simulated M1 spike train at different λ. Measurement time 100 ms

From M1 output to spinal motor neuron

With the wiring diagram, the next step was to transform M1 output to the motor pool.
To model the synaptic input into a spinal motor neuron, we first linearly summed the pre-
synaptic input from the subset of M1 neurons connected to it. For simplicity, we assumed
that all pre-synaptic input produced equal post-synaptic currents. The spatio-temporal
filtering properties of the spinal motor neuron dendrites were expressed by using a filter
with a first order membrane time constant of 50 ms [Engelhardt et al., 1989]. This yielded
a low-pass filtered version of the summed post-synaptic input. We used this filtered post-
synaptic input Ie to drive an integrate-and-fire model of the spinal motor neurons [Dayan
et al., 2001]. The integrate-and-fire model was simple enough to enable straightforward
analysis, but yet complex enough capture the translation of synaptic current into membrane
potentials and spike timing. We re-sampled this synaptic input to a resolution of dt = 0.1ms
to reflect realistic intracellular processes of spike generation [Faisal et al., 2005]. In this
integrate-and-fire model the resting membrane potential was set at EL = −70mV and the
spike threshold Vth = −55mV. When the membrane potential passed the threshold, an
emulated spike generated with Vspike = +20mV. After a spike, the membrane potential
was reset to Vreset = −75mV at the next time step to reflect after-hyperpolarization.
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Figure 5.4: Simulated M1 spike train and resultant post-synaptic current. Measurement time 100
ms

Unlike Fuglevand’s model, which used arbitrary number as synaptic input, this model used
authentic synaptic current. We therefore modelled Henneman’s size principle through a
different manner [Henneman, 1957; Henneman et al., 1965]. According to Henneman’s
size principle, the size of a spinal motor neuron is proportional to the number of muscle
fibres it innervates. Thus, large motor neurons innervate more fibres than small motor
neurons. This also implies that large motor neurons have lower input resistance [Faisal
et al., 2005] and thus the same driving synaptic current produces a weaker response. In
practice, We varied the input resistance across motor neuron population from Rm = 0.4MΩ

to 2.0MΩ. These parameter ranges were derived from the intracellular characteristic of
membrane resistance in cat spinal motor neurons [Enoka, 2008]. Further, the surface area
of the membrane and thus its capacitance co-varied such that, the overall membrane time
constant was τ = 50ms across all motor neurons [Enoka, 2008].

To solve for the membrane dynamics of each spinal motor neuron, we thus integrated the
above-mentioned parameters in the following equation

τ · dV/dt = −V + EL + Ie ·Rm (5.12)

Numerically, we computed the membrane potential at time step i, V (i), as follows. We

116



5.4. MODEL 2 – A NOVEL CORTICO-SPINAL MODEL OF MOTOR CONTROL

Figure 5.5: Simulated model output from M1 spike train to resultant muscle force output. Cortical
neurons was set at age 50 by using Eq. (5.18). First panel showed spike train for 1 second. For a
better visualisation of results. The following 3 sub-plots took 500 ms of simulation. Second panel
showed spinal motor neuron firing. Third panel showed muscle fibre twitch force over time. Forth
panel showed total muscle force over time

first computed Vinf membrane potential after receiving synaptic input if a neuron only
acted as a capacitor

Vinf = EL + Ie(i− 1) ·Rm (5.13)

V (i) was then decided by Vinf and the membrane potential at last time step i− 1. V (i−
1).

V (i) = Vinf + (V (i− 1)− Vinf ) exp(−dt/tau) if < Vth

V (i) = Vspike if Vinf + (V (i− 1)− Vinf ) exp(−dt/tau) > Vth
(5.14)
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In iteration, if a spike fired. in the next time step, V (i − 1) is set to be equal Vreset to
reflect membrane potential hyperpolarization. Otherwise, the value of V(i) is used for next
iteration. These iterated equations yielded a membrane potential dynamics from which we
extract spike time by detecting a threshold crossing at 0mV.

Figure 5.6: Simulated model output from M1 spike train to resultant muscle force output. Using
the same model, with simulated cortical neuron number at age 90 by using Eq. (5.18). Comparing
to (Fig. 5.5), with fewer M1 neurons, fewer spinal motor neuron spike trains, lower motor unit
twitch force and decreased muscle force were observed under the motor drive command

From spinal motor neuron to muscle

A motor unit is a motor neuron and its innervated muscle fibres. Each muscle fibre is
innervated by exactly one motor unit. All muscle fibres together form the muscle. Thus,
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the motor neurons action potentials drive muscle fibres. Each muscle fibre translated an
action potential into a fibre twitch modelled as a low pass filtered version of a unit pulse at
the moment of spike timing using a corner frequency of 100ms. This smoothed out twitch
produces a peak force of 0.1 N (cite).

Following Henneman’s convention we ordered the motor neurons so that the first motor
unit – the one with the smallest motor neuron cell body and fewest number of muscle fibres
innervated – were recruited first and the largest, the N -th recruited last. To reflect the fact
that large motor neurons innervate more muscle fibres we applied the scaling relationship
so that the nth of the N motor neurons innervated ( N

N−n−1)
1
2 muscle fibres. So the first

motor unit innervated 1 muscle fibre and the largest innervated
√
N muscle fibres. Because

in our simple model all fibres of a motor unit were synchronised, we can simply represented
the force output of the motor unit as the force output of a muscle fibre times ( N

N−n−1)
1
2 .

The time series of individual fibre twitches of motor unit twn(t) summed to the total force
of the muscle muscle(t) =

∑M
n=1 twn(t).

We defined the mean force and force variability of the muscle for a given constant force
command λ. We measured the mean force and its standard deviation as the time averaged
output of the muscle muscle(t) over the period of 1 second. This was consistent with the
definition and measurement of signal-dependent noise in force experiments.

Ageing Cortico-Spinal model

We introduced a cortico-centric view of ageing into our model mainly for two reasons.
First, the spinal-motor model of Fuglevand did not map ageing muscle behavioural features
observed in physiological experiments well. Second, the effect of cortical ageing on motor
noise has not been computationally studied before. Based on the anatomical mapping of
the brain across lifespan, grey matter volume and density decrease with age [Sowell et al.,
2003]. Specifically, we used data from the superior frontal sulcus which showed that grey
matter density decreases approximately as follows (data fitted from Fig. 1 in [Sowell et al.,
2003])

greyMatterDensity(age) = 0.25 + 0.3 exp(−age− 10

25
) (5.15)

We then introduced this reduction rate of grey matter density as the ageing manipulation
in our model in the following way. We assumed that at a given age, grey matter has a
probability to lose M1 neurons. We compute the probability of neuron death as

pDeath(age) = 1− greyMatterDensity(age)

0.55
(5.16)

To simulate the motor system of a given age, we thus created the young and healthy motor
system and then randomly deleted (without any subsequent adjustment) M1 neurons with
probability pDeath. Thus, on average, a model of age years would have only pDeath(age)×
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Figure 5.7: Using cortical-spinal model, the force output and force variability at 3 different age
groups. Each data point was the result of 1 fold 1 second simulation. X-axis represented mean
muscle force output in newton and y-axis represented the standard deviation of force of 1 second
simulation. Muscle force driven by the same cortical drive λ decreased with age while scaling of
signal dependent noise increased. Colour : green – 30 years, blue – 60 years black – 90 years

M M1 neurons. These aged models thereby had fewer M1 neurons to drive muscles and
overall weaker drive. We can compare the force output and variability of models across
ages by assuming that maximum voluntary contraction (MVC) is equivalent to a certain
common drive λ, here chosen as 128Hz.

Results: Cortical ageing model captures both the reduction in MCV and
changes in Signal-Dependent Noise

Thirty folds were run to simulate force generation and force variability at 3 different age
– 30, 60 and 90 years. For each fold, 4 levels of common drive λ 16, 32, 64 and 128Hz
were used. As can be seen from Fig. 5.7, simulated MVC force in decinewton decreased
with age. Importantly, force variability over mean force (= Coefficient of variation CV),
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expressed by slopes in the figure, increased with age. We should note that this result
was achieved by merely decreasing M1 neuron without manipulating any parameters of
the motor pool. Since in a modelling work, effect size and statistical significance can be
modulated by arbitrary changes of parameters and simulation folds. No statistical analysis
was performed in this chapter.

5.5 Discussion

We performed simulation work to investigate motor noise changes in ageing. It is known
that force variability increases during ageing and relates to impaired movement steadiness.
We began with a motor pool model. We chose the model because most of the computational
work on motor noise has been carried out using this model. Another reason was because
physiological changes of motor unit properties have been extensively studied while the
changes of the motor brain was much less understood. We thereby exploited the model
to investigate how each parameter affects motor variability in ageing. However, parameter
manipulations on this motor unit model did not demonstrate ageing-related changes of
force variability in experiments. We therefore developed an alternative model, linking the
primary motor cortex to a motor pool to examine the effect of M1 neuron loss with age on
force variability.

We modified the simulated M1 neuron number with as function of age following grey mat-
ter density data across lifespan [Sowell et al., 2003]. We demonstrated that spinal motor
neuron spike trains, motor unit twitch force and muscle force decreased with reduced cor-
tical number occurring in ageing (see Fig. 5.5 and Fig. 5.6). Crucially, coefficient of force
variation increased with the reduction of M1 neurons in ageing (Fig. 5.7). This result
was achieved with no single change of spinal-motor pool. It has been suggested that the
magnitude of signal dependent noise is dependent on synaptic noise from motor command
[Jones et al., 2002]. However, little simulated work has been done to investigate the re-
lationship between motor command and signal dependent noise. Jones and colleagues
demonstrated that increased interspike interval variability, which can be a consequence
when pre-synaptic noise increases, did increase the magnitude of force variability. When
applying physiological observations of young people and older people’s interspike variabil-
ity, as has been shown in the first model, little effect on force variability was observed.
Therefore, interspike variability was not likely being the main cause of increased motor
noise in ageing. Our cortico-spinal model showed that increased magnitude of motor noise
in ageing can be simply caused by cortical neuron loss.

In fact, research has suggested that observed motor unit changes in the elderly could be a
consequence of denervation from cortical and sub-cortical drive [Manini et al., 2013]. This
also supports our result that a single parameter change in the CNS can alter motor unit
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behaviours. Of course, more research will have to be done before drawing a clear relation-
ship between motor command properties and motor noise in ageing. Ageing is a complex
process, besides structural changes, functional changes also contribute significantly to be-
havioural differences between young and old adults [Seidler et al., 2010]. For example,
imbalance of neurotransmitter levels between dopamine and glutamate in ageing has been
found to be related to increased cellular noise in the brain [Manini et al., 2013]. Further,
motor output from the primary motor cortex is a result from complex networks in the
brain. The primary motor cortex have rich cortico-cortical connections with the premo-
tor and supplementary motor cortex and cortico-subcortical connections between multiple
sub-cortical motor areas. Within the primary motor cortex, there are also intra-cortical
connections. With increases in cellular noise in ageing, input sending to the primary motor
cortex can also become nosier.

For the motor pool model, our manipulations did not produce relevant observations. Motor
unit number reduction, combing with fast-twitch fibres loss, did not cause motor variability
to rise. This is actually in-line with previous studies [Enoka et al., 2003; Jones et al.,
2002]. Considering that strength training decreases motor noise in the elderly without
increasing the numbers of motor units [Hortobágyi et al., 2001; Kornatz et al., 2005], it is
also reasonable to say that reduced motor units should not be a relevant factor to increased
motor variability.

Other parameters we manipulated in the motor pool model either did not significantly
increase motor noise or destabilised the model. This does not mean the effect of motor
unit changes on motor noise increases with age can totally be excluded. One of the possible
reasons is because ageing has the character being multi-factorial and slowly progressive.
This means clinically obvious changes can be a combined effects caused by mild changes
occurring at multiple levels. For example, Barry and colleagues [Barry et al., 2007] used
data from multiple physiological studies on aged first dorsal interosseous muscle to guide
their simulation and the results highly matched physiological data. The difficulty applying
this principle to investigate leg muscles is a lack of comprehensive data because leg mus-
cles have been much less studied in force matching tasks with electromyography (EMG)
measurement.

Another cause of increased force variability observed in force matching studies might actu-
ally be related to muscle synergy. Research has shown that muscle synergy can be disrupted
during ageing [Boisgontier and Nougier, 2013]. Our model targeted only on single motor
unit pool. Questions related to ageing in motor coordination, i.e. the control of multiple
redundant degrees of freedom in our musculoskeletal system cannot be investigated at this
level. Such coordinated activity is essential to achieve precise movement, such as target-
ing a button, when well-coordinated agnoist and antagnoist muscle activity is necessary.
Addressing these questions is beyond the scope of this thesis. To elucidate this question,
electrophysiological and simulation work applying to at least two muscle groups will be
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required [Farina et al., 2016].

Our cortico-spinal model has some limitations. First, effects from other changes of the
motor related brain were not incorporated - too much is unknown to model these in a
meaningful manner - which is the reason why we limited to a specifying central drive
force λ. In fact, our model pertains the ability to investigate noise originates from the
associated motor cortex and sub-cortical motor areas. This effect can be investigated by
manipulating the nature of λ. Second, the rule we used to modelling ageing of the brain,
i.e. using grey matter density representing pyramidal neuron density, is simplified. This is
especially true considering that many types of neurons exist in the primary motor cortex
and the interplays between pyramidal neurons, glia, and interneurons alter somewhat the
dynamics that we modelled. However, with our current understandings about the ageing
brain being limited, more quantitative data will be needed to provide definite solutions to
these limitations. Our results provided new insights into increases of motor noise in ageing
with cortical contributions - these suggest pursuing further work to model the ageing of
the motor cortex.
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6
Conclusions and future directions

Population ageing has become one of the biggest challenges in this era. As life expectancy
increases, understanding changes that ageing brings to the sensorimotor system turns to be
even more paramount. It is because longer life is not going to be positive experience without
physical health, autonomy, independence and quality of life [Ageing, 2002]. Degradation of
the sensorimotor system threatens to maintain these valuable qualities into old age.

The past two decades has seen ageing motor studies moving from focusing mainly on av-
erage performance metrics to an increasing emphasis on variability [Latash et al., 2002].
This trend can be observed in ageing studies from gait kinematics, muscle activation, to
motor unit properties. This is not only because research tools have evolved but also be-
cause variability provides us with much richer information when explaining action features
and, even more importantly, predicting action outcomes. The same shift is also occurring
in the computational sensorimotor domain. One revolutionary aspect is addressing the
importance of noise and variability in the sensorimotor system. Computational principles
have been developed to explain how to manage noise to minimise variability. We believe
this is not a coincidence but implies common sensorimotor computations underlying ob-
served behaviours in the aged and young. If we viewed the healthy and young’ motor
performance as an "optimal" application of these computational principles, the elderly’s
can be seen as "sub-optimal" or "adapted-optimal" when many facets of the sensorimotor
systems undergo alterations. Therefore, the convergent evidence is needed for integration
of motor neuroscience to ageing studies. This thesis works towards this.
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We specifically target falls in this thesis. It is because, every year, falls cause most unin-
tentional injuries to the elderly. Also, they result in older people to reduce their activities
and lose their independence. A critical step to reduce the probability of falls in the elderly
is through a correct understanding of mechanisms that cause them. Recently, kinematic
gait analyses have revealed that increased foot clearance variability can be used as a risk
predictor of trips. This is pivotal because trips account for the majority of falls in the
elderly [Berg et al., 1997; Campbell et al., 1990; Rubenstein et al., 1994; Schiller et al.,
2007].

6.1 Summary of the results

InChapter 1, we provided an overview on sensorimotor ageing and introduced the impacts
of falls to the elderly. We then explained the importance of noise in the sensorimotor
system, including how it shapes sensorimotor computation. We also reasoned why we
chose to investigate sensorimotor variability as mechanisms of falls in the elderly.

In Chapter 2, we explained the challenge of applying computational sensorimotor prin-
ciples to study falls: a lack of a suitable platform to perform visuomotor experiments on
lower limbs. We thereby designed and built the FOHEPO workstation for motor and sen-
sory psychophysics in the lower limbs. The product was a closed-loop system, including an
automated target, a 3D motion tracking system, and human-workstation interaction loops
via audio signals, pushing buttons and numeric keypad. Moreover, safety measures such as
handrails and anti-slip flooring ensured experiment execution in a safe environment. The
stability and precision of the workstation were validated to be comparable to mainstream
motion tracking systems. However, the workstation is low cost and has low computational
loadings, which enhanced its adaptability to multiple tasks and future applications in other
experiment paradigms.

In Chapter 3, We then designed and applied the FOot HEight POsitioning (FOHEPO)
task. The task measured end-point variability during movements that were biomechanically
comparable to foot clearance during level walking and obstacle clearance when stepping
over elevated surface. The purpose was to test the hypothesis that increased sensorimotor
variability and noise are the mechanisms of increased foot clearance variability in the el-
derly. We were interested in foot clearance variability because many kinematic gait studies
have found foot clearance variability increases in the elderly [Barrett et al., 2010; Begg
et al., 2007; Mills et al., 2008; Winter et al., 1990]. More importantly, studies [Khandoker
et al., 2008a,b] also showed that the elderly who fell had significantly higher foot clear-
ance variability than those who did not fall. These facts made foot clearance variability a
prime target when merging kinematic fall study with sensorimotor computation. Using the
FOHEPO task, we demonstrated that sensorimotor variability increased with age. Linear
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regression revealed that it is likely this movement variability increased continuously along
the course of ageing. Besides age, there were other factors significantly affecting move-
ment variability. Variability significantly increased with foot heights. A gender difference
showed that females had higher movement variability than males. Interestingly, this effect
was consistently found across age group.

We also analysed movement trajectory and kinematic profiles to acquire a deeper under-
standing of movement property changes associated with ageing. Crucially, asymmetry of
movement timing was found only in the elderly. It showed that in the dominant foot,
movement patterns were similar to young people while in the non-dominant foot, delayed
reaction and prolonged action were identified even though the experimental conditions pro-
vided sufficient preparation time. This finding was also consistent with previous studies
showing that with age, movement quality declines more obviously in the non-dominant
foot. Therefore, it is also possible that aged participants spent more time in the non-
dominant foot to acquire comparable accuracy in dominant foot. Interestingly, asymmetry
was not found in sensory noise in the next chapter.

Several target mechanisms may be responsible for age-related changes observed in the
FOHEPO task. Evidence from experiments [Körding and Wolpert, 2004] and modelling
[Osborne et al., 2005] supports the importance of sensory noise to movement variabil-
ity. Also, degeneration in sensation has been identified in multiple anatomical [Morisawa,
1998; Proske and Gandevia, 2012] and behavioural [Shaffer and Harrison, 2007; Verschueren
et al., 2002] studies. Thereby, following the direction of this approach, we inspected levels of
sensory noise among different age groups in chapter 4. Moreover, we aimed to understand
the importance of individual sensory modalities, including vision and proprioception, to
ageing. We designed and performed multiple sensory psychophysical experiments to mea-
sure sensory noise in the context of the FOHEPO task. Several important results were
identified. Sensory noise was proved to be significantly higher in elderly participants. The
pattern of changes concerning age and a positive correlation between sensory noise and
variability in the FOHEPO task suggested that increased sensory noise is responsible for
age group differences in the FOHEPO task. However, evidence also suggests that there are
factors other than sensory noise influencing movement variability. These included a small
value of correlation coefficient (0.27) between sensory and movement variability and the
absence of gender difference in sensory noise.

By applying sensory computation rules, we attempted to isolate each component of sensory
noise. The proprioceptive noise was found to be significantly higher among the elderly. This
is compatible with previous literature [Goble et al., 2009]. The result was also supported
by our finding that blocking visual information of leg position appreciably increased the
variance of foot estimates in the elderly. Importantly, we believe this is the first study sug-
gesting a link between increased proprioceptive noise to foot clearance variability in aged
people. Interestingly, in obstacle height discrimination, elderly participants did equally
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well as the young. This finding indicates, at least in our sampled subjects, central vision is
not causing foot matching variability to increase. Peripheral vision noise was extracted by
assuming that the optimal cue integration rule applies to all participants. No age group
difference was identified, but the result was rather inconclusive. As has been discussed in
Chapter 4, this is because of multiple limitations of the method and loss of substantial
amounts of data throughout the multiple-step calculation. We suggest it is worth compar-
ing the noise of peripheral vision between young and elderly in future research considering
multiple experiments suggest this cue plays a major role in dictating whether a person
can negotiate an obstacle successfully. Interestingly, unlike the gender difference, that fe-
males consistently performed more variably than males regardless of age, in the FOHEPO
task. There was no gender difference across age in every aspect of sensory noise. This
implied that factors other than sensory functions caused this gender gap in the FOHEPO
task.

Chapter 5 used modelling work to investigate how ageing related changes in the motor
system influences motor noise. We firstly adapted with a motor-pool model and manipu-
lated parameters in the model according to physiological evidence in ageing. The attempt
was in vain because no significant increases in motor noise could have been found. We then
developed a cortico-spinal model, simulating motor cortex neurons communicating to the
motor pool. In this model, we found reductions of motor cortex neurons can reproduce
ageing motor pool properties, which are increased magnitude of force variability and de-
creased maximal voluntary force. This result provided evidence showing that changes of
central motor command may be the cause of increased motor noise with age.

6.2 Applications and future perspectives

The building of the workstation, experimental methods, analysis and results presented
in this thesis establish a step towards bridging the knowledge gaps between computation
frameworks and behavioural markers of sensorimotor ageing. The aged sensorimotor sys-
tem has been investigated through various principles from clinical observations, anatomical
descriptions, quantitative behavioural markers (e.g. kinematics and functional neuroimag-
ing) independently. Our work is also an attempt to build convergent comprehension of the
aged sensorimotor system. A unique approach is that we chose the research target based
on homogeneous findings across different research principles. Scientifically, we believe this
approach is of high values and can be applied to future ageing research beyond falls and
even beyond the sensorimotor system. It is because ageing is multi-factorial and has always
been recognised to be highly heterogeneous. Common findings from different disciplines
thus imply the robustness. It is also because regardless of research domains, the same
research target (i.e. aged sensorimotor system) should have confluence.
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Our research provided the first indication that increased sensorimotor noise may be a
principal cause of increased foot clearance variability and an important risk factor for
falls in the elderly. Considering the time and cost required for standard gait analysis,
our cost-effective and straightforward workstation and paradigms may potentially serve as
an alternative fall risk evaluation tool. Nevertheless, a lot of work will need to be done
before any of the tools can become clinically deployable. Firstly, how well sensorimotor
variability in the FOHEPO task correlates to foot/obstacle clearance variability needs to
be verified. Secondly, we need to acknowledge that the results are based on a limited
pool of participants, which are not likely to cover the whole spectrum of the picture. We
hope the results will drive future research applying similar methodologies run on a larger
scale.

Moreover, our research not only investigated overall movement variability. We also exposed
degrees of changes in individual noise component, especially, in sensory noise. The results
provide a future potential to pinpoint the clinical relevance of particular sensorimotor func-
tions and thus design system-specific training programs. For example, our study revealed
the important role of impaired proprioception to higher sensorimotor variability in the
clinically able-bodied elderly. Therefore, establishing proprioceptive screening tool for fall
prevention and designing fall specific proprioception training becomes justified. Another
potentially useful tool would be a complete fall diagnostic battery tests from sensorimotor
variability, proprioception, peripheral vision, to central vision noise evaluation. The re-
sults can thereby serve as guidance for individualised fall intervention training. Of course,
again, we have to admit this is a long-term goal with considerable work required before
the plan becomes clinically plausible. However, there has been multiple studies revealing
the power of training in restoring sensorimotor function, including lowering propriocep-
tive [Thompson et al., 2003] and motor noise. [Hortobágyi et al., 2001]. These results
gave us more supportive evidence for the benefits of approaching fall prevention in this
system-integrated way.

On the hardware level, the FOHEPO workstation has proved to be a cost-effective and
low-computationally demanding platform for lower limb motor research. On the one hand,
future investigations in the lower limbs in the Brain and Behaviour Lab can be achieved
by deploying a new component or integrating systems to the workstation. In fact, in the
concomitant foot positioning and electromyography pilot study (details see Ch.3 results),
we demonstrated the system could effortlessly integrate with other motor research tools.
Our design can also be taken as an example for other motor scientists who are interested
in this direction of the investigation.

Finally, with great advances in the understanding of ageing, there has been an increasing
appreciation that age-related biological markers may well provide a more accurate esti-
mation on an individual’s degree of aging than chronological age [Levine, 2013; Mitnitski
et al., 2013; Mitnitski and Rockwood, 2014]. For example, Levine proposed to combine 21
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biomarkers representing metabolic, cardiovascular and immunity status to model biological
age and found the model outperformed chronological age in terms of predicting mortality
rate [Levine, 2013]. We argue that high-resolution movement markers should be included
when calculating biological age. First, because the sensorimotor system is susceptible to
ageing, movement pattern changes have been observed and taken as a sign of "being old"
for centuries (such as ageing gait). However, only within recent decades, high resolution
motion tracking technology has enabled scientists to quantitatively and systematically
analyse movement features in ageing. Rich results have been found. Second, provided that
most interactions between the brain and the world have to be achieved through actions,
these movement features can actually be taken as a type of non-invasive markers reflecting
the brain function. Moreover, research has built a close relationship between movement
capabilities, especially walking, and future health status [Studenski et al., 2011; Weuve
et al., 2004]. It is thus rational that recruiting movement evaluation will provide a better
estimation on biological age.

6.3 Towards active ageing

With a continuously increasing ageing population and prolonged life expectancy, the per-
ception and expectation of elderly’s life has been changing in the past two decades. With
the advances in medicine and technology, ageing healthily, independently, actively and en-
gagingly is becoming achievable. However, there are still many hurdles and barriers. In
the elderly, just one fall event can possibly cause devastating consequences and halt their
active life. This thesis focused on falls and sensorimotor control in the elderly. Through
this work, we achieved a better understanding of changes in aged sensorimotor system and
a step further towards active ageing.
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