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Abstract 

Background:  

Dementia and falls are significant causes of disability among older people. Identifying people 

at risk of dementia and falls is an international priority to prevent the rising burden of these 

syndromes. Gait is a robust marker of functional independence. Poorer gait performance 

precedes dementia symptoms and is associated with greater risks of falls. Therefore, gait could 

be a useful functional marker to identify people at risk of dementia and falls from an early stage. 

Gait speed is a strong indicator of overall health of a person and has received ample attention 

in the literature. However, gait variability (step to step fluctuations of gait measures) has 

emerged as a potentially more sensitive marker of adverse health outcomes in older people, 

including dementia and risk of falls. Currently, there is a gap in understanding of the underlying 

factors of gait variability. Firstly, gait variability is greater in older people compared to young 

people. However, evidence is only now emerging regarding if gait variability changes over 

time with advancing age. Secondly, a range of cognitive, sensorimotor and medical factors are 

cross-sectionally associated with greater gait variability, but it is less clear if these factors 

modify change in gait variability over time. Third, although poorer brain structure (greater 

burden of white matter lesion , amyloid deposition) is associated with greater variability, there 

is lack of understanding of brain networks or specific brain regions associated with gait 

variability. 

Poorer gait performance during single- and dual-task walking is associated with dementia. In 

single-task walking (walking without performing an additional task), slow speed is associated 

with decline in specific cognitive domains. However, associations between other gait 

characteristics (i.e. gait variability, walking speed reserve [WSR, the difference in gait speed 

between fast and usual pace walking]) and cognitive decline are not extensively examined. In 
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terms of dual-task walking, there is a gap in knowledge of the dual-task test and measure that 

is most strongly associated with cognition.  

Aims: This thesis had two broad aims. They were  to examine 1) the underlying factors of gait 

variability and 2) the relationships between different gait characteristics with poorer cognition 

and future cognitive decline. The specific aims of each study were to examine,  

Study 1. 

1. the longitudinal associations between age and gait variability measures

2. the demographic, medical, sensorimotor and cognitive factors associated with change

in  gait variability and mean gait variability

 Study 2. 

1. if specific grey matter covariance patterns were associated with individual gait

variability measures

2. if discrete covariance patterns of grey matter and  gait variability measures were

associated with cognitive functions

Study 3. 

1. the associations between regional cortical thickness (regional mean cortical thickness

and regional thickness ratio) and individual gait variability measures

Study 4. 

1. whether baseline gait characteristics (variability, speed, WSR) were associated with

decline in specific cognitive domains

2. whether the presence of ApoE4 modified any association between baseline gait and

cognitive decline

Study 5. 

1. the dual-task test and measure most strongly associated with global cognition and

individual cognitive domains
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2. dual-task interference patterns in relation to cognitive performance

Methods:  

All studies (except study 5) used data from the Tasmanian Study of Cognition and Gait 

(TASCOG). TASCOG included community dwelling older people (age range 60-85), 

randomly selected from the Southern Tasmanian electoral roll. Exclusion criteria included 

diagnosis of dementia and Parkinson’s disease, inability to walk without an aide and 

contraindication to magnetic resonance imaging (MRI). Gait assessment was conducted with a 

4.6-meter GAITRite walkway. Gait speed was obtained from the GAITRite software. 

Variability was calculated for double support time (DST), step length, step time and step width 

as the standard deviation of a measure averaged across all steps of six walks. Cognitive 

performance in executive function, processing speed, visuospatial function, and memory was 

assessed with a neuropsychological test battery. Sensorimotor functions were assessed with the 

short version of  Physiological Profile Assessment. Demographics and medical history were 

recorded using self-reported questionnaires. MRI acquisition was performed with a 1.5-Tesla 

scanner.  

Study 1. This was a prospective longitudinal study. Variability in gait measures (the dependent 

variables) were assessed over mean 4.6 years at three time points (n=410 at baseline, n=285 at 

first phase, n=250 at second phase). The following baseline factors were the independent 

variables: 1) demographics (age, sex, education) 2) medical history (a cumulative index for 

cardiovascular disease, lower limb arthritis, mood, body mass index) 3) cognitive function in 

specific domains and 4) sensorimotor functions (postural sway, quadriceps strength, vision, 

proprioception, grip strength). Longitudinal mixed effect models were used to examine 1) 

change in gait variability over time 2) factors that modify change in gait variability or predict 

mean gait variability, adjusting for confounders.  
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Study 2. This was a cross-sectional study (n= 351). Gait variability at baseline were the 

dependent variables. T1 images of participants were processed through a voxel-based 

morphometry pipeline to obtain grey matter probability maps. A whole-brain multivariate 

covariance-based analysis was performed to identify grey matter volume covariance patterns 

associated with each gait variability measure. The individual expressions of grey matter 

patterns were correlated with cognitive domains. Models were adjusted for age, sex, education, 

height and total intracranial volume.  

Study 3. This was a cross-sectional study (n= 351). Individual gait variability measures were 

dependent variables. T1 images were processed through an automated FreeSufer (5.3) pipeline 

to obtain cortical thickness in 68 brain regions. Two thickness measures were adopted per 

region: 1) regional mean thickness and 2) regional thickness ratio (regional mean thickness/ 

mean thickness of the entire cortex). Bayesian regression models were used to determine 

associations between regional cortical thickness and gait variability measures. Models were 

adjusted for age, sex and height. 

Study 4. This was a prospective longitudinal study. Cognitive function in specific domains 

(measured at three time points over 4.6 years) were the dependent variables. Gait variability, 

gait speed and walking speed reserve (the difference between fast and usual speed) at baseline 

were the independent variables. The presence of ApoE4 allele was determined by whole blood 

DNA. Longitudinal mixed effect models were used to examine 1) associations between 

baseline gait characteristics and cognitive decline  2) if any associations were modified by 

ApoE4. Models were adjusted for age, sex and education. 

Study 5. This was a cross-sectional study that included 91 participants from the Tasmanian 

Healthy Brain Project. Under single- and dual-task, gait speed was obtained using a 

computerized Zeno walkway. Single-task cognitive performance was assessed when 
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participants performed the following tasks in standing, for 30 seconds: 1) reciting alternate 

letters of the alphabet 2) counting backwards in 3s and 3) recalling words from a shopping list. 

For dual-task walking participants performed each cognitive task separately but while walking. 

Dual-task interference in gait and cognition were calculated as: (dual task–single task)/single 

task×100 and summed to obtain total interference. A neuropsychological test battery was used 

to assess cognitive performance in executive function, processing speed, working memory, 

verbal fluency, visuospatial function and verbal memory (recall and recognition). Raw test 

scores were subjected to principal component analysis to derive a global cognition score. 

Partial correlations were used to determine the strength of associations between single- and 

dual-task measures and cognitive scores, adjusting for age, sex and education. 

Results: The findings of the underlying factors of gait variability were as follows. Variability 

in step length, DST and step width increased over time. The rate of increase was modified by 

the presence of cardiovascular risk factors, lower education and weaker quadriceps, 

respectively. Specific medical, sensorimotor and cognitive factors predicted greater mean gait 

variability in all individual measures. Specific grey matter volume covariance patterns were 

associated with gait variability measures (except step time variability). The covariance patterns 

associated with DST and step length variability included multiple cortico-subcortical regions 

and also correlated with most cognitive domains. The pattern associated with step width 

variability included the cerebellum and a few visual-related regions and only correlated with 

memory. Smaller cortical thickness in multiple brain regions were associated with greater 

variability in step width and step time. Smaller thickness in a few specific frontal, temporal and 

occipital regions were associated with greater DST and step length variability. For each gait 

variability measure the associated regions were unique and important for different motor, 

sensory and cognitive functions. Smaller thickness ratio in a greater number of regions 
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(compared to the regions identified by regional mean thickness) were associated with DST and 

step length variability.  

The findings of the associations between different gait characteristics and cognition were as 

follows. Greater DST variability at baseline was associated with greater decline in memory. 

Slow gait speed at baseline was associated with greater decline in processing speed, 

visuospatial function and memory (only in ApoE4 carriers). Greater total interference during 

dual-task reciting alternate letters of the alphabet (DT-alpha) had the strongest associations 

with poorer global cognition, working memory and verbal memory recognition. People who 

adopted a mutual interference pattern (combined gait and cognitive interference) during DT-

alpha had poorer cognition.  

Conclusion: Gait variability is not a unitary concept. Instead, different medical, sensorimotor 

and cognitive factors were associated with change in gait variability in individual measures. 

As greater variability is associated with adverse health outcomes (i.e. falls),   preventing greater 

variability in older people is important. These findings suggest that in order to prevent adverse 

outcomes of greater variability, inventions should target different factors. Similarly, grey 

matter volume covariance patterns comprised of specific regions and smaller cortical thickness 

in specific brain regions were associated with each gait variability measure. This may 

potentially explain why individual gait variability measures had different underlying factors, 

and highlight that interventions to maintain brain health could be a potential pathway to prevent 

greater gait variability. 

Greater DST variability and slow gait speed may be useful motor biomarkers to identify people 

at risk of cognitive decline in specific domains. This will assist directing people to interventions 

to prevent accumulation of dementia pathology. Greater total interference and mutual 

interference pattern during DT-alpha could be useful dual-task measures to distinguish those 
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with poorer cognition. However, clinically important cut scores should be identified to 

facilitate the use of these measures in the clinic. 
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1. Introduction

1.1  Preface 

Dementia and falls are two of the most significant causes for need of care among older people. 

Early identification of people at risk is important to combat accumulation of pathology and 

prevent the growing incidence of dementia and falls. Poorer gait, including greater variability 

from step-to-step (gait variability), precedes dementia and is associated with increased falls 

risk. This thesis aims to understand the interplay between gait, cognition and brain structure as 

a means to determine the underlying factors of gait variability, and to pave the way to facilitate 

the use of gait as an early functional marker of cognitive decline prior to dementia. 

This chapter will present the problems of population ageing, dementia and falls and introduce 

the role of gait in relation to these global challenges. Gait measures and their measurement will 

be explained along with some background concepts. Evidence for underlying factors of gait 

variability and for associations between gait and cognition will be described.  

1.2 Population ageing 

People worldwide are living longer. In every country, the percentage of the older population is 

growing (Table 1.1 shows the number of people aged 60 or over by region). At present, one in 

every 11 people (9%) worldwide is over 65 [1]. It is expected that by 2050, one in every 6 

people (16%) will be over 65. Not every older person spends their later years in good health. 

Instead, disability among older people creates a significant impact on most sectors of society 

including health. Therefore, extending disability-free life expectancy is a global health 

challenge. Over the last 30 years, rates of severe disability have declined, yet there has been no 

major change in the rates of mild to moderate disability [2]. This calls for the need to explore 

ways to identify those at risk and initiate disability prevention to promote successful ageing. 
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Table 1. 1. Number of people aged 60 years or over by region, in 2017 and 2050 [1] 

 

Australia boasts one of the highest life expectancies in the world (80.4 years for males and 84.6 

years for females in 2016) [3]. In 2017, 3.8 million Australians (15% of the population) were 

aged 65 or older  [4, 5]. This is estimated to increase to 8.8 million (22% of the population) by 

2057 and 12.8 million (25% of the population) by 2097. In terms of disability, nearly half (49.6% 

in 2018) of older Australians currently live with disability [6].  

1.3 The association between gait, falls and dementia 

Dementia and falls are two of the most significant causes of functional impairment and loss of 

quality of life in older people. The following sections will first describe the problems of 

dementia and falls before introducing the role of gait in relation to these problems.  

Dementia 

Dementia is characterised by cognitive dysfunction, behavioural symptoms and inability to 

perform activities of daily living independently [7]. The number of people living with dementia, 

globally, was estimated to be 47.5 million in 2015 [8]. It is estimated that 75.6 million people 

will be living with dementia by 2030, and 135.5 million by 2050 [8]. Each year approximately 

7.7 million new cases emerge, meaning there is one new case every four seconds. The global 
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cost of dementia was USD$ 818 billion in 2015 and was set to reach USD$ 1 trillion in 2018 

[9].   

In Australia, dementia is the second leading cause of death, and the leading cause of death for 

women [3]. An estimated 459,000 (in 2020) Australians live with dementia and this is expected 

to reach over 1 million by 2058 [9]. Dementia-related costs include direct medical costs as well 

as formal and informal care costs. In Australia, the total costs are estimated to be more than 

$36.8 billion by 2056 [9].  

Importantly, dementia evolves over many years with decline in cognitive functions such as 

executive function, information processing speed, memory and visuospatial function [10]. 

Identifying those at risk of decline in different cognitive functions (before symptoms of 

dementia emerge) as early as possible may provide a window of opportunity to direct people 

to care to maintain cognition and functional independence.  

Falls 

Falls are defined as an unexpected event in which a person unintentionally comes to rest on the 

ground, floor or other lower levels [11]. Falls are common among older people. Prospective 

studies report that nearly 44% of people over 60 years fall every year [12]. Those who are older 

and frailer have a greater risk of falls [13]. A fall may cause concern about future falls and 

double the risk of falling again [14]. Adverse health outcomes of falls include injury, 

hospitalisation, institutionalisation and even death. In older people, more than half of injury-

related hospital admissions are falls related [15]. Even if falls do not result in an injury, they 

may lead to activity restrictions and functional dependence due to fear of falling [16]. The 

average cost per fall-related injury includes emergency, acute and rehabilitation care. In 

Australia, this cost exceeded AUD$ 600 million in 2010-2011, and the estimated costs for 2051 

are three-fold (AUD$1375 million per year) [17]. The costs to the household are not clearly 



4 
 

estimated (i.e. lost income due to family members supporting a person who fell). With the 

increase in the number of older people worldwide, costs associated with falls will grow due to 

increased prevalence. Detection of people at higher risk of falls may help with initiating falls 

prevention strategies at an early stage and thereby, reduce the overall impact of falls. 

Poor gait performance is associated with both dementia and falls  

Poor gait performance is common among older people [18]. Interestingly, poorer gait 

performance precedes onset of dementia [19] and is also associated with increased risk of falls 

[12]. In the next sections of this chapter I will briefly introduce the different measures of gait 

and methods of assessment. 

1.4 Human gait 

Humans are bipeds. As per the age of the earliest hominoids footprints (3.7 million years ago), 

bipedalism evolved at least a million years before the development of encephalisation, and is 

therefore considered one of the first evolutionary adaptations [20]. Gait is the pattern of 

movement of the body during locomotion [21]. It is a complex behaviour that involves 

integration of higher order cognitive and multiple sensory functions. There are many ways to 

assess gait. For example, clinicians describe gait as slow gait, shuffling steps or by different 

neurological gait patterns (i.e. ataxic gait) using visual examination. Biomechanical measures 

of gait such as muscle recruitment or joint angle can be measured with sophisticated equipment 

(i.e. motion sensitive camera). The focus of this thesis will be on temporal and spatial measures 

of gait. 

1.5 Temporal and spatial measures of gait  

Temporal gait measures are time related, whereas spatial measures are space or distance related. 

Gait speed is the distance travelled divided by time taken, therefore both a spatial and temporal 
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measure. To introduce the other temporal and spatial gait measures, it is important to 

understand the gait cycle (Figure 1.1). The gait cycle includes the sequence of events that occur 

from the moment when a foot contacts the ground (initial contact) to the moment when the 

same foot contacts the ground again [22]. In a cycle, time spent from the initial contact of one 

foot to that of the opposite foot is called step time and the distance between one step to another 

is called step length [22]. The number of steps per minute is cadence. Step time and cadence  

are temporal measures and are closely related (step time =60/cadence) while step length is a 

spatial measure.  

Other temporal measures of gait are based on the phases of the gait cycle. A gait cycle is divided 

into two phases. The period where the foot is on the ground is the stance phase (~60% of the 

gait cycle) while the period with the foot off-ground is the swing phase (~40% of the gait cycle) 

[22]. During the stance phase, there are two periods in which both feet are in contact with the 

ground which is called the double support phase (~20%) and, can also be measured by double 

support time (DST). The period in which only one foot is in contact with the ground is known 

as the single support phase (80%) and can also be measured by time (single support time (SST)). 

In addition, step width is the mediolateral distance from the heel of one foot to the line of 

progression made by two footfalls of the opposite foot. Step width is a spatial measure in the 

coronal plane.  
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Figure 1. 1. Gait cycle adapted from Jayakody, O & Callisaya, M.L (2018) Gait and 

Dementia. In: Preedy, VR (ed) The Neuroscience of Dementia 

1.6 The measurement of temporal and spatial gait measures 

The raw values of temporal and spatial gait measures (the absolute values) can be obtained by 

the following methods.  

Stopwatch & tape measure 

The simplest method is the measurement of gait speed with a stopwatch and a measured 

distance.  

Wearable technology  

Wearable technology includes devices (accelerometer- or gyroscopes -based) that can be worn 

at different body locations. Accelerometer-based wearables are the most widely used form [23]. 

Wearables provide accurate measurements and allow continuous gait monitoring. However, a 

limitation is that for continuous assessment people need to remember to wear the 

accelerometers. Also, algorithms that are used to extract gait data depends on the signals from 
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a particular body location and are only validated for a few specific locations (i.e. chest, lower 

back) [24].  

Footswitches  

Footswitches are thin insoles that are placed either between the foot and the shoe or taped to 

the bottom of the foot. The main pressure areas of foot switches are the heel, first and fifth 

metatarsal and the great toe. Footswitches are an easy and less expensive way of obtaining 

temporal gait measures. The limitations include the inability to assess spatial gait measures and 

the need for different sizes of insoles [25]. 

Computerised walkways 

Computerised walkways have an array of pressure-sensitive switches embedded along the 

length. These switches open and close when a person walks down the walkway. Software 

attached to the walkway captures the movement of switches to calculate absolute values for 

temporal and spatial gait measures. Walkways are expensive and gait assessment is limited to 

indoor walking. Limited number of steps are obtained (depending on the length of the walkway) 

[26] thus for more steps a person must complete several walks to be combined. Despite this, 

walkways offer many advantages. They are portable, provide a reliable assessment of a wide 

range of gait measures including both temporal and spatial measures [25]. For this thesis, gait 

was measured using a computerised walkway which will be described further in Chapter 3 – 

Materials and methods.  

1.7 Variability in temporal and spatial gait measures 

Gait variability is the fluctuation of a gait measure from one step to another [27]. For example, 

Figure 1.2 shows variability in step length. After obtaining values of absolute gait measures 

using the methods explained above, the magnitude of gait variability can be measured either as 

the standard deviation of an absolute gait measure (i.e. step length) across a number of steps or 
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as the coefficient of variation (CoV) = (standard deviation/mean)×100.  For the analyses used 

in this thesis, gait variability was calculated as the standard deviation (SD) of a gait measure to 

present gait variability in the original units of the respective measure.  

 

Figure 1. 2.Variability in step length 

Greater gait variability has received increased attention as a measure of poorer health due to its 

association with risk of multiple falls and dementia [12, 28, 29]. However, little is understood 

regarding factors associated with gait variability. A better understanding of associated factors 

might provide a first step to lower the incidence of associated adverse outcomes of greater 

variability (i.e. falls) in older people. The next section of this chapter reviews the literature on 

an array of factors that may be associated with gait variability to highlight any gaps.  

1.8 Factors associated with gait variability  

Figure 1.3 summarises the factors that are described under this section. There are other factors 

such as neurological conditions (i.e. Huntington’s disease, multiple sclerosis) and genetic 

factors (i.e. ApoE4), associated with gait variability. The focus of this thesis was to look for 

potential modifiable factors to target in interventions. However, due to lack of knowledge of 
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how gait variability changes over time with advancing age, this was examined first before 

determining the factors that may modify the rate of change in  gait variability. 

 

Figure 1. 3. Factors associated with gait variability 

Age  

Evidence on the association between age and gait variability is mostly from the studies that 

have compared gait variability between young and older people and, reported greater variability 

in older people compared to young adults [30-32]. The few cross-sectional studies in just older 

samples found greater temporal (step time, double support phase) [33-35] and spatial variability 

(step length, step width) [33, 34, 36] with advanced age. At the time of this thesis only a few 

studies have examined longitudinal changes in gait variability, but only  in people with specific 

diagnoses such as subcortical vascular encephalopathy [37] or Huntington’s Disease [38]. 

These studies reported increased stride length variability [38] and temporal gait variability (i.e. 

swing time, DST)  [37, 38] in people with such diagnoses. Evidence is only now emerging as 

to if and how gait variability changes in the general older population over time. To our 

knowledge, there is only one study that has examined the effect of ageing on gait variability in 

a small population-based sample of older people (n=85), followed up for only 2 years 

(published after the first manuscript included in this thesis) [39]. 
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Sensorimotor factors  

Sensorimotor factors explained below include balance, lower extremity muscle strength, joint 

range of motion and reaction time.  I will first describe each factor and then summarise gaps in 

the literature. 

Balance 

Gait is inherently unstable and constantly challenges balance. Conversely, poor balance may 

affect the consistency of steps and make gait more variable. In cross-sectional studies poorer 

balance was associated with greater variability in temporal (i.e. DST [40], step time [35, 40, 

41]) and spatial (i.e. step length [40], step width [40, 42]) gait measures. In line with this, poorer 

vision and peripheral sensation (two major sensory systems contributing to balance) have also 

been associated with greater gait variability. For example, in the Cardiovascular Health Study, 

self-reported visual impairment was associated with greater step width variability [43] and in 

the Tasmanian Study of Cognition and Gait, poorer proprioception was associated with greater 

DST variability [40].  

Muscle strength and joint range of motion 

Maintaining consistency in steps may depend on intact muscle strength and optimal joint range 

of motion. The few studies that examined these associations reported that poor lower extremity 

muscle strength and smaller joint range of motion (hip, knee, ankle) were associated with 

greater stride time variability [32, 35] and step length variability [32]. 

Reaction time  

Reaction time refers to time taken to respond to a stimulus. Increased time taken to respond 

may indicate either slow central processing, slowed peripheral nerve conduction or both. Gait 
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requires continuous integration of cognitive and sensory inputs to make real-time adjustments. 

Therefore, delayed response time may increase variability in gait. In one cross-sectional study 

slower reaction time was associated with greater step time, DST and step length variability 

[40]. 

Overall, studies on sensorimotor factors and gait variability highlight that different 

sensorimotor factors may be associated with individual gait variability measures. However, 

evidence is mostly from a few studies that examined one or two gait variability measures and 

are often inconsistent across studies [35, 40, 41]. Most importantly, all studies are cross-

sectional, providing limited insights into whether poorer sensorimotor function might be 

associated with change in gait variability over time. 

Cognitive function 

Prior evidence supports an association between executive function-attention and gait [44-47]. 

For example, higher levels of attention are associated better gait performance [46, 48]and slow 

gait predicts future decline in attention [45]. This is unsurprising as gait is a goal-directed 

behaviour that requires attention to navigate in complex environments (i.e. busy street) and 

plan efficient pathways or avoid unnecessary effort to reach a destination. Although gait uses 

other aspects of attention such as selective and sustained attention, the importance of divided 

attention, ability to perform more than one task at the same time has been consistently 

highlighted (see section 1.10 of this chapter).In terms of the association between cognition and 

gait variability, poorer cognition has been associated with greater gait variability [49]. For 

example, people with mild cognitive impairment and dementia had greater gait variability in 

all measures (except swing time variability) than cognitively healthy older people [50]. In terms 

of specific cognitive domains, poorer performance in executive function, processing speed and 

visuospatial function were cross-sectionally associated with greater DST variability [49] while 
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poorer executive function was associated with greater step time variability [49, 51]. In contrast, 

cognition in specific domains was not associated with spatial variability [52]. These findings 

suggest that the associations between cognitive functions and gait variability are specific for 

each gait measure. Importantly, no studies to date, as for sensorimotor function, have been 

longitudinal. 

Cardiovascular disease (CVD) risk factors 

CVD risk factors may be associated with poorer gait performance through their associations 

with brain structural abnormalities. For example, CVD risk factors are associated with cerebral 

small vessel disease which in turn may disrupt the axonal connections in the brain [53]. It is 

also possible that some CVD risk factors such as diabetes mellitus may affect peripheral 

sensorimotor functions (i.e. vison, peripheral sensation) and are thereby associated with greater 

gait variability. In cross-sectional studies, the presence of CVD risk factors (i.e. diabetes, BMI) 

was associated with greater stride length [54] and stride time variability [41]. However, it is 

not clear if these associations are due to cerebrovascular mechanisms or due to peripheral 

mechanisms, for example body fat distribution affecting balance and gait consistency or pain 

affecting gait consistency in diabetes patients with peripheral neuropathy. Examining the link 

between CVD risk factors and gait variability is important as controlling CVD risk factors may 

help in preventing poorer health outcomes of greater gait variability. 

Psychological factors and gait variability 

Depressive symptoms assessed with clinical rating scales such as the Geriatric Depression 

Scale were associated with greater variability in stride time [41], stance time [43], swing time 

[55] and step length [43], as well as lower variability in step width [43] in cross-sectional 

studies. These associations may be secondary to underlying pathology of depression (i.e. 

frontal lobe dysfunction) or perhaps depression is related to greater variability through slower 
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gait speed [55, 56]. For example, people with depression (low mood) are known to adopt slow 

gait speeds [56] which is associated with greater variability [33]. Currently, there is no evidence 

for associations between depression and change in gait variability.  

Therefore, to summarise the knowledge gaps related to the factors that were described so far: 

First, as highlighted, no studies to date have examined what happens to gait variability over 

time in the general older population. Second, all observed associations between the above 

factors and gait variability are cross-sectional. It is important to identify factors associated with 

longitudinal changes in gait variability as a first step to determine which factors might be 

targeted through interventions. Targeting such modifiable factors could be a promising avenue 

to prevent associated adverse outcomes of greater variability. Therefore, Chapter 4 of this thesis 

will examine longitudinal changes in gait variability and if presence of poorer baseline 

sensorimotor, cognitive, psychological factors and CVD risk factors are associated with change 

in gait variability over time.  

In the next section I will outline what is currently known regarding the association between 

brain structure and gait variability to highlight specific gaps in understanding.       

Brain structure 

Gait involves control from cortical regions. Any change in brain structure may disrupt higher 

order gait control and thereby may result in increased gait variability. Although the main focus 

of this thesis was on the association between grey matter and gait variability, for completeness 

in the following section I will briefly describe other brain structures that are associated with 

gait variability (Figure 1.4).  



14 
 

 

Figure 1. 4. Brain structures and pathologies associated with gait variability 

 

Beta-amyloid (Aβ) & Tau tangles  

Aβ and tau tangles are hallmarks of Alzheimer’s disease (AD) [57]. Aβ and tau aggregation in 

brain regions may cause brain dysfunction and disrupt cortical control of gait. Aβ can be 

measured as cerebral Aβ deposition (determined by PiB- PET imaging, Positron Emission 

Tomography using C11 Pittsburgh Compound B) [58, 59] or Aβ levels in the cerebrospinal 

fluid [60]. In community-dwelling people without cognitive impairment, a higher amyloid 

burden in cortico-subcortical regions was associated with greater variability in temporal 

measures (stance time, stride time, cadence) [58, 59]. In a small sample of people with mild 

AD (n=17), low ratios of Aβ isoforms (Aβ42/ Aβ40 & Aβ42/Aβ38) in cerebrospinal fluid were 

associated with greater variability in step length and step time [60]. The presence of Tau  was 

associated with  gait disturbance in people with normal pressure hydrocephalus [61] and 

prodromal Parkinson’s disease [62], but associations with gait variability have not been 

examined.  

Cerebral small vessel disease  

Cerebral small vessel disease is a term used for abnormalities in the small vessels in the brain. 

Neuroimaging features of small vessel disease include white matter hyperintensities (WMH), 

subcortical infarcts and microbleeds. WMH (the areas of high signal intensity in magnetic 
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resonance imaging) and subcortical infarcts may be caused by ischemic injuries due to CVD 

risk factors. CVD risk factors may result in narrowing of the arterial lumen in cerebral small 

vessels, resulting in prolonged oxygen deprivation and thereby ischemic foci in the white 

matter [63]. White matter forms the connections between cerebral regions and is usually 

arranged in bundles that are called white matter tracts. Ischemic lesions in white matter may 

compromise efficient communication within the brain and disturb gait control. WMH are 

highly prevalent (~87%) among people aged 60-70 years [64]. Cross-sectional studies have 

found that in community dwelling older people, severe (≥grade 3) WMH burden and  a greater 

volume of WMH were associated with higher step length variability [65] and a greater 

variability factor score [66]. Only two studies have examined the associations between brain 

infarcts and gait variability. In older people with cerebral small vessel disease, lacunar infarcts 

were associated with greater stride time variability [67]. In community dwelling older people, 

brain infarcts were associated with greater stride length variability and both very high or very 

low stance time variability [65].  

Microbleeds are small chronic intracranial haemorrhages in the brain. The association between 

microbleeds and gait is limited to absolute gait measures with cross-sectional associations 

found between the presence of microbleeds and lower cadence, longer DST [68] and stride 

length [69].  

Grey matter 

Grey matter is made of neuronal bodies. Cerebral grey matter can be measured as grey matter 

volume or as cortical thickness [63]. Total grey matter volume was not associated with step 

length variability in one study [64] and no studies have examined the association between 

global cortical thickness and gait variability. In addition, examining overall grey matter does 

not capture potential regional differences in volume or thickness in association with gait 
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variability. For example, the association between prefrontal regions (important for executive 

functions) and gait variability may differ from that of temporal regions (important for auditory 

function and memory) and gait variability. Few studies have examined regional grey matter 

volumes and gait variability, with mixed results.  

Smaller right parietal and primary motor cortex and larger hippocampal volumes were 

associated with greater stride time variability [65-67], but no regions that have been studied 

(i.e. the hippocampus [64, 68] and the anterior cingulate [64]) were associated with stride or 

step length variability. These findings are from studies of small sample sizes (range from n=20-

90) [65-68] with different population characteristics (e.g. recruited from memory clinics versus 

community dwelling older people [64, 69, 70]) and were mostly limited to stride time 

variability [65-67, 70]. Additionally, a major limitation in these prior studies is that they 

examined grey matter in only a few specific a priori regions [65, 66, 68]. Brain regions are not 

isolated, instead they function in coordinated networks. Therefore, examining associated brain 

networks (not individual regions), using a whole-brain covariance-based approach, could be 

better suited to understand the cortical networks involved in maintaining gait consistency [71].  

Grey matter volume is the product of cortical surface area by thickness and varies with total 

intracranial volume [63]. In contrast, cortical thickness is not associated with total intracranial 

volume [72] and may be more sensitive in capturing grey matter loss, particularly in the 

posterior brain regions [63]. The only two studies that examined cortical thickness [73, 74] 

were from populations with specific diseases and have examined absolute gait measures, not 

variability. Given that absolute measures of gait could be different from variability in those 

measures [27], it is important to examine associations between regional cortical thickness and 

gait variability. 

Two main gaps in understanding were identified in prior studies examining associations 

between grey matter and gait variability. Firstly, there is no study to date that examined grey 
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matter networks associated with gait variability using a whole-brain, covariance-based 

approach. To address this, the aim of Chapter 5 of this thesis will be to examine grey matter 

volume networks associated with individual gait variability measures. Secondly, there is a lack 

of studies examining whether areas of regional cortical thickness are associated with gait 

variability. Chapter 6 of this thesis will examine associations between cortical thickness in 

different brain regions and gait variability in individual gait measures.  

The final two chapters of this thesis will examine gaps related to associations between gait and 

cognition. As described previously poor gait performance has been associated with increased 

risk of dementia [19]. To set the scene for the aims examined in Chapter 7, I will summarise 

the different gait measures and their associations with cognitive decline and dementia. 

Although the main focus of this chapter will be to examine associations of gait variability and 

cognitive decline, associations of gait speed and walking speed reserve will also be discussed. 

 

1.9 Associations of different gait measures with cognitive decline and 

dementia 

Most factors associated with gait variability (i.e. advancing age, brain structure, poorer 

cognition, depression) are also risk factors for dementia. Gait may represent the common output 

of the combined effect of these risk factors and therefore be a good overall marker of dementia 

risk (Figure 1.5). The following section will briefly describe what is currently known about the 

associations between different gait measures (speed, variability, walking speed reserve) and 

cognitive decline and dementia. For more details please refer Jayakody, O & Callisaya, M.L 

(2020) Gait and Dementia. In: Preedy, VR (ed) The Neuroscience of Dementia, a narrative 

review on gait and dementia. 

 



18 
 

 

 

Figure 1.5. Gait may represent a common output of the combined effect of dementia risk 

factors 

Associations between gait speed and cognitive decline and dementia 

Gait speed is a simple measure associated with overall health of an individual [75]. In cross-

sectional studies, slow gait speed distinguished between stages of cognitive function (i.e. 

cognitively normal versus impaired) [44]. Furthermore, slow gait speed at baseline was 

associated with decline in global cognition [28, 76-79] and individual cognitive domains such 

as executive function [28, 76, 79-81], processing speed [77, 80-83], visuospatial function [76, 

79] and memory [79, 80, 83, 84]. Additionally, a recent meta-analysis reported that people with 

slow gait speed were at a 66% greater risk of developing dementia (n=1,903 dementia cases, 

follow up period= 2-11 years), compared to those with fast walking speed (RR 1.66; 95% CI 

1.43 to 1.92) [85]. Gait speed is an objective measure that can be easily measured. But speed 

may present a ceiling effect in well-functioning older people. In contrast, gait variability is 

greater even in older people with normal gait speeds [34], and in some studies greater gait 

variability, not slow speed, was associated with poorer cognitive performance [86] and future 

cognitive decline [87].   
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Association between gait variability and cognitive decline and dementia 

Only a few studies have examined gait variability as a marker of cognitive decline and dementia. 

In community dwelling older people, greater stride length variability and a variability factor 

(loaded with variability in stride length and swing time) predicted future dementia over a 

median 2 years [28].  A few studies have examined if gait variability at baseline was associated 

with prospectively assessed cognitive decline, but with conflicting results. For example, in one 

study, greater variability in stride length, swing time and stance time were associated with 

decline in memory, language and executive-attention in community dwelling older people [79]. 

Whereas in another study stride length variability or a variability factor was not associated with 

decline in the same cognitive functions [28]. In addition to these mixed findings, it is unclear 

how variability in other gait measures are associated with cognitive decline. For example, in a 

prior study greater variability in DST was cross-sectionally associated with the largest number 

of cognitive domains [30], but this association has not been examined in longitudinal analysis. 

Associations between different variability measures and cognitive decline will help in 

determining the most useful gait measures to predict older people at risk as early as possible.  

Walking Speed Reserve (WSR) and cognition  

WSR is the difference in gait speed between fast and usual pace. In older people from a memory 

clinic progressively smaller WSR has been observed across worsening cognitive stages (i.e. 

WSR in cognitively healthy > in MCI > mild dementia > moderate dementia) [88]. However, 

it has not been examined as to whether WSR is associated with cognitive decline. 

This section highlights that there are very few studies examining whether different gait 

measures such as variability and WSR are functional markers for future cognitive decline. If 

so, these measures may assist early identification of those at risk of cognitive decline, 

potentially allowing for assessment of risk factors and interventions to prevent accumulation 
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of pathology. Therefore, Chapter 7 of this thesis will examine the associations between 

different gait measures (variability in individual gait measures, WSR and gait speed) and 

decline in executive function, processing speed, memory and visuospatial function. As a 

secondary aim, the role of ApoE4 in these associations were examined. ApoE4 is a genetic 

biomarker of Alzheimer’s disease. Similar to gait variability ApoE4 is also associated with 

altered brain structure (i.e. greater amyloid) [70, 71]. However, it is unclear if the presence 

ApoE4 modifies the associations between gait and cognitive decline.  

The final chapter of this thesis will examine associations between dual-task walking and 

cognition. In the next section, I will define dual-task walking and related concepts. I will then 

summarise the current evidence for association between dual-task walking and cognition to 

lead to the specific aims examined in the last study of this thesis. 

1.10 The associations between dual-task walking and poorer cognition 

Dual-task walking 

Walking alone (with no additional task) is an attention-demanding task that involves 

integration of multiple cognitive functions such as executive function, processing speed and 

visuospatial function [30]. Dual-task walking is the simultaneous performance of either a motor 

(eg. carrying a glass filled with water) or a cognitive (eg. reciting alternate letters of the 

alphabet) task while walking. The addition of another task results in even greater load on 

cognitive functions and if capacity is reached, interference to performance in gait or the 

secondary task. This is known as dual-task interference or dual-task cost. A few theories have 

been proposed to explain dual-task interference [44] based on how two simultaneously 

performed tasks might compete for functioning in different brain regions and neural networks. 

The capacity-sharing model suggests when two attention demanding tasks compete for limited 

attentional resources this may lead to a deterioration in performance due to central overload 
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[84]. The bottleneck theory explains if two tasks that are processed by similar neural networks 

are performed simultaneously, a bottleneck is created due to neural overlap. Thereby, 

processing information of one task will be put on hold [85]. By contrast, a different suggestion 

is that tasks using similar neural networks may facilitate, not disturb, performance of each other 

(the crosstalk model) [86]. Another model suggests that information processing of different 

tasks involves multiple resources. If tasks with no shared resources are processed 

simultaneously there will be no interference to any of the tasks (the multiple resource model) 

[87]. Regardless of the differences in theoretical explanations, it is common that older people 

experience interference to either or both tasks during dual-task walking [44]. The degree of 

interference could be a useful measure to unmask early cognitive impairments.  

Association between dual-task walking and cognition  

Dual-task walking has been widely examined in association with poorer cognition and 

dementia. In cross-sectional studies, both slow dual-task gait speed and greater gait speed 

interference distinguished older people with cognitive impairment from those without [82, 88], 

and was associated with poorer performance in different cognitive domains [46, 89, 90]. In 

longitudinal studies, slow gait speed, greater gait interference, and greater gait variability 

during dual-task walking predicted incident dementia [91, 92]. Collectively, this evidence 

highlights the potential of dual-task walking as a measure to identify people at risk of poorer 

cognition and future dementia. Dual-task walking is simple to administer, inexpensive and 

requires little equipment. This makes dual-task walking an attractive measure for the clinic, but 

currently there are two main problems that hinder the standardisation of dual-task walking for 

clinical use. 

Firstly, there is a large heterogeneity in the secondary cognitive tasks in use. Common 

examples include walking while reciting every letter (or alternate letters) of the alphabet [46, 

89], counting backwards in 1s, 3s or 7s or naming animals [88, 91]. Secondly, there is no 
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consensus on which dual-task measure to use. Most studies have examined gait speed during 

dual-task walking [46, 90, 93],  with only a few studies examining other measures such as gait 

interference [89] or cognitive performance [47, 94]. Recently, the importance of assessing both 

gait and cognitive interference was emphasised to capture trade-offs in gait and cognitive 

performance [95]. This calls for studies to determine the dual-task walking tests and measures 

that are most useful to identify people with poorer cognition as a step to facilitate the clinical 

translation of dual-task walking. Therefore, the aim of Chapter 8 of this thesis is to examine 

associations between different dual-task measures under three different test conditions and 

cognitive function.  

1.11 Summary 

This chapter described how dementia and falls are challenges of successful ageing. Greater gait 

variability and other gait patterns are useful objective measures to identify older people at risk 

of dementia and falls. This chapter summarised the gaps in the literature including that it is 

currently unknown how gait variability changes with age, factors associated with any change 

in gait variability and whether specific brain regions are associated with gait variability. It was 

also highlighted that there are gaps in understanding related to gait as a marker of poorer 

cognitive function and future decline in cognition. The next chapter will present the specific 

aims of this thesis that will be examined to address these gaps in knowledge. 
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2. Thesis aims and structure 

2.1 Preface 

The previous chapter outlined the problems of dementia and falls in older people and how gait 

may be an early marker of both these syndromes. Gaps in the literature in relation to the 

underlying factors of gait variability and associations between gait and cognition were outlined. 

In this brief chapter, I will introduce the specific aims of each study and outline the upcoming 

thesis structure.  

2.2 Study research aims 

The aims of this thesis are to investigate in a population-based sample of older people: 

Study 1: 

1. the longitudinal associations between age and temporal and spatial gait variability 

measures 

2. the demographic, medical, sensorimotor and cognitive factors associated with overall 

gait variability and change of gait variability over time 

 

Study 2: 

1. if specific grey matter patterns were associated with individual gait variability measures  

2. if discrete covariance patterns of grey matter and gait variability measures were 

associated with specific cognitive functions 

 

Study 3: 

1. the associations between regional cortical thickness (regional mean cortical thickness 

and regional thickness ratio) and individual gait variability measures 
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Study 4: 

1. whether baseline gait speed and other gait measures (variability, walking speed reserve) 

are associated with decline in specific cognitive domains 

2. whether the presence of ApoE4 modified any association between poorer baseline gait 

and decline in cognitive domains 

 

To determine in a sample of people from a non-randomised interventional study: 

Study 5: 

1. which dual-task test and measure was most strongly associated with global cognition 

2. which dual-task test and measure was most strongly associated with individual 

cognitive domains  

3. dual-task interference patterns in relation to cognitive performance. 

2.3 Thesis structure  

This thesis includes four published papers and one paper under review. The text of each chapter 

will be presented as published or submitted to the peer review indexed journals. The structure 

of the thesis is as follows: 

Chapter 3 - Materials and methods. 

This chapter will describe the study sample and present an overview of the methods used to 

measure gait, physiological function, cognition, and brain structure. 

Chapter 4 - Medical, sensorimotor and cognitive factors associated with gait 

variability: A longitudinal population-based study.  

This chapter will present the results addressing the aims of study 1. The findings are 

published: 

Jayakody O, Breslin M, Srikanth V, Callisaya ML (2018) Medical, sensorimotor and 

cognitive factors associated with gait variability: A longitudinal population-based study. 

Frontiers in Aging Neuroscience,10:419 
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 https://doi.org/10.3389/fnagi.2018.00419 

Chapter 5 - The associations between grey matter volume covariance patterns and 

gait variability - the Tasmanian Study of Cognition and Gait.  

This chapter will present the results addressing the aims of study 2. The findings are under 

review in Brain Topography. 

Jayakody, O, Breslin, M, Beare, R, Blumen, HM, Srikanth, V & Callisaya, ML (2020) The 

associations between grey matter volume covariance patterns and gait variability- the 

Tasmanian Study of Cognition and Gait. 

Chapter 6 - Regional associations of cortical thickness with gait variability – the 

Tasmanian Study of Cognition and Gait.  

This chapter will present the results addressing the aims of study 3. The findings are 

published: 

Jayakody, O, Breslin, M, Beare, R, Blumen, HM, Srikanth, V & Callisaya, ML (2020). 

Regional associations of cortical thickness with gait variability – the Tasmanian Study of 

Cognition and Gait. The Journals of Gerontology: Series A 

https://doi.org/10.1093/gerona/glaa118 

This is the editor’s choice article of the volume 

Chapter 7 - Gait characteristics and cognitive decline: A longitudinal population-

based study.  

This chapter will present the results addressing the aims of study 4. The findings are 

published: 

Jayakody, JADSO, Breslin, M, Srikanth, V & Callisaya, ML (2019). Gait characteristics 

and cognitive decline: A longitudinal population-based study. Journal of Alzheimer’s 

Disease, 71(1), 5-14.  

https://doi.org/10.3233/JAD-181157 

This is one of the most read articles from the November 2019 volume 

Chapter 8 –T he association between cognitive function and dual-task walking under 

three different interference conditions.  

This chapter will present the results addressing the aims of study 5. The findings are 

published. 

Jayakody, O., Breslin, M., Stuart, K., Vickers, J.C. and Callisaya, M.L., 2020. The 

associations between dual-task walking under three different interference conditions and 
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cognitive function in older people. Gait & Posture 

https://doi.org/10.1016/j.gaitpost.2020.08.113 

Chapter 9 - Thesis discussion and conclusions. 

This chapter will summarise the findings of the thesis, presents conclusions and provide 

recommendations for future directions. 
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3. Materials and methods 

3.1 Preface 

Chapter 1 explained the role of gait in relation to the problems of dementia and falls, and 

highlighted the gaps in knowledge leading to the specific aims outlined in the previous chapter. 

This chapter describes the materials and methods used in each study.  

The studies described in chapters 4 to 7 used data from the Tasmanian Study of Cognition and 

Gait (TASCOG). Chapter 8 used data from The Tasmanian Healthy Brain Project.  

3.2 The Tasmanian Study of Cognition and Gait (TASCOG) 

Study sample  

 

The Tasmanian Study of Cognition and Gait (TASCOG) is a longitudinal study of gait, 

cognition and brain structure in older people. Ethical clearance for TASCOG was obtained 

from the Southern Tasmanian Health and Medical Human Research Ethics Committee (Ethics 

approval no. H7947). Participants were community dwelling older people from Southern 

Tasmania, Australia. TASCOG commenced in January 2005 (phase 1). Older people aged 

between 60 and 85 years were recruited into TASCOG by random selection from the Southern 

Tasmanian electoral roll. Those who resided in residential aged care facilities were considered 

ineligible. Invitations were sent by letter to eligible older people. The inclusion criteria for the 
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studies in this thesis included adequate understanding of English and ability to walk without a 

gait aide. The exclusion criteria were diagnosis of dementia or Parkinson’s disease and any 

contraindication to magnetic resonance imaging (MRI). Written consent was obtained from 

each participant. Follow-up assessments for phases 2 and 3 were conducted in March 2008 and 

March 2010. Figure 3.1 shows the study flow chart [1]. 

 

Figure 3. 1. Study flow chart 

 

Participants included in each chapter were as follows. 

Chapters 4 & 7 included 410 participants after excluding those with a history of dementia and 

Parkinson’s disease, inability to walk without an aide, insufficient English understanding and 

missing gait data. 

Chapters 5 & 6 included 350 participants after additionally excluding those with missing or 

poor-quality imaging data. 
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Gait   

Gait assessment was conducted using an electronic GAITRite walkway. The GAITRite is an 

automated gait analysis system which provides measurement of temporal and spatial gait 

measures. The GAITRite used in TASCOG was 4.6 metres long. The active area of the 

walkway was 61 cm wide and 366 cm long and had 48 × 288 pressure activated sensors 

embedded. Data capturing frequency was 80Hz with a temporal resolution of 11 milliseconds. 

The GAITRite walkway is connected to a laptop computer with gait analysis software installed 

(GAITRite system, CIR Systems, PA, USA) (Figure 3.2) [2]. When a person walks down the 

walkway, the opening and closing of the sensors are represented on the computer screen as 

footprints (Figure 3.3). These footprints are saved to a database and used to obtain 

measurements of absolute gait measures.   

 

 

 

 

 

 

Figure 3. 2. The GAITRite system 

 

Figure 3. 3. Individual footfalls recorded on the GAITRite walkway 
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The concurrent validity of the GAITRite system for obtaining gait measures has been 

determined in older people (aged 54-83) against a three-dimensional motion analysis system 

(Vicon-512) [3]. Interclass correlations (ICCs) between 0.92 -0.99 were reported for most gait 

measures including gait speed, step length, step time and cadence, showing excellent agreement 

[3]. Studies of test-retest reliability (1-2 weeks apart) have shown ICCs of >0.92 for most gait 

measures [4, 5], except for step width (ICC=0.56 in older people between 76-87 [5], and 

ICC=0.80 in a sample aged 19-59 [4]).  

In TASCOG, each participant first completed a practice trial, before completing six walks at 

their preferred speed. A subsample of 177 participants also completed 6 walks at fast speed. A 

walk included an additional 2 metres at each end of the mat to allow for acceleration and 

deceleration, thereby ensuring steady pace walking. Gait assessment was conducted in a quiet, 

well-lit room. For each gait measure the definition provided by the GAITRite Electronic 

Walkway Technical Reference, as summarised in Table 3.1 was used [6].  

Table 3. 1. Definitions of gait measures 

Gait measure Definition 

Gait speed (metres/second) The distance travelled divided by the ambulation time  

Cadence (steps/minute) The number of steps taken in one minute 

Step time* (seconds) Time elapsed from first contact of one footfall to first contact 

of the opposite footfall 

Step length (centimetres) The perpendicular distance from the heel centre of the current 

footprint to the heel centre of the previous footprint on the 

opposite foot (AL in Figure 3.4 is the right step length and LG 

is the left step length) 

Step width** (centimetres) The perpendicular distance from heel centre of one footprint to 

the line of progression formed by two footprints of the opposite 

foot (DL in Figure 3.4) 

Double Support Time 

(DST) (seconds)* 

The two periods when both feet are on the floor are called 

initial double support and terminal double support. Initial 
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double support occurs from heel contact of one footfall to toe-

off of the opposite footfall. Terminal double support occurs 

from opposite footfall heel strike to support footfall toe-off. 

Note: *In this thesis step time and DST are calculated in milliseconds.  

**In the GAITRite technical reference this is described as base width or base of support. 

 

 

 
Figure 3. 4. GAITRite definitions for gait measures 

(Figure used with permission from CIR systems Inc [6]) 

 

The next section describes the different gait measures used in this thesis. 

Obtaining absolute gait measures 

A trained research assistant removed any incomplete footprints (i.e. half footprints at the 

beginning, end or on the inactive part of the walkway). As there were no differences between 

left and right gait measures, data across all footsteps (both left and right) for each individual 

were averaged to derive mean values for absolute gait measures.  
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Gait speed 

The absolute measure included in this thesis is gait speed at usual pace and fast pace. Walking 

speed reserve (WSR) (the extent gait speed can be increased from usual to fast pace) was 

calculated as,  

𝑊𝑆𝑅 𝑔𝑎𝑖𝑡 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑓𝑎𝑠𝑡 𝑝𝑎𝑐𝑒 𝑔𝑎𝑖𝑡 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑢𝑠𝑢𝑎𝑙 𝑝𝑎𝑐𝑒  

Gait variability 

This thesis includes gait variability in four measures (step length, step width, step time and 

double support time). These were chosen as they 1) represent spatial and temporal gait 

measures in coronal and sagittal planes; 2)  reflect  balance control and rhythmic stepping of 

gait and 3) have previously been associated with frailty, falls, cognitive decline and dementia 

in older people [7-9]. Variability in other gait measures (i.e. stance time, single support time), 

that were strongly associated with some of the selected measures (i.e. step time) were not 

included. For example, the correlation with step time was r=0.95 for stance time and r=0.65 

for single support time. Gait variability was calculated as the standard deviation (SD) of each 

gait measure across all steps of all six walks.  

Cognitive assessment  

Cognitive assessment was conducted by a neuropsychologist using an extensive battery of 

neuropsychological tests. This section will describe the individual tests and how they were used 

to obtain summary scores in 4 cognitive domains and a diagnosis of cognitive impairment. 

The Controlled Word Association Test (COWAT) 

The COWAT is a test of verbal fluency. It assesses the spontaneous production of words in a 

given time and has two parts: the COWAT-FAS and the COWAT-category fluency. COWAT-

FAS involves listing as many words as possible starting with the letter F for one minute. Then 
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the test repeats with letters A and S. Repetitions, use of proper nouns (i.e. Fiona, France) or 

numbers (i.e. four) and, words with different tenses or endings if the root word has been given 

(for example face, facing)  were not allowed. COWAT-category involves listing as many words 

as possible in one given category (i.e. animals) within a minute. Higher scores in COWAT tests 

indicate better function. The COWAT tests have excellent test-retest reliability (within 14-92 

days interval) in older people (ICC=0.88) [10]. The studies included in this thesis used 

COWAT-FAS.  

The Victoria Stroop Test 

The Stroop Test is a test of response inhibition. Different versions of the Stroop test are in use. 

In TASCOG, the Victoria version was used. This test consists of three parts with each part 

consisting of 24 items. 

a. Stroop dots – participants are asked to name the colours of dots printed in different 

colours. 

b. Stroop colours - words (i.e. car, hat) are printed in different colours and participants are 

asked to read the colour the words are printed in. 

c.  Stroop colour words - colour-words are printed in inconsistent colour-ink (i.e. the word 

blue is written in red ink) and participants are asked to name the colour-ink instead of 

the colour-word (see Figure 3.5).  

Stroop effect is the inability to inhibit an over-learned response. In this thesis response 

inhibition was assessed as (Stroop colour words - Stroop colours), accounting for effects of 

processing speed. For each test, time to completion was recorded. Increased time taken 

indicates poorer function. All three parts of the test have excellent test-retest reliability within 

a one-month interval (ICC 0.83- 0.91) [10, 11].  
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Figure 3. 5. Stroop colour word test 

The Wechsler Adult Intelligence Scale-III (WAIS-III) 

The WAIS is a widely used test for general intellectual function. WAIS-III is an extension of 

WAIS-Revised and includes 11 subsets that can be broadly divided into verbal and 

performance tests. This thesis used three of the WAIS-III subsets to assess attention, working 

memory and information processing speed.  

(i) Digit Symbol Coding - A set of numbers are paired with symbols on a key. Two minutes 

are given to go through a grid of random numbers and place the correct symbol on each 

number [12]. The number of correct answers is recorded (Figure 3.6). 

 

Figure 3. 6. Digit symbol coding test 
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(ii) The Symbol Search - A pair of symbols on the right side must be matched with a group 

of five symbols on the left side in a supplemental booklet. The test continues for 2 

minutes. The number of correct answers is recorded (Figure 3.7).  

 

Figure 3. 7. Digit symbol search test 

 

Digit Symbol Coding and the Symbol Search are tests for information processing speed. 

Higher scores in both tests indicate better function. They have high test-retest reliability 

(ICC >0.88) [10]. 

(iii) Digit span – has a forward and a backward component. Participants are required to 

repeat a string of numbers forward (the range: 3 to 9 numbers) and backward (the range: 

2 to 8 numbers), after the examiner. The string starts with three letters but increases in 

difficulty until it includes 8 or 9 numbers. The test stops when a participant makes a 

mistake. Each trial gets a score of 0 or 1. The average of the forward and backward 

components was used as the raw score. Digit span is test of attention-working memory. 

Higher scores indicate better function. The test has a moderate-to-high (ICC =0.66-0.89) 

test-retest reliability [10].  

The Rey Complex Figure copy and delay tasks 

The Rey Complex Figure Copy assesses visuospatial construct ability. This requires copying a 

two-dimensional complex line drawing made of 18 specific elements. Components are either 
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lines, dots or circles (Figure 3.8). Although this is a test of spatial ability it also requires intact 

organisational skills, planning and problem solving and thereby tests executive functions as 

well. The emphasis is to complete the drawing to the best ability of the participant, therefore 

as much time as needed was allowed. Scoring awards 0.5-2.0 points for each element 

considering accuracy, location and distortion (total score=36 points).  

 

Figure 3. 8. Rey Complex Figure 

 

For a delayed reproduction of the figure, participants were requested to draw the figure after 

20 minutes without prior warning. This is used as a test of visual memory. For both immediate 

and recall tests the test- retest reliability (within a 6-month interval) is (ICC = 0.76-0.89) [10]. 

The Hopkins Verbal Learning Test (HVLTR)—Revised  

The HVLTR consists of three main components used to examine different entities of episodic 

memory.  

(i) Total immediate recall - A list of 12 words derived from three semantic categories was 

read aloud by the examiner. Participants were asked to recall as many words as possible 

within three recall trails. 

(ii) Delayed recall - involves recalling the words from the previous list after a 20- to 25-

minutes delay. 

(iii) Recognition memory - a yes/no recognition task in which 24 words are read aloud. 

Participants should decide whether each word was presented in the previous list. 
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The test-retest reliability of three components (14-134 days interval) of the HVLTR is 

(ICC=0.41-0.74) [13]. 

In this thesis, raw scores from each test described above were grouped a-priori and subjected 

to principal component analyses to derive summary scores for domains of executive function, 

processing speed and memory. Table 3.2 summarises the neuropsychological tests included in 

each domain. Additionally, based on test scores, two clinical neuropsychologists determined 

separately if a participant was cognitively impaired or not. Participants were classified as “not 

cognitively impaired” if all test scores under each domain were more than1.5 SD over the age, 

sex and education appropriate norms.  

Table 3. 2. Individual neuropsychological tests included in each domain 

Cognitive domain Neuropsychological test 

Executive function COWAT- category, the Stroop effect, digit span 

Processing speed Digit symbol coding and symbol search 

Memory Hopkins verbal learning test-revised (immediate, recall, 

recognition) and delayed reproduction of the Rey Complex Figure 

Task 

Visuospatial function Rey Complex Figure Task 

 

Sensorimotor function  

In TASCOG, the short version of Physiological Profile Assessment was used to assess 

sensorimotor function [14]. The short version includes 5 of the original tests from the 

comprehensive version of PPA. These tests were identified to be most sensitive in 

discriminating multiple fallers from non-multiple fallers with 75%  accuracy [15]. The tests 

included are edge contrast sensitivity (for vision), proprioception (for peripheral sensation), 

quadriceps strength (for lower extremity strength), finger tapping (for reaction time) and 

postural sway (for balance). Test-retest reliability of the tests, two weeks apart, were in the 
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range of from 0.50 to 0.97 (for ICCs of individual tests refer Lord et al, 2003). The tests in the 

short version of PPA are simple, can be administered within 10-15 minutes and require only 

low-tech portable equipment. Additionally, they provide quantitative measurement of 

sensorimotor functions rather than graded (semi-quantitative) or discrete scores [14]. Each 

component is described in more detail below. 

Postural sway: the body’s displacement (millimetres[mm]) at the waist level was measured 

with a sway metre (Figure 3.9). The sway metre was made of a 40cm horizontal rod. One end 

of the rod was attached to participant’s waist while the other end was attached to a vertically 

mounted pen. The pen records the sway of subjects on a sheet of 2mm graph paper on placed 

on an adjustable higher table. Participants were instructed to stand as still as possible on a 15 

cm thick foam mat for 30 seconds with eyes open and closed. The pen marked the sway on a 

graph paper.  

The total sway (length of the sway path) in both anterior-posterior and medial-lateral directions 

were recorded. In this thesis, the average of sway in both directions was used, separately for 

eyes open and eyes closed conditions. 

 

Figure 3. 9. Postural sway 
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Quadriceps strength: the maximal isometric quadriceps strength of the dominant leg 

(kilograms) was measured. Participants were seated upright on a tall chair with the hip and 

knee bent at a 90◦ degree angle. A spring gauge was attached to the leg (right above the ankle) 

and participants had to push against the strap as strongly as they could (Figure 3.10). The 

average of 3 trials were recorded. 

 

 

 

 

 

 

             Figure 3. 10. Measurement of quadriceps strength 

 

Edge contrast sensitivity: The Melbourne Edge test was used to assess the visual contrast 

sensitivity (decibel units) (Figure 3.11). The test presented 20 circles with edges of different 

contrast and participants had to identify the orientation of the edges on the circles as horizontal, 

vertical, tilted to left or right. Orientation of the edges provides a measure of contrast sensitivity 

in decibel units. The correctly answered lowest contrast patch was recorded to match with the 

grades provided.  

 

 

 

 

 

 

Figure 3. 11. The Melbourne Edge test  
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Proprioception: perception of joint and body segments or movement in the space was measured 

with a lower limb matching task (Figure 3.12). Participants were seated on a stool. A vertical 

clear acrylic sheet was placed between the seated participant’s legs. They were asked to place 

the great toe of each foot at the same position on the opposite side of the sheet. A practice trails 

with eyes open was allowed and the test trail was performed with eyes closed. The difference 

between the toes were recorded in degrees. The average of 5 trials was used. 

 

 

 

 

 

 

Figure 3. 12. Proprioception measurements 

 

In addition to the sensorimotor functions described above, Chapter 4 included hand grip 

strength measured using a bulb dynamometer. The average of two measurements of the 

dominant and non-dominant hand (in pounds per square inch) was used.  

Brain structure 

This thesis examines associations between grey matter networks (Chapter 5) and regional 

cortical thickness (Chapter 6) with individual gait variability measures.  A 1.5 Tesla (T) scanner 

(LX Horizon, General Electric, Milwaukee, WI) was used in the image acquisition. The 

standard MRI protocol was as follows: 
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 High resolution T-1 weighted spoiled gradient echo (SPGR) scans [TR 35ms, TE 7ms, flip 

angle 35o, field of view 24 cm, voxel size 1 mm3] comprising 120 contiguous slices per 

subject. 

 Axial 3-dimensional T-2 PD (proton density) weighted fast spin echo images (TR = 4300   ms; 

TE = 30, TE = 120ms; NEX = 1; turbo factor = 48; voxel size =0.89 mm x 0.89 mm x 3 mm)  

 Axial Gradient Echo sequence TR 800, TE 15, flip 30o, thickness 7/0. 

 Axial FLAIR (fluid attenuated inversion recovery) sequence TR 8802, TE 125, TI 2200, 3mm 

contiguous thickness. 

MRI pre-processing to obtain grey matter probability maps  

Before explaining the pre-processing, I will briefly explain  some terminology and software 

used in the pre-processing steps in Table 3.3. 

Table 3. 3. Terminology and software used in pre-processing steps 

Terminology  

Anterior commissure and posterior 

commissure line  

Anterior and posterior commissures are 

interhemispheric white matter tracts. It is a 

reference plane widely used in axial imaging. 

This is a horizontal line, on the midsagittal plane 

that passes through the superior edge of the 

anterior commissure to the inferior edge of the 

posterior commissure 

Statistical Parametric Mapping (SPM) 

software  

A software used in the analysis of brain imaging 

sequences 

Voxel based morphometry  

 

A whole brain, voxel to voxel comparison of 

amount of brain matter (grey matter, white 

matter, cerebrospinal fluid) [16].  
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Diffeomorphic Anatomical Registration 

Through Exponentiated Line Algebra 

(DARTEL) 

An algorithm used for image registration and 

segmentation of brain matter in voxel-based 

morphometry.  

Firstly, T1 images were manually oriented to the anterior-posterior commissure line and 

processed using SPM12. Each image was analysed using voxel-based morphometry and 

segmented into grey and white matter and cerebrospinal fluid using the DARTEL algorithm.  

(segmentation produces grey matter, white matter and cerebrospinal fluid map for each 

participant). These tissue probability maps were created in the space of the original T1-

weighted image (native space) and normalised into Montreal Neurologic Institute (MNI) space 

(a widely used coordinate system). Finally, isotropic Gaussian kernel with full width at half 

maximum =8mm was used to smooth the images. For the analysis used in this thesis only grey 

matter probability maps were used. The process is shown in the schematic below (Figure 3.13). 
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Figure 3. 13. MRI pre-processing for covariance analysis 

The following section will describe the process of obtaining grey matter covariance patterns 

by subjecting the grey matter probability maps to a whole-brain, multivariate covariance-based 

Align the T1 images to the anterior-posterior commissure line 

Process using SPM12  

Analyse each image using VBM and segment using DARTEL into grey and white matter and 
cerebrospinal fluid  

Examine each grey matter image for proper segmentation 

Transform data from each image to a template in MNI space 

Smooth the image using an isotropic Gaussian kernel 
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analysis. All analyses were performed in the principal component analysis suite (PCA_suite_f) 

(http://www. nitrc.org/projects/gcva_pca) [17, 18], a brain imaging analysis software package. 

Step 1- grey matter probability maps of each participant (obtained from the MRI pre-processing) 

were uploaded to PCA_suite_f and masked with a grey matter mask provided by 

SPM12. This was to ensure only the voxels with more than 20% probability of being 

grey matter would be used in the subsequent analyses. 

Step 2 - overall participant means were subtracted from each voxel. 

Step 3 - principal component analysis (PCA) was performed on the image array. PCA provided 

a specific set of principal components (grey matter voxels that co-vary) and participant 

specific expression scores associated with those principal components (these scores 

reflect the degree to which a participant may show a pattern). 

Step 5 - linearly combined PCA participant expression scores were regressed against gait 

variability to compute grey matter volume covariance patterns associated with each 

individual gait variability measure. For this, the best fit linear combination of the 

principal components was selected using Akaike Information Criterion (AIC) 

provided by SPM 12. The best model fit is the best trade-off between over and under-

fitting of the outcome measure. The programme offers a list of best model fits to 

choose from. 

Step 6 - the stability of each voxel in a covariance pattern was examined by executing a 

behavioural fit bootstrap resampling [19]. After resampling, an inverse-coefficient-of-

variation (ICV) map was generated (and written into an internal folder) with the 

extrema on the ICV map shown on screen (e.g.“extrema on the most current ICV map: 

-1.6443 15761”). The ICV map contains the covariance pattern associated with a 

specific gait variability measure. The extrema represents the reliability of voxel 
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contribution to that specific pattern. The conventional threshold for reliability is 2. If 

the loading of a voxel is less than 2 (<2 or >-2), this means the voxel is less reliable. 

But it may still contribute to the overall covariance pattern in combination with other 

voxels in the pattern.  

Step 7 - The ICV maps were later imported into image viewers to identify specific brain regions 

in a covariance pattern. A covariance pattern consists of positive and negative loadings. 

In the context of our analyses, a positive loading indicates greater grey matter volume 

associated with greater variability (worse performance) whereas a negative loading 

indicates smaller grey matter volume associated with greater variability.  

MRI pre-processing to obtain regional cortical thickness  

In Chapter 6, to obtain regional cortical thickness, pre-processing was performed using 

FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/). FreeSurfer is an automated 

neuroimaging analysis software package. It processes brain images and provides summary 

statistics of a large range of macroscopic anatomical features such as cortical thickness, volume, 

surface area. FreeSurfer pipeline takes each T1 image through two processing streams: first a 

volume stream and then a surface stream [20]. The steps in the pipeline are briefly explained 

below. The analyses used in this thesis were based on cortical thickness measures obtained 

from the surface-based stream (steps 5 to7).  

Step 1: Intensity normalization - the magnetic resonance fields inside MRI scanners are not 

uniform. This may cause non-uniformity in the brightness of images across sides (eg. 

right side could be brighter than the left). The first step in FreeSurfer is correcting for 

this bias. 

Step 2: Skull stripping - removing of all non-brain tissue (i.e. skull, eyes, dura). 
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Step 3: Automatic labelling - volumetric labelling of subcortical grey matter, cerebral white 

matter, cerebellar matter. 

Step 4: White matter segmentation - separation of white matter from other tissues. 

Following step 4, an .mgz output file (Figure 3.14.a) is created. This .mgz file is used 

to extract the cortical surface after topography correction. This correction uses an 

algorithm to fill in the gaps in the cortex (i.e. the medial aspects of the hemispheres that 

are not entirely covered by grey matter) and then the cortical surface is extracted (Figure 

3.14.b. & c). Once this step was completed a brain mask (already created in SPM 12 by 

aligning T1 and FLAIR images) was introduced to the pipeline to correct for 

segmentation errors that may occur due to white matter hyperintensities in T1 images. 

 

Figure 3. 14.  FreeSufer .mgz & .orig files a) the wm.mgz file showing WM volume. b) the 

filled .mgz  c) the .orig file of the cortical surface, converted from the filled .mgz file. In 

the .orig file gyri are in green and sulci are in red. Each hemisphere has a separate .orig file. 

 

Step 5: Cortical surface reconstruction - in FreeSurfer, cortical surface is a mesh that contains 

triangles distributed throughout the cortex (Figure 3.15). The intersections of these 

triangles are known as vertices. Each vertex has x, y, z coordinates which are used to 

obtain the distances between areas.  
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Figure 3. 15. FreeSurfer surface model made of vertices 

 

Step 6: White and pial surface creation: FreeSurfer creates two surfaces (Figure 3.16): 1) white 

surface by separating grey matter from white matter 2) pial surface by separating grey 

matter from pia matter. Pial surface is made by expanding the white surface so that both 

surfaces have the same number of vertices. Cortical thickness is measured as the distance 

between white and pial surfaces and calculated using the number of vertices in between 

the surfaces. 

 

Figure 3. 16. White and pial surfaces in FreeSurfer 
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Step 7: Spherical registration and automatic cortical parcellation - each image of a participant 

is aligned to a spherical atlas (a high dimensional, non-linear registration) and fine-tuned 

based on individual anatomy (Figure 3.17).  

 

Figure 3. 17. Spherical inflation (a) & spherical registration (b,c) 

 

Once T1 images are processed through the pipeline, FreeSurfer produces summary statistics 

(including the average cortical thickness) for each cortical region. The atlas used in the analyses 

of this thesis (Deskin-Killiany) divides the cortex of each hemisphere into 34 brain regions 

[21]. In addition to regional cortical thickness, Chapter 6 used the global cortical thickness of 

the cortex, calculated as the average of hemispheric thickness obtained from FreeSurfer.  

Covariates 

Demographics 

Information on age, sex and level of education were self-reported using a questionnaire. Height 

was measured with a Leicester height stadiometer. Weight was measured with a Heine Portable 

Professional Adult Scale 737. Height and weight measurements were used to calculate the 

Body Mass Index (BMI) of each participant. 

Medical history 

Health and medical history data were obtained using a questionnaire. For medical conditions, 

the questions were based on whether participants had been diagnosed with the condition by a 
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medical doctor. The questions on cardiovascular risk factors and conditions (hypertension, 

hypercholesterolemia, ischemic heart disease, diabetes mellitus, stroke) and lower limb 

arthritis were included in this thesis.  

Mood 

The Geriatric Depression Scale (short scale) was used to assess mood. Those with a score of 

>5 were classified as depressed [22].  

ApoE4 genotype 

ApoE4 was derived from whole blood DNA. Participants with at least one copy of ApoE4 

allele were classified as ApoE4 positive. 

Data analysis 

Methods of data analysis will be described in individual chapters. Chapters 4 and 7 in this thesis 

used linear mixed effect models in the data analysis. In Chapter 4, the fixed effects included 

were time, baseline age, sex, education and other baseline covariates (in separate models). 

Subject ID was included as the random effect. In chapter 7 different gait characteristics (in 

separate models), time, age, sex and education were included as fixed effects while subject ID 

was included as the random effect. These linear mixed effect models were unstructured and 

used maximum likelihood estimation.  

The next section will describe the sample, materials and methods used in Chapter 8 of this 

thesis. 

3.3 The Tasmanian Healthy Brain Project (THBP) 

Chapter 8 is a sub-study of the Tasmanian Healthy Brain Project. The aim of the study was to 

identify the dual-task tests (interference conditions) and measures (e.g. gait interference or total 
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interference) that were most strongly associated with poorer cognition in people without 

dementia.  

Study sample 

The Tasmanian Healthy Brain Project (THBP) is a longitudinal study that aims to examine the 

effects of late life university education (non-randomised intervention group) to protect against 

cognitive decline and dementia [23]. Those in the experimental group were enrolled into a 12-

month university education programme (full or part time). Participants were recruited into the 

THBP between 2011 and 2014 through general advertising. Participants were aged between 

50-79 years at the study entry. The inclusion criterion was living in the community and the 

exclusion criterion was the presence of any medical, psychological and psychiatric conditions 

that could be independently associated with cognitive impairment (eg. dementia, Parkinson’s 

disease, multiple sclerosis).  

The gait sub-study in this thesis started in the late half of 2018. Participants from the THBP 

were recruited via newsletters and follow up visits (4th to 6th). For this study, people with 

dementia and difficulty walking without a gait aide were excluded. Ethical clearance was 

obtained from the Human Research Ethics Committee of Tasmania (H0017347) and written 

consent was obtained from all participants. 

Single task gait assessment  

Gait assessment was conducted with a ZenoTM electronic walkway (Zenometrics LLC, 

Peekskill, NY) that is connected to a laptop that contains the Prokinetics Movement Analysis 

software (PKMAS). Like the GAITRite system, PKMAS assesses temporal and spatial gait 

measures. In a sample of healthy older people (n=30), the concurrent validity of the ZenoTM 

walkway and PKMAS software, against the GAITRite system was in the range of ICC(2,5), 
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0.45 to 0.85 (at the preferred walking speed) for temporal gait measures, corresponding to 

moderate to excellent concurrent validity. Excellent concurrent validity (ICC(2,5), 0.72 to 0.91) 

was observed for spatial measures [24]. (Note: ICC(2,5) refers to that each subject is measured 

by 5 raters. The raters are representative of a larger population of similar raters. The reliability 

is calculated as the average of 5 raters’ measurements)  

The ZenoTM walkway is 6.4-metre-long. For single-task gait assessments, each participant 

completed 4 passes up and down the walkway at their usual walking speed. A walk started 1.5 

metres before and completed 1.5 metres after the walkway to ensure steady pace walking. 

Participants completed a practice trial prior to testing. The assessment was completed in a quiet, 

well-lit room with participants wearing their own footwear.  

Single-task cognitive assessment 

Single-task cognitive assessment was conducted while participants performed three cognitive 

tasks separately in a standing position. Each task was conducted for 30 seconds. The cognitive 

tasks were: 

1) Reciting alternate letters of the alphabet (ST-alpha) - participants were asked to recite 

every other letter of the alphabet out loud starting with A and re-starting with A if they 

reached the end of the alphabet.  

2) Counting backwards in 3s (ST-counting) - participants were asked to count backwards in 

3s starting from 200. 

3) Recalling words from a 10-word shopping list (ST-recall) - an examiner read out a list of 

10 words from a shopping list. Participants were asked to repeat the words after the 

examiner.  

Figures 3.18 to 3.20 show the answer recoding sheets for all three tasks. For each task all 

answers were recorded. In Figures 3.18 and 3.19,  blue circles indicate correct answers whereas 
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red circles indicate incorrect answers. A corrected response rate (CRR) was created using the 

following formula, to account for accuracy of the responses. 

𝐶𝑅𝑅
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟𝑠 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑙 𝑎𝑛𝑠𝑤𝑒𝑟𝑠
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑠𝑤𝑒𝑟𝑠 𝑝𝑒𝑟 𝑚𝑖𝑛 

 

Figure 3. 18. Answer recording sheet for ST-alpha 

 

 

Figure 3. 19. Answer recording sheet for ST-counting 
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Figure 3. 20. Answer recording sheet for ST-recall 

 

Dual-task gait and cognitive assessments 

For dual-task assessments, participants walked at their usual speed (as explained in the single- 

task gait) whilst performing each of the cognitive tasks in separate tests. Gait speed and the 

number of responses were recorded during each test. As we were interested in examining the 

default walking patterns (see dual-task interference patterns explained below) adopted by 

participants, no instructions were given on task prioritisation (walking versus cognitive task). 

The three dual-task tests were as follows: 

1) Reciting alternate letters while walking (dual task alpha/DT-alpha) - participants were 

asked to start with letter “B” and re-start with “B” if they reached the end of the alphabet. 
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2) Counting backwards in 3s while walking (dual task counting/DT-counting)- 

participants were asked to count backwards in 3s starting from the number “210”  

3) Recalling words from a shopping list - a list of words different to that of single task 

recall were read out by the examiner. Participants were asked to recall the words out 

loud, immediately after the examiner finished reading out the list. 

To minimise the practice and fatigue effects, single- and dual-task tests were alternated 

between two pre-specified test protocols according to the sequential order of recruitment.  

Calculating dual-task interference  

Dual-task interference was calculated as the difference in gait (gait speed) and cognitive 

performance (the number of correct answers per minute, CRR) between single- and dual-task 

assessments. The formula was as follows.  

𝑔𝑎𝑖𝑡 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 𝑔𝑎𝑖𝑡 𝑠𝑝𝑒𝑒𝑑𝐷𝑇 𝑔𝑎𝑖𝑡 𝑠𝑝𝑒𝑒𝑑 𝑆𝑇   

𝑔𝑎𝑖𝑡 𝑠𝑝𝑒𝑒𝑑𝑆𝑇
100% 

For example, for a person with a gait speed of 120 cm/s during single-task  and 115 cm/s during 

DT-alpha, the gait interference calculated using the above formula would be -4.17%. Total 

dual-task interference was calculated as the summed interference in gait and cognition.  

Based on interference to both gait and cognitive performance, Plummer et al (2013) introduced 

a dual-task interference framework which included 9 patterns [25]. Table 3.4 and Figure 3.21 

summarise the different dual-task interference patterns. In this thesis dual-task interference 

patterns under each test were also used as dual-task measures. Currently, there is no cut-off 

point of a minimal clinically important difference value. In this thesis, 10% of dual-task 

interference was used as the cut-off [26]. 

Table 3. 4. Dual-task interference patterns 
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Interference patterns  

No interference  No change in gait and cognitive performance 

Gait interference Decline in gait performance with no change in cognitive performance 

Cognitive interference Decline in cognitive performance with no change in gait performance 

Mutual interference Decline in gait and cognitive performance 

Gait facilitation Improved gait performance with no change in cognitive performance 

Cognitive facilitation Improved cognitive performance with no change in gait performance 

Mutual facilitation Improved gait and cognitive performance 

Cognitive priority trade-off Improved cognitive performance with decline in gait performance 

Gait priority trade-off Improved gait performance with decline in cognitive performance 

 

 

Figure 3. 21. Dual task interference patterns framework. The figure is from Plummer et al. 

(2015). Note: DTE: dual-task effect. For example, changes in gait performance during dual-

task walking is shown in y-axis. If there’s decline in gait performance (-DTE) but with no 

change in cognitive performance this is shown as gait interference. 
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Cognitive assessment 

Table 3.5 summarises the tests that were used to assess different cognitive domains. Although 

some neuropsychological tests may represent multiple domains, for the purpose of this thesis 

the tests were a priori grouped as follows. To represent global cognitive performance a 

summary measure was calculated by subjecting the raw scores from all individual tests to 

principal component analysis. 

Table 3. 5. Individual neuropsychological tests  

Cognitive domains Neuropsychological tests 
Processing speed Digit Symbol Coding subsets of the Wechsler Adult Intelligence 

Scale-III 

Working memory Digit Span subsets of the Wechsler Adult Intelligence Scale-III 

Executive function Trail Making Tests A & B 

Verbal fluency Controlled Word Association Test-total (COWAT using the letters 
F, A, S) 

Visuospatial function Rey Complex Figure Task immediate 

Episodic memory  List A recall and recognition of Rey Auditory Verbal Learning 
(RAVLT) test 

 

In the next section, the tests that were not explained under the TASCOG study will be briefly 

explained.  

Trail Making Test (TMT) A & B 

The TMT assesses the sub-domains of executive functions including attention, mental 

flexibility, planning and sequencing [27]. TMT-A involves connecting circled numbers by 

drawing lines in sequence (from 1 to 2, 2 to 3 etc) as fast as possible. TMT-B involves drawing 

lines connecting alternating numbers and letters (from 1 to A, A to 2, 2 to B etc) (Figure 3.22) 

and thereby is more complex and requires mental shifting to a greater degree than TMT-A. In 
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this thesis TMT interference (TMT-B – TMT-A) was used, to account for effects of processing 

speed and obtain a measure of executive function. Lower interference indicates better function. 

The test-retest reliability for TMT-A was in the range of ICC=0.69-0.94 and for TMT-B in the 

range of ICC=0.66-0.86 [10].  

 

Figure 3. 22. Trail making test part B 

 

Rey Auditory Verbal Learning Test (RAVLT) 

The RAVLT is a test of verbal learning and memory. It is comprised of list A and B recall and 

recognition tests. 

Recall tests- consist of two lists of words (list A and B), each with 15 nouns. Each list is read 

out by an examiner and participants are asked to listen carefully and repeat back immediately 

after the examiner. Five trials are allowed.  
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Recognition tests- the word lists are made of a matrix array which has 50 words including those 

in lists A and B  with an additional 20 words (phonemically or semantically similar to those in 

lists A and B). An examiner reads out the list of words and participants are asked to listen to 

each word and tell if they can recognise the word from the previous list. 

This thesis used List A-recall and recognition. Higher scores indicate better function. Test-

reliability of RAVLT (6-14 days interval) in older people was found to be moderate (0.77 for 

list A recall) [10].  

Data analysis 

Data analysis is described in detail in Chapter 8.  

3.4 Postscript 

This chapter described the study samples and methods employed to measure the variables used 

in the studies included in this thesis. Chapters 4 to 8 will include the individual studies that 

were conducted to examine the thesis aims.  The following chapter will examine the first aim 

of this thesis.  
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4. Medical, sensorimotor and cognitive factors associated with 

gait variability: a longitudinal population-based study 

 

4.1 Preface 

The previous chapter described the materials and methods that were used in the individual 

studies of this thesis. This chapter examines two issues related to change in gait variability over 

time. Firstly, despite cross-sectional associations between age and gait variability [1], little is 

known regarding what happens to gait variability over time with ageing, in older people 

followed up over time. Secondly, little is known about whether there are factors that may 

influence any change in variability over time. Understanding if gait variability increases over 

time, and if there are modifiable factors that are associated with any change may assist 

development of preventative interventions for associated adverse health outcomes (i.e. falls) of 

gait variability.  

The text in this chapter has been published [2].  

4.2 Introduction 

An estimated 30-35% of adults aged 70 and older have abnormal gait [3], increasing the risk 

of falls, hospitalization and institutionalization [3, 4]. Traditionally, changes in gait speed are 

used as markers of gait dysfunction.  However, a growing body of literature has investigated 

intra-individual gait variability, the fluctuation in the value of a gait parameter from one step 

to the next [1].  Gait variability is potentially a more sensitive predictor of adverse events such 

as falls [5-7].  The sheer increase in the global older population [8] and the high prevalence of 

gait impairments make understanding how gait variability changes in older age and what 

factors might predict this change an important topic for investigation.  
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Evidence on whether age is associated with gait variability is limited to cross-sectional studies.  

Most studies have compared gait variability between younger and older people [9-18], 

reporting either no age-related differences [10, 11], or greater variability in spatial [9, 12, 13, 

16-18] and temporal measures [13, 14] in older age groups.  In studies of just older people, 

advancing age was associated with greater spatial [1, 19, 20] and temporal variability [1, 20-

22].  However, the majority of studies are from small samples of volunteers or older adults 

from geriatric or rehabilitation clinics [10-13, 15-17], limiting generalizability.  

Longitudinal studies would assist in better understanding the role of ageing on gait variability. 

Furthermore, despite cross-sectional associations between poorer physical [13, 23-25] and 

cognitive function [26-28] with greater gait variability, no studies to our knowledge have 

examined the factors that may modify longitudinal changes in gait variability.  Such 

information is clinically important in determining individuals at increased risk of declining gait 

and hence adverse outcomes such as falls. 

Therefore, the aims of this study are in a population-based sample of older people: 1) to 

examine the longitudinal associations between age and a range of temporal and spatial gait 

variability measures; 2) to examine the demographic, medical, sensorimotor and cognitive 

factors that predict overall mean gait variability and its change over time.  

4.3 Materials and methods 

Study participants 

The Tasmanian Study of Cognition and Gait (TASCOG) is a population based longitudinal 

study of gait, cognition and brain imaging in older people. A community dwelling sample of 

adults aged between 60-85 years (n=431) were randomly selected from the Southern 

Tasmanian electoral roll. Participants were excluded if they were institutionalized or had any 

contraindication to MRI (a requirement of the parent study). Individuals were also excluded 
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(Figure 4.1) if they had a history of dementia (n=3), Parkinson’s disease (n=2), missing gait 

data (n=9), used a walking aid (n=6), or were unable to follow simple commands in English 

(n=1). Ethical clearance was obtained from the Southern Tasmanian Health and Medical 

Human Research Ethics Committee and written consent was obtained from all participants. 

The inception cohort, assembled from January 2005 (baseline), followed-up in March 2008 

(phase 2) and March 2010 (phase 3) used identical methods. 

 

Figure 4. 1. Study flow chart 

 

Gait assessment  

Spatial and temporal measures of gait were determined from the footfalls recorded on the 

GAITRite system, a 4.6 meter computerized walkway, (GAITRite system, CIR Systems, PA, 
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USA), with excellent test-retest reliability [29].  Each participant completed six walks at their 

preferred speed.  To allow for acceleration and deceleration participants walked 2 meters before 

and after the walkway. Gait speed (cm/s) was directly obtained from the GAITRite software 

and  intra-individual variability of 2 spatial (step length, step width) and 2 temporal (step time, 

and double support time (DST)) gait measures were calculated as the standard deviations (SD) 

of all steps over the six walks as previously described [1]. Gait variability is commonly 

quantified as either the SD or the coefficient of variation (CoV = (SD/mean) × 100). Here we 

use the SD in order to report change in variability in each of the gait measures’ original units. 

Variability in these gait measures were selected as they have previously been found to be 

associated with advancing age [1, 12, 13] and risk of falls  [5, 6, 21], and represent both spatial 

and temporal parameters in the sagittal and frontal planes [1, 26].  Variability in stance and 

swing time, although having been examined in prior cross sectional analyses [10, 12, 22], were 

not included due to high correlations with step time variability (stance time variability r=0.86; 

swing time variability r=0.80). Single support time was also not considered since it is the 

opposite of DST. 

Baseline covariates  

The following demographic, medical, sensorimotor and cognitive factors were assessed at 

baseline. Demographic variables included age, sex and level of education (summarized into a 

binary variable using high school level education and below as the cut off). Height (cm) and 

weight (kg) were recorded to calculate the body mass index (BMI).  

Medical History: Presence of lower limb arthritis and cardiovascular diseases (CVD; 

hypertension, hypercholesterolemia, ischemic heart disease, stroke and diabetes mellitus) were 

recorded with a standardized questionnaire. CVDs were grouped into a summary binary 

variable based on the presence or absence of any CVD.  Mood was assessed using the Geriatric 
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Depression Scale (short version). Participants were classified as depressed, based on a score 

of >5.  

Sensorimotor factors:  

Postural sway, quadriceps strength, edge contrast sensitivity and proprioception were measured 

with the short form of Physiological Profile Assessment [30].  

1) Postural sway: measured on a foam mat for 30s with the eyes open (EO) and eyes closed 

(EC) (sum of maximum medial-lateral and anterior-posterior sway (mm); no upper limit)   

2) Quadriceps strength: the maximal isometric quadriceps strength of the dominant leg (kg) 

measured in sitting (up to 100kg; >30kg is considered excellent) 

3) Edge contrast sensitivity: an indicator of visual contrast sensitivity (measured using the 

Melbourne edge test (dB); range 0-24)  

4) Proprioception: perception of joint and body segments or movement in the space [31] 

(measured with a lower limb matching task using a vertical clear acrylic sheet placed between 

the seated participant’s legs; no upper limit; values of < 1 degree considered good)  

5) Grip strength was quantified with a bulb dynamometer as the average of two measurements 

of dominant and of non-dominant hand (pounds per square inch).  

Cognitive function:  

The following tests were used to measure cognition: a) Executive function: the Controlled 

Word Association Test (as many words as possible in one minute; using the letters F, A, and 

S), the Victoria Stroop test (to correct for processing speed the difference in time to compete 

Stroop colour test– Stroop word test was used); b) Processing speed-attention: the Symbol 

Search (range 0-60), Digit Span  (range 0-16) and Digit Symbol Coding( range 0-133) of 

Wechsler Adult Intelligence Scale-III,  c) Visuospatial function: the Rey Complex Figure copy 
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task (range 0-36) and d) Memory: the Hopkins Verbal Learning Test—Revised (Immediate 

recall (range 0-36), delayed recall (range 0-12), recognition range (0-12) ) and a 20 minutes 

delayed reproduction of the Rey Complex Figure copy task (range 0-36). Raw test scores were 

grouped and subjected to principal component analyses deriving summary components for 

domains of executive function, processing speed-attention, memory and visuospatial ability as 

previously described [32].   

Data analysis  

STATA (StataCorp LLC Texas, USA) version 15.0 was used in all the analyses.  

Changes in gait variability over time 

Longitudinal associations between time and gait variability were examined using linear mixed 

effects models.    The residual distributions of the step time and DST conditional models, when 

assessed for normality, showed positive skewness. Therefore, step time variability was 

transformed using 1/Y1 and DST variability by 1/(Sqrt(Y), which were chosen based on the 

results of a likelihood maximization procedure (STATA boxcox). Variables were back 

transformed for presentation of results. Non-linear changes in gait variability over time were 

examined using a quadratic effect of time. The model building procedure was as follows. 

Models were firstly adjusted for a priori confounders baseline age, sex and education. 

Interaction terms between time and each baseline covariate were then tested in separate models 

to determine if the covariate modified changes in each gait variability measure over time.  Next, 

each covariate was tested individually to determine whether they were associated with gait 

variability over time.  Finally, we built models using the significant interactions and predictor 

covariates from individual models in a stepwise fashion, with variables retained only if they 

remained significant. Although not a major aim of this study, but to allow for comparisons with 
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other studies, models were also built to assess longitudinal changes in gait speed and the other 

absolute gait measures.  

There was considerable participant attrition between baseline and the follow-up phases.  Linear 

mixed effects models are able to provide an unbiased estimate of the regression coefficients in 

the case of such attrition, provided the reasons for drop-out depend only on the observed data 

[33].  There was no reason to believe otherwise in the case of this data.  Attrition was found to 

depend on some outcome measures at baseline, and provided the model is correctly specified 

in relation to these variables, estimates of coefficients are unbiased. 

4.4 Results 

Sample characteristics 

Table 4.1 summarizes participant characteristics (n=410). 
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Table 4. 1. Baseline characteristics of the study sample (n=410). This table summarizes the 

demographic, medical, sensorimotor, gait and cognitive characters of the sample at baseline. 

Variable                 Mean SD or Frequency % 
 

Age (y), mean, SD 72.0 7.0 

Male, n, % 233 56.8 

Greater than high school education, n, % 200 46.4 

BMI [kg/m2], mean, SD 27.9 4.7 

Self-reported medical history, n %   

         Hypertension 203  49.5 

         High Cholesterol 176  42.9 

         Angina 56  13.7 

         Myocardial Infarction 58  14.2 

         Diabetes Mellitus 51  12.4 

         Stroke 36  8.8  

Prevalence of any CVD, n % 288 70.4 

Lower limb arthritis, n % 142 35.2 

Depression, n %  37   9.0 

Postural sway (EO) [mm] , mean, SD 41.4 17.5 

Postural sway (EC) [mm], mean, SD 77.8 38.4 

Quadriceps strength  [kg], mean, SD 31.8 12.2 

Proprioception [degrees], mean, SD 2.7 1.9 

Edge contrast sensitivity [dB], mean, SD 20.1 2.4 

Grip strength [psi], mean, SD                 29.3  9.2 

Gait characteristics, mean SD   

       Gait speed[cm/s]  113.8 21.2 

       Step length variability[cm] 2.7 1.0 

       Double support time variability[ms] 20.7 10.6 

       Step width variability[cm]  2.1 0.7 
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       Step time variability [ms]  22.2 13.2 

Cognitive tests   

     COWAT (words/min) 35.8  13.3 

     Stroop dots (seconds) 15.9  5.0 

     Stroop words (seconds) 21.6  8.1 

     Stroop colours (seconds) 35.8 13.3 

     Digit span (number correct) 15.8  3.8 

     Digit symbol coding (number correct) 49.6  15.2 

     Symbol search (number correct) 22.4   7.8 

     Hopkins immediate recall(number correct) 21.8   6.1 

     Hopkins delayed recall (number correct) 7.5   3.1 

     Hopkins recognition  (number correct) 9.9   2.0 

     Rey complex figure copy(number correct) 31.9   4.9 

     Rey complex figure delay(number correct) 14.7   6.9 

SD, standard deviation; BMI, Body Mass Index; CVD, cardiovascular disease; EO, eyes 

open; EC, eyes closed; COWAT=Controlled Oral Word Association Test; mm, millimeter; 

kg, kilograms; ms, milliseconds; cm, centimeter; dB, decibel; psi, pounds per square inch
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Longitudinal association of gait variability  

Significant increases, independent of baseline age, sex and level of education, were seen in step 

length variability (β 0.028 95%CI 0.004 to 0.052; p=0.02), resulting in an increase of 0.14 cm 

over 5 years and in DST variability (β 0.223 95%CI 0.091 to 0.355; p=0.001), indicating an 

increase of 1.12 ms over 5 years. The findings for variability of step time (β 0.085 95%CI -

0.039 to 0.208; p=0.18, corresponding to an increase of 0.43 ms over 5 years) and step width 

(β -0.001 95%CI -0.018 to 0.017; p=0.94, a decrease of 0.005cm over 5 years) were non-

significant. No evidence was found for non-linear changes in gait variability over time. 

Modifiers and predictors of gait variability  

For step length variability the interaction between CVD and time was significant (p-value for 

interaction=0.03), indicating greater increases over time in the presence of baseline CVD.  For 

DST variability the interaction between education and time was significant (p=0.01), indicating 

greater increases over time in people with lower levels of education.  Although step width 

variability did not increase over time on average, the interaction between quadriceps strength 

and time was significant (p=0.02), indicating greater increases in those with weaker quadriceps 

muscles.  None of the interactions for step time variability were significant (p>0.05). Table 4.2 

shows the effect of each of these interactions on the time coefficient.  Table 4.3 shows the 

associations between factors tested one at a time with gait variability, adjusted for time terms 

and a priori confounders (age, sex, education). 

Table 4.4 shows final models for the four gait variability outcomes.  The model for step length 

variability included a CVD time term (p=0.04), arthritis (p=0.01), postural sway (EC) 

(p<0.001) and BMI (p=0.04). The model for DST variability included the education time term 

(p=0.04), postural sway (EC) (p=0.002), BMI (p<0.001) and processing speed (p<0.003). The 

final model for step width variability included a quadriceps strength time term (p=0.01) and 
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postural sway (EC) (p<0.001).  Although step time variability did not change over time, greater 

BMI (p=0.03), arthritis (p<0.001), lower quadriceps strength (p=0.02), greater postural sway 

(EC) (p<0.001) and slower processing speed at baseline (p<0.001) were associated with greater 

mean variability over the 3 phases. 
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Table 4. 2. Longitudinal changes of gait variability over time (n=410). This table shows changes in individual gait variability measures per year; Any 

change modified by demographic, medical, cognitive or sensorimotor factors is shown by presenting change over time at high and low values of the 

baseline covariate 

 

 Step length variability, cm DST variability, ms Step width variability, cm Step time variability, ms 
 β 95%CI β 95%CI β 95%CI β 95%CI 
Total change over time, per year:       0.085  -0.039,  0.208 

No CVD -0.009 -0.050,   0.033       
Presence CVD  0.046  0.017,   0.075       
Low education   0.431  0.233,   0.629     
High education   0.048 -0.175,   0.271     

25%* of quad strength     0.012 -0.010,   0.033   
50% *of quad strength     -0.002 -0.019,   0.016   
75%* of quad strength     -0.016 -0.037,   0.004   

All models were adjusted for age, sex and education; Due to interactions with time, change depends on CVD status, educational level or quadriceps 

strength depending on the variability measure. No other interactions effects were significant and are therefore not presented. Abbreviations: CVD, 

cardiovascular disease; kg, kilograms;quad, quadriceps;* meaning the 25th, 50th and 75th percentiles of quadriceps strength. Note: β refers to the 

unstandardized coefficients obtained from the output of linear mixed effect models. 
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Table 4. 3. Associations between medical, sensorimotor and cognitive factors with gait variability in individual models (n=410). The effect of each 

baseline covariate on the average of gait measures over 3 phases.  

 
 Step length variability, 

cm 

DST variability, ms Step width variability, 

cm 

Step time variability, ms 

 β 95%CI β 95%CI β 95%CI β 95%CI 

CVD       0.153 -0.626,   0.932 0.111  -0.000,  0.223 0.399 -0.406,   1.203 

Arthritis 0.228  0.075,    0.381    1.289   0.487,   2.091 -0.026 -0.138,   0.085 2.439 1.526,   3.352 

BMI [kg/m2] 0.020  0.004,    0.036 0.149   0.076,   0.221 -0.005 -0.016,   0.006 0.106 0.031,   0.181 

Postural sway (EC) [mm]  0.003  0.002,    0.005 0.013  0.004,   0.022 0.002 0.001,   0.003 0.022 0.012,   0.031 

Postural sway (EO) [mm] 0.001 -0.001,    0.004 -0.001 -0.017,   0.014 0.001 -0.001,   0.003 0.007 -0.008,   0.022 

Quadriceps strength [kg] -0.008 -0.014,   -0.001 -0.045  -0.082,  -0.008   -0.071 -0.112   -0.031 

Proprioception [degrees] 0.065 0.038,    0.092 0.394 0.227,   0.562 0.025  0.006,   0.044 0.306 0.145,    0.468 

Edge contrast sensitivity [dB] -0.050 -0.075,   -0.026 -0.165 -0.299,  -0.030 -0.013 -0.030,   0.004 -0.191 -0.324,  -0.058 

Grip strength [kg] 0.005 -0.018,    0.028 -0.057 -0.140,   0.026 -0.008 -0.025,   0.008 -0.072 -0.132,   -0.012 

Depression 0.068 -0.211,    0.346 0.237 -1.129,   1.603 0.157 -0.034,   0.349 1.169 -0.368,   2.706 

Executive function 0.053 -0.020,    0.125     0.472 0.105,   0.839 0.007 -0.044,   0.058 0.501 0.122,    0.879 

Processing speed-attention -0.062 -0.121,   -0.003 -0.504 -0.791, -0.217 -0.019 -0.060,   0.022 -0.761 -1.066,   -0.457 

Memory 0.002 -0.054,    0.058   -0.301 -0.572,  -0.031 0.032 -0.007,   0.071 -0.414  -0.686,   -0.142 

Visuospatial function -0.014 -0.031,    0.002 -0.100 -0.183,  -0.017 -0.004 -0.016,   0.008   -0.129 -0.216   -0.042 
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Models are adjusted for age, sex, education, CVD×time (models for step length variability) and education×time (DST variability) and quadriceps 

strength×time (models for step width variability); higher scores on executive function indicate worse performance, whereas higher scores indicate better 

performance for other cognitive tests; CVD, cardiovascular disease; EO, eyes open; EC, eyes closed; BMI, Body Mass Index; kg, kilograms; cm, centimeter; 

mm, millimeter; dB, decibel. Note: β refers to the unstandardized coefficients obtained from the output of linear mixed effect models.
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Table 4. 4. Associations between medical, sensorimotor and cognitive factors with gait variability in final models (n=410).  Final models show 

the associations baseline covariates with gait variability in the presence of all significant modifiers and predictors 

 Step length variability, cm DST variability, ms Step width variability, cm Step time variability, ms 
 β 95%CI β 95%CI β 95%CI β 95%CI 
Age  0.017 0.006,   0.028 0.125 0.072,    0.178 0.012  0.004,   0.020 0.073  0.013,   0.133 
Male 0.180 0.038,   0.322 -1.361 -2.138,  -0.585 0.161  0.043,   0.279 0.516 -0.359,  1.392 
Education  0.039 -0.102,   0.180   0.026 -0.078,   0.130 0.642 -0.193,  1.477 
Total effect of time:       0.053 -0.091,   0.198 

No CVD -0.009 -0.049,   0.032       
Presence CVD 0.045 0.016,    0.074       
Low education   0.424 0.216,    0.632     
High education   0.101 -0.138,   0.339     

25%* of quad strength     0.015 -0.007,   0.037   
50%*of quad strength     0.001 -0.017,   0.018   
75%*of quad strength     -0.015 -0.036,   0.005   

BMI [kg/m2]  0.017  0.001,   0.032  0.167 0.089,    0.246   0.099  0.012,   0.186 
Postural sway (EC) [mm]  0.003  0.002,   0.005     0.014 0.004,    0.022 0.002 0.001,   0.003 0.019  0.010,   0.029 
Quadriceps strength       -0.046 -0.085,  -0.006 
Processing speed-attention      -0.429   -0.710,  -0.147   -0.585 -0.896,  -0.274 
Arthritis 0.202 0.051,    0.353     1.901  0.886,   2.916 

CVD, cardiovascular disease; EC, eyes closed; BMI, Body Mass Index; quad, quadriceps; kg, kilograms; cm, centimeter; mm, millimeter 
*Meaning the 25th, 50th and 75th  percentiles of quadriceps strength, Note: β refers to the unstandardized coefficients obtained from the output of 
linear mixed effect models.
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Longitudinal changes and factors associated with gait speed and other temporal and spatial 

measures 

Gait speed significantly decreased over time independent of baseline age, sex and level of 

education (β -1.159 95%CI -1.502 to -0.816; p<0.001). Step length shortened (β -0.685 95%CI 

-0.811 to -0.560; p<0.001), while DST (β 6.582 95%CI 5.285 to 7.879; p<0.001) and base of 

support (β 0.139 95%CI 0.097 to - 0.182; p<0.001) significantly increased over time.  Step time 

did not change (β -0.196 95%CI -1.025 to 0.632; p=0.642) over the 4.6 years. The results of 

the final models for gait speed and the other absolute gait measures are presented in Appendix 

4A: Supplementary table 1. 

4.5 Discussion 

This is the first study, to our knowledge, to undertake a longitudinal analysis of gait variability 

in a population-based sample of older people.  Greater increases in variability were seen in 

people with CVD at baseline for step length, low levels of education for DST, and those with 

weaker quadriceps strength for step width.  Furthermore, a number of baseline factors were 

associated with higher variability on average over the 3 phases.  Greater postural sway (EC), 

BMI and arthritis predicted higher step length variability. Greater postural sway (EC), BMI 

and slower processing speed predicted higher DST variability. Greater postural sway (EC) 

predicted greater step width variability.  Although step time variability did not increase over 

time, greater postural sway (EC), greater BMI, arthritis, lower quadriceps strength and slower 

processing speed predicted greater variability across the three phases.  These findings increase 

knowledge on how gait variability changes in older age and assist in identifying factors that 

may be developed into strategies to prevent gait impairments among older people.  

Few studies have examined the longitudinal changes in intra-individual gait variability.  Prior 

studies have been in small samples of participants with specific diagnoses such as Alzheimer’s 
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disease [34], subcortical vascular encephalopathy [35] and Huntington’s Disease [36], and 

report increases in stride length [34, 36] and temporal variability measures [35, 36]. In our 

community-based cohort of people without dementia, changes over time were not consistent 

over the different temporal and spatial measures. Consistent with prior cross-sectional studies,  

step length [1, 20] and DST variability [1, 20] increased over time.  This is important as we 

previously found that step length and DST variability measures, but not step width or step time 

variability, were linearly associated with increased risk of falls over a 12 month period [5].  

Importantly, factors were identified that modified these associations, and that of step width 

variability, over time.  Those with CVD had greater increases in step length variability. CVD 

is linked to vascular changes in the brain (i.e. white matter hyperintensities and brain infarcts), 

that can cause impairments in both cognition [37, 38] and gait [38-40] even in people without 

dementia. Furthermore CVD, particularly diabetes mellitus, might disrupt peripheral 

sensorimotor abilities (i.e. lower extremity sensation and vision) [41], resulting in increased 

step length variability over time. Therefore, the impact of CVD on central (i.e disruption of 

pathways important for attention and motor control) and peripheral mechanisms (i.e sensory 

loss) may disrupt dynamic balance resulting in the need to alter step length to maintain postural 

control whilst walking. These findings offer potential avenues of preventing increased gait 

variability in older age via controlling the advancement of CVD. Lower education levels 

accelerated increases in DST variability over time.  Education is a known proxy for cognitive 

reserve [42].  People with greater cognitive reserve are known to cope better with either age or 

pathology related changes in the brain [42], opening up the possibility that they are also better 

able to compensate for brain changes involving gait control [43]. Cognitive reserve is 

developed via lifetime exposure to cognitively stimulating experience (i.e. education, 

occupation, leisure and physical activity) [42], thus enhancing these factors throughout life 

may assist in maintaining better gait control in older age.  The significant interaction effect 
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between quadriceps strength and time suggested those with weaker quadriceps had greater 

increases in step width variability over time.  Greater step width variability has cross-

sectionally been associated with advancing age [1, 19, 20], and falls [6].  Our findings suggest 

that muscle strengthening may be an important target for clinical trials aimed at preventing 

increases in step width variability over time.  We found no change for step time variability over 

time.  A potential explanation may be that both high and low step time variability have been 

found to be associated with falls [5], suggesting that perhaps age-related impairments may 

result in either high or low variability, cancelling out any directional change of effect.  In 

summary it appears variability in different gait characteristics do not show uniform age-related 

changes over time. 

Although not modifying change over time, greater postural sway (EC), higher BMI (except for 

step width variability), arthritis (step length and step time variability), slower processing speed 

(DST and step time variability) and lower quadriceps strength (step time variability) were 

associated with greater variability on average over the 3 phases.  Postural sway on a foam mat 

(EC) is a measure of balance and vestibular ability.  Walking is a complex balance activity [16] 

and may require a trade-off in the consistency of timing and length of steps in the presence of 

poorer balance [23].  Arthritis may increase step length variability through increased pain, 

stiffness [13], reduced strength [13] or balance [23].  Our findings were independent of strength 

and balance, suggesting that these other impairments may be at play.  A potential reason for 

the associations between BMI and greater variability may be that the body’s fat distribution 

affects balance.  However, in our study BMI was a predictor of greater step length, DST and 

step time variability independent of postural sway, suggesting other mechanisms such as 

cerebro- [39] or peripheral-vascular disease might be important [44].  Similar to prior cross-

sectional studies, slower processing speed was associated with higher temporal variability [25], 

but not spatial measures.  It is possible that processing speed and temporal variability measures 
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(both related to timing) may have similar underlying neural mechanisms. Atrophy in 

widespread brain networks [45], as well as white matter hyperintensities [37] and subcortical 

infarcts [46] that may disrupt white matter fibers are associated with processing speed and are 

also likely to be important for the co-ordination of a consistent gait pattern [45, 47] . However, 

we were unable to determine whether  central slowing of processing speed disrupted the timing 

of gait, or that of peripheral slowing, with both likely to lead to poorer gait control.  

Although not a main aim of this study, similar to prior studies we observed that gait speed 

slowed over time [40, 48] and this was greater in the presence of arthritis and poorer 

proprioception.  Changes in other absolute gait measures were associated with a multitude of 

covariates (Supplementary Table 1), but these were different from the covariates that modify 

or predicted the same measures change in variability. For example, greater increases in step 

length variability over time occurred in the presence of CVD, whereas greater decreases in 

absolute step length over time occurred in the presence of greater baseline age, arthritis and 

poorer proprioception.  Interestingly, this suggests that absolute and variability measures may 

represent different constructs in gait. 

 Our study has a number of strengths.  It is one of the only longitudinal studies in the context 

of gait variability over time, with 4.6 years of follow up.  Our sample was randomly selected 

from the electoral roll, increasing generalizability to the wider community compared to studies 

of people with specific diseases (i.e. Alzheimer’s disease).  Gait variability is multifaceted, and 

we studied a range of temporal and spatial measures in both the sagittal and frontal planes. 

Further, we carefully controlled for confounders, examined for interactions and built our 

models by examining the effect of each variable one by one.  However, there are a few 

limitations to be noted.  Gait assessment was conducted in an indoor environment, thus gait 

variability could differ from outdoor walking.  We collected data over 27 mean steps (baseline), 

where some have suggested a minimum of 400 steps are required to determine gait variability 
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[49]. However, we carefully considered this and balanced it with unnecessary fatigue. A 

diagnosis of dementia was by self-report and it is therefore possible that our sample had 

undiagnosed dementia. Finally, we have a moderate level of participants lost to follow up (39%) 

which is not uncommon given the longitudinal nature of our study.  The use of a mixed effects 

model means that baseline data for those lost to follow up was able to contribute to the analysis.  

 

Conclusion 

Variability in DST, step length and step width increased over time, but only in those with lower 

educational levels, presence of CVD and weak quadriceps respectively.  In addition, a range of 

musculoskeletal, cognitive and sensorimotor factors were found to predict greater variability 

across the three phases. These results provide important information on targets for future 

clinical trials to maintain mobility and independence in older age. 

4.6 Postscript 

The findings of this chapter showed that gait variability (except step time variability) increased 

over time. However, increase in individual gait measures were modified by different 

demographical, medical and sensorimotor factors. This chapter adds to the knowledge of 

factors associated with gait variability. However, it is unknown if specific brain regions are 

associated with variability in different gait measures. The next chapter will describe the grey 

matter volume networks associated with individual gait variability measures.
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Appendix 4A: Supplementary table 1. Demographic, medical, cognitive and sensorimotor factors associated with change in absolute gait measures  

Models are adjusted for age, sex (refers to Male factor) and education where appropriate; Abbreviations: DST, Double support time; BMI, Body Mass 
Index; kg, kilograms; cm, centimeter; mm, millimeter; dB, decibel; psi, pounds per square inch. Note: β refers to the unstandardized coefficients 
obtained from the output of linear mixed effect models. 

 

 

 Gait speed (cm/s) DST (ms) Step length (cm) Step width (cm) Step time (ms) 
 β 95%CI β 95%CI β 95%CI β 95%CI β 95%CI 
Time  0.418 -0.430,1.266 9.349 4.660,14.037 -0.058  -0.364,0.249 0.054 -0.030,0.138 -1.714 -3.309,-0.119 

Age -1.176 -1.445,-0.907   2.172 1.356, 2.988 -0.482 -0.593,-0.371 0.050 0.008, 0.092 0.978 0.271, 1.686 
Sex 5.155   1.708, 8.602   2.942 -8.131,14.015 7.459  5.984, 8.934  2.108 1.583, 2.634 34.137 25.210, 43.064 
Education 1.091  -2.394, 4.577 -6.221 -16.510, 4.067 0.410 -0.999, 1.818  0.278 -0.256, 0.812 1.045 -8.120, 10.211 
Age×time -0.070 -0.123,-0.018    -0.033 -0.052,-0.014 0.011 0.005,0.018 0.134 0.007, 0.261 
Arthritis×time -0.760  -1.490,-0.030    -0.343 -0.609,-0.076     
Proprioception×time -0.264 -0.521,-0.007   1.751  0.837, 2.665 -0.110 -0.203,-0.017     
Grip ×time    -0.495  -0.882,-0.109       
Depression×time    -8.630 -14.265,-2.996        
Executive function×time        0.054  0.010, 0.098   
Arthritis -8.140 -11.947,-4.332 18.396 7.610, 29.182 -3.122  -4.652,-1.591   10.528 1.177,   19.879 

BMI [kg/m2] -0.954  -1.334,-0.575 4.324   3.212, 5.437 -0.491  -0.645,-0.338   0.206 0.150,0.262   

Visuospatial function 0.669    0.303, 1.035   0.226   0.072, 0.380     
Processing speed   -5.389 -9.346, 1.431   -0.285 -0.516, -0.054 -4.371  -7.879,-0.864 
Memory     0.716   0.186 , 1.247     
Executive function       0.015 -0.264,0.295   
Depression   35.878 13.517, 58.240       
Edge contrast sensitivity [dB]         -1.118 -2.043,-0.193 
Proprioception [degrees]    -7.072 -9.698,-4.445   -0.074 -0.124, -0.024   
Grip [psi]    1.830 0.217, 3.444       
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5. The associations between grey matter volume covariance 

patterns and gait variability - the Tasmanian study of cognition 

and gait 

5.1 Preface 

The previous chapter highlighted the demographic, medical, sensorimotor and cognitive factors 

associated with greater variability in individual gait measures. However, little is known about 

the brain regions associated with gait variability. The few studies that examined associations 

between grey matter volume and gait variability are limited by small sample sizes and 

assessment of only a few a-priori selected regions. Importantly, no studies to our knowledge 

have examined co-ordinated brain regions (not independent individual regions) associated with 

gait variability. This chapter uses a whole-brain, multivariate covariance-based approach to 

determine grey matter volume covariance patterns associated with individual gait variability 

measures.  

The text in this chapter is under review in Brain Topography. 

5.2 Introduction  

Gait is a complex behaviour that involves integration of motor, sensory and cognitive functions 

[1]. Intra individual gait variability, the step to step fluctuation of a gait measure, is one way to 

quantify gait [2]. Greater gait variability has been associated with greater risk of falls, cognitive 

decline and dementia [3-6]. However, little is known about the neural substrates of gait 

variability.  

The few studies investigating the relationship between brain structure and gait variability have 

highlighted the role of white matter hyperintensities in disrupting the uniformity of steps [7, 8]. 

Associations between grey matter volume and gait variability have been explored with 
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conflicting results. In healthy older people smaller parietal volume was associated with greater 

stride time variability [9], but there were no associations between hippocampal volume with 

stride length variability [10]. In contrast, in people with subjective memory complaints or mild 

cognitive impairment, larger hippocampal [11, 12] and smaller primary motor cortex volume 

[13] were associated greater stride time variability. The inconsistency in findings may be due 

to small samples (n< 75) [9-11, 13], different stages of cognitive impairment or different 

regions of interest explored [9, 10, 13].    

Prior studies examining the association between grey matter and gait variability have primarily 

focused on regional grey matter volume of a few specific areas [9-12]. However, brain regions 

are not isolated, but function in coordinated networks. A whole-brain approach, using 

multivariate covariance-based statistics, may be better suited to identifying brain networks 

associated with gait variability [14]. To date the only studies that have used such approach are 

limited to gait speed under single [14, 15] or dual task conditions [16]. Additionally, individual 

gait variability measures have been associated with different cognitive functions [17, 18], but 

few studies have examined their relationship with brain structure in one study. 

Therefore, in a population-based sample of older people we aimed to determine: 1) if specific 

grey matter patterns were associated with individual gait variability measures and 2) whether 

a grey matter pattern for a specific gait variability measure was associated with distinct 

cognitive functions (executive function, processing speed, memory and visuospatial function). 

5.3 Methods 

Study participants  

Participants (n=426, aged 60-85) were from the Tasmanian Study of Cognition and Gait 

(TASCOG), randomly selected from the electoral roll if they had no contraindication to MRI, 

no history of dementia or Parkinson’s disease and were not living in residential care. Ethical 
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approval was obtained from the Southern Tasmanian Health and Medical Human Research 

Ethics Committee. Written consent was obtained from all participants. 

Gait assessment  

Gait assessment was conducted using a 4.6m GAITRite walkway (GAITRite system, CIR 

Systems, PA, USA). Participant completed six walks at their usual pace. An additional 2 meters 

before and 2 meters after the walkway was used to allow for acceleration and deceleration. 

Step time, step length, step width and double support time (DST) were obtained from the 

footfalls recorded on the walkway. Intra-individual variability was calculated as the standard 

deviation of each measure averaged across all steps of the 6 walks. These gait measures were 

selected as they: 1) represent tempero-spatial aspects of gait in the sagittal and coronal planes 

[19] and 2) have been associated with dementia and falls [20]. Gait measures (i.e. stance time), 

that showed strong correlations with some selected measures (i.e. step time) were not included. 

Cognitive functions 

Cognitive function in four domains were determined with a battery of neuropsychological tests. 

a) Executive function: the Controlled Word Association Test (COWAT, using the letters F, A, 

S), the Victoria Stroop test (Stroop colour time - Stroop word time), the Digit Span of the 

Wechsler Adult Intelligence Scale-III; b) Processing speed: the Symbol Search and Digit 

Symbol Coding of the Wechsler Adult Intelligence Scale-III, c) Visuospatial function: the Rey 

Complex Figure copy task and d) Memory: the Hopkins Verbal Learning Test—Revised and a 

20 minutes delayed reproduction of the Rey Complex Figure copy task. For each domain a 

summary variable was derived using principal component analysis [18]. 

Covariates 
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Age, sex, level of education and medical history (hypertension, hypercholesterolemia, ischemic 

heart disease, diabetes mellitus and stroke) were obtained with a standardized questionnaire. 

Height was measured with a Leicester height stadiometer.  

Brain MRI acquisition and processing 

MRI acquisition was performed on a 1.5-Telsa General Electric scanner (LX Horizon, General 

Electric, Milwaukee, WI). The standard MRI protocol is described in detail in prior 

publications [21]. T1-weighted images were pre-processed using SPM12 implemented with 

MatLab R2015b. Tissue classification (unified segmentation [22]) and spatial normalization 

(using Diffeomorphic Anatomical Registration Through Exponentiated Line Algebra 

(DARTEL [23]) from the SPM12 voxel-based morphometry pipeline [24] were used to create  

grey matter, white matter and cerebrospinal fluid probability maps, in both native space and 

Montreal Neurologic Institute space. Grey matter probability maps, smoothed with an isotropic 

Gaussian kernel, full-width at half-maximum = 8 mm [25], were used to identify the grey 

matter covariance patterns. Total intracranial volume (TICV) was calculated using tissue 

volumes obtained from the probability maps.  

Data analysis 

A whole brain multivariate covariance-based analysis was used to determine grey matter 

patterns associated with individual gait variability measures [14, 25]. All analyses were 

performed with the principal component analysis suite (http://www. 

nitrc.org/projects/gcva_pca) [26]. Firstly, grey matter probability maps were masked with a 

grey matter mask provided by SPM12 to ensure only the voxels with >20% probability of being 

grey matter were used. Overall participant means were subtracted from each voxel. Principal 

component analysis was performed on the image array. This generates, a specific set of 

principal components (grey matter voxels that covary) and associated participant specific 
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expression scores, that reflect the degree to which a participant may show a pattern [14]. Next, 

the linearly combined PCA subject expression scores were regressed against gait variability to 

compute the grey matter volume covariance pattern associated with individual gait measure. 

Models were adjusted for age, sex, education, height and TICV. The best fit linear 

combinations of the principal components were selected using Akaike Information Criterion 

(AIC). AIC values were marginally different between different sequential inclusions of 

predictors. The inclusion with the highest number of principal components was selected to 

obtain the solution with greatest stability. The stability of each voxel in a covariance pattern 

was examined by applying behavioral-fit bootstrap resampling [27]. Only the voxels with 

bootstrap samples of [Z]>+ 1. 96 or <−1.96, p<.05 (.025 in each tail) were considered 

significant. Once bootstrap resampling was completed an inverse-coefficient-of-variation map 

was generated for each gait variability measure and used to determine the brain regions that 

contributed to a covariance pattern. 

These multivariate analyses produced both positive and negative weightings (loadings) for each 

voxel. In the context of this analysis, positively weighted regions have relatively more volume 

as a function of increasing gait variability whereas negatively weighted regions have relatively 

less volume as a function of increasing gait variability. However, both weightings contribute 

to the overall patterns or networks associated with gait variability. Given that these probability 

maps were automatically generated (not anatomically constrained), results were also visually 

inspected and confirmed with brain atlases and voxels outside the brain were removed. Finally, 

participant specific grey matter expression scores for each gait variability measure were 

correlated (Pearson correlation coefficients) with each cognitive domain. 
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5.4 Results 

Participants with missing gait data (n=9), missing (n=48) or poor-quality imaging data (n=11), 

difficulty walking without aids (n=6) and inadequate understanding of English (n=1) were 

excluded leaving a final sample of n=351 participants. Table 5.1 summarizes the 

characteristics of participants. The mean age of the sample was 71.9 ± 7.1 and n=197 (56.1%) 

were male. 
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Table 5. 1. Participants’ characteristics (n=351) 

Variable 
 

  

Age (y), mean, SD 71.9 7.1 
Male, n, % 197        56.1 
Greater than high school education, n, % 159 45.3 
BMI [kg/m2], mean, SD 27.6 4.2 
Self-reported medical history, n, %   
         Hypertension 174 49.6  
         High Cholesterol 142 40.5 
         Angina 46 13.1 
         Myocardial Infarction 42 12.0  
         Diabetes Mellitus 34 9.7 
         Stroke 27 7.7 
Prevalence of any CVD, n, % 239 68.3 
Total grey matter volume [ml], mean, SD 542.4 60.9 
Gait characteristics mean, SD   
       Gait speed [cm/s]  115.1 20.7 
       Step length variability[cm] 2.7   0.9 
       Double support time variability[ms] 20.5 10.6 
       Step width variability[cm]  2.1 0.7   
       Step time variability [ms]  21.7 13.0 

SD, standard deviation; BMI, Body Mass Index; CVD, Cardiovascular Disease; kg, kilograms; 

m, meter; cm, centimeter; s, seconds; ms, millisecond 
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Grey matter volume covariance patterns of individual gait variability measures 

The specific grey matter regions in each covariance pattern are presented in detail in Table 5.2.  

DST variability  

The grey matter covariance pattern associated with DST variability was composed of three 

principal components, accounting for 10% of the variance (R2= 0.10).  Negatively weighted 

regions included frontal (right medial middle), temporal (bilateral fusiform, left hippocampus, 

left parahippocampal gyrus, right superior and middle temporal gyrus), right insula, right 

anterior cingulate, bilateral head of the caudate and the cerebellum. Positively weighted regions 

included frontal (left precentral [primary motor], left bilateral superior orbital frontal 

[supplementary motor], bilateral medial orbital frontal, right middle frontal [prefrontal]), 

parietal (left superior), temporal (bilateral middle), occipital (left middle and inferior, bilateral 

calcarine), bilateral insula and the striatum of basal ganglia (bilateral putamen and the head of 

the caudate) (Figure 5.1.a). Note that within this pattern (or network) negatively weighted 

brain regions have relatively more volume with improved (lower) DST gait variability, while 

positively weighted regions have relatively less volume with lower variability. The extent to 

which this pattern was expressed in participants was negatively correlated with poorer function 

in all cognitive domains (executive function r =-0.19, p<0.001; processing speed r =-0.28, 

p<0.001; memory r =-0.19, p<0.001; visuospatial function r =-0.28, p<0.001).  

Step length variability 

The grey matter covariance pattern associated with step length variability was composed of 

four principal components, explaining 9% of the variance (R2=0.09). Negatively weighted 

regions included frontal (bilateral middle, left superior and inferior frontal), temporal (left 

hippocampus, right middle temporal), insula, occipital (left inferior) and the cerebellum 

(IV,V,VI,VII,VIII). Positively weighted regions included bilateral frontal (inferior, middle), 
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parietal (right superior, left inferior), temporal (left middle, right superior temporal pole), 

occipital (bilateral cuneus, left lingual, left middle) and bilateral crus I of the cerebellum. 

(Figure 5.1.b). This pattern negatively correlated with poorer executive function (r =-0.11, 

p=0.04), processing speed (r =-0.16, p=0.002) and visuospatial function (r =-0.27, p<0.001), 

but not with memory (r =-0.02, p=0.76). 

Step width variability  

The grey matter covariance pattern associated with step width variability was composed of six 

principal components, explaining 11% (R2= 0.11) of the variance. Negatively weighted regions 

included left cerebellum (crus II) whereas positively weighted regions included frontal (left 

middle frontal) and occipital (bilateral inferior, left middle occipital, right calcarine) regions 

(Figure 5.1.b). This pattern negatively correlated with memory (r = -0.11, p<0.047). 

Step time variability  

No statistically significant grey matter covariance pattern was derived for with step time 

variability. 
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Table 5. 2. Brain regions in the covariance patterns for each gait variability measure.  

Brain regions x y z z-value  k 
 

DST variability       
Positive      

Precentral gyrus  
(large cluster extending into supplementary motor area) 

-46  10  50 3.20 29235 

Calcarine sulcus -24 -56   9 2.63 1848 
Middle occipital gyrus  -46 -84  15 2.48 683 
Superior frontal gyrus (orbital) -30  57 -16 2.53 583 
Putamen  21   0  -6 2.30 493 
Putamen -18  -2  -8 2.28 255 
Middle occipital gyrus  -18 -93  -2 2.29 203 
Calcarine sulcus   21 -93   0 2.29 161 
Middle frontal gyrus    33  14  45 2.67 152 
Medial frontal gyrus (orbital)     2  33 -33 2.17 137 
Middle temporal gyrus  39 -52   14 2.54 112 
Middle temporal gyrus -69 -15 -12 2.29 80 
Insula  42  16 -12 2.17 69 
Inferior occipital gyrus  16 -96 -20 2.21 57 
Anterior cingulum    0  16   -2 2.34 53 
Caudate (head) -20  22    6 2.32 48 
Insula -27  22  12 2.32 48 
Middle occipital  -38 -57  12 2.27 46 
Superior parietal  -18 -62  52 2.10 32 
Superior frontal gyrus (orbital)  20  48 -12 2.03 24 
Medial frontal gyrus (orbital)   -2  34 -33 2.13 23 
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Caudate (head)  21  24    0 2.21 21 
Insula -44  12  -9 2.13 20 

   Superior frontal gyrus (orbital) -63    4 14 2.24 12 
Caudate (head)  18  30  -3 2.09 12 

Negative 
     

Fusiform gyrus 
(large clusters extending posterior to cerebellar regions) 

 27 -57 -14 -2.61 8449 

Hippocampus  
(large cluster extending posterior to parahippocampal, fusiform and  
 cerebellar regions) 

-30 -20 -16 -2.62 7982 

Heschl's gyrus 
   (large cluster extending to insula) 

 38 -21  15 -2.45 752 

Middle temporal gyrus  60 -24  -6 -2.35 686 
Anterior cingulum   10  44 12 -2.38 341 
Middle frontal gyrus (medial)  28  51   4 -2.12 45 
Caudate (head)   9  12  -9 -2.03 16 
Caudate (head)  -9  14  -8 -2.02 12 

      
Step length variability      
Positive      

Lingual -28 -60  -3 3.19 53578 
Cerebellum (Crus I)   -4 -88 -27 2.60 1211 
Cuneus      9 -84  44 2.54 201 
Inferior frontal gyrus (orbital)  30  39   -6 2.85 140 
Middle frontal gyrus -27  39   -8 2.82 139 
Middle occipital gyrus -52 -78    2 2.61 68 
Cuneus     -3 -84  40 2.39 65 
Inferior frontal gyrus (orbital)  46  36 -21 2.44 49 
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¤ Cerebellum (Crus I)  51 -70 -28 2.26 45 
Middle temporal gyrus  -34  24 -32 2.29 44 
Inferior frontal gyrus (orbital)  14  40 -30 2.26 35 
Superior temporal pole  38  26 -30 2.30 29 
Middle frontal gyrus  52  16  42 2.37 19 
Superior parietal gyrus   28 -78  50 2.14 16 
Inferior frontal gyrus (opercular)  57  22  27 2.17 14 
Inferior frontal gyrus (orbital)  14  16 -28 2.24 11 
Inferior frontal gyrus (opercular) -57  16  26 2.19 11 
Inferior frontal gyrus (orbital) -40  39 -21 2.17 11 
Inferior frontal gyrus (orbital)  39  40   -3 2.32 10 
Inferior parietal gyrus  -51 -60  48 2.24 10 

Negative 
     

Inferior frontal gyrus (triangular)    0   33 -26 -2.76 6721 
Cerebellum (VI)  39 -63 -20 -2.46 5534 
Hippocampus -24   -6 -18 -2.65 2490 
Cerebellum (IV, V) -24 -48 -21 -2.50 1571 
Cerebellum (VIII) -33 -63 -52 -2.42 1058 
Cerebellum (VII)  38 -68 -48 -2.41 922 
Insula -32  22   -3 -2.37 502 
Middle frontal gyrus -36  56  -6 -2.38 414 
Insula  33  24  -3 -2.28 170 
Middle frontal gyrus  32  26 46 -2.14 152 
Middle temporal gyrus  45 -69 14 -2.13 124 
Middle frontal gyrus -30  28 44 -2.04 60 
Cerebellum (VI)  21 -80 -16 -2.10 34 
Superior frontal gyrus -16  64    8 -2.02 19 
Superior frontal gyrus (medial)   -4  40  36 -2.02 16 
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Step width variability      
Positive      

Inferior occipital gyrus -24 -93   -9 2.02 342 
Inferior occipital gyrus   51 -70  -15 2.13 337 
Middle occipital gyrus -62 -62   -4 2.17 188 
Calcarine sulcus   15 -50    9 2.01 23 
Middle frontal gyrus (medial) -27  51 -12 1.99 15 

Negative 
     

Cerebellum (Crus II) -10 -78 -38 -2.18 938 
The regions correspond to the peak voxels in a cluster; x, y, z are the MNI coordinates of the peak voxels. Positively weighted regions show relatively 

more volume with greater variability. Negatively weighted regions show relatively less volume with greater variability. Threshold±1.96, p<0.05, 

k>30 voxels, for larger clusters (k >5,000 voxels), the peak of the cluster is listed and other regions within that cluster are included in parenthesis 
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Figure 5. 1. Grey matter covariance patterns associated with individual gait variability 

measures. Threshold [Z] > +1.96 or <-1.96, p<0.05 (.025 in each tail); positively weighted 

regions (indicating relatively more volume with greater variability) are shown in red whereas 

as negatively weighted regions (indicating relatively less volume with greater variability) are 

shown in blue. Results are adjusted for age, sex, education, height and total intracranial 

volume. 

 

 

 

Figure 5.1.a. Double support time variability 
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Figure 5.1.b. Step length variability 
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Figure 5.1.c. Step width variability
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5.5 Discussion 

In community-dwelling older people, widespread yet distinct grey matter covariance patterns 

were associated with DST and step length variability. Greater expression of these covariance 

patterns were also associated with multiple cognitive domains. The grey matter covariance 

pattern of step width variability was not as regionally widespread as that of DST and step length 

variability and, correlated only with memory. No grey matter covariance pattern was associated 

with step time variability. These findings add to the knowledge of shared cerebral networks 

that may underlie individual gait variability measures and cognitive functions in older people. 

DST variability 

DST is the period of maximum stability in a gait cycle where both feet are in contact with the 

ground. We found that a wide network of brain areas was associated with greater DST 

variability. Within the network there was relatively less grey matter volume (e.g. relatively 

more atrophy) as a function of higher DST variability in the frontal (middle), temporal 

(hippocampal, parahippocampal, fusiform, superior, middle temporal), insula, anterior 

cingulate, the caudate and the cerebellum whereas there was relatively more volume (e.g 

relatively less atrophy) in the frontal (primary motor, supplementary motor, prefrontal), parietal 

(superior), temporal (middle), occipital (middle, inferior and calcarine), insula and the striatum 

of basal ganglia. The widespread nature of this pattern is consistent with prior findings that 

multiple cognitive functions [17, 18], supported by these brain areas, are associated with DST 

variability. Furthermore, this covariance pattern was associated with all cognitive domains in 

our analyses, strengthening the understanding that DST variability may be a marker of overall 

brain health. The negatively weighted brain regions in the pattern further demonstrate that 

functions such as  motor planning (middle frontal, the caudate) [28, 29], coordination 

(cerebellum) [30], spatial analysis (hippocampus, fusiform, anterior cingulate) [31-34], 
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vestibular function (insula) [35], auditory and motion perception (middle temporal) [36] are 

particularly important for DST consistency. Taken together, our findings suggest that multiple 

connected grey matter regions work in coordination via the integration of multiple sensory and 

cognitive systems to maintain consistency of DST.  

Step length variability  

Within the network for step length variability there was relatively less volume in the frontal 

(prefrontal, supplementary motor), temporal (hippocampal, middle), occipital (inferior), insula 

and cerebellar (IV, V, VI, VII, VIII) regions as a function of higher step length variability. 

There was relatively more volume in the frontal (prefrontal), parietal (superior, inferior), 

temporal (temporal pole, middle), occipital (lingual, cuneus, middle) and cerebellar (crus I) 

regions. Previously, step length variability has only been associated with poorer executive 

function [37] and balance [38]. Our results are in line with this as we observed prefrontal region, 

important for executive function [28] and, the cerebellum, important for balance control [30] 

were included in this pattern. But we add to this knowledge by showing that multiple other 

areas involved in planning (supplementary motor) [29], sensory integration (insula) [35], visual 

(occipital) [35] and spatial analysis (hippocampus) [36] are important and constitute a network 

that contributes to the consistency of step length. This network was associated with processing 

speed, executive and visuospatial functions, suggesting common underlying neural pathways 

between step length variability and cognition. In summary, a dispersed network of brain regions, 

consisting of regions important for motor, cognitive and sensory integration were correlated 

with step length variability and several cognitive functions.  

Step width variability  

The grey matter covariance pattern for step width variability was limited to the cerebellum, 

frontal (middle), and occipital regions (inferior, middle occipital, calcarine). Only the 
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cerebellum was negatively weighted in this pattern, indicating lower volume with higher 

variability. This is consistent with prior knowledge that ataxia (characterized by gait variability) 

is a key feature of clinical conditions affecting the cerebellum [39] and, that the cerebellum is 

important for coordination and balance control in normal movement [30]. This pattern was 

associated with memory. Step width variability has not previously been associated with 

cognition [17, 18], but there is some evidence the cerebellum is involved in visual and verbal 

memory [40]. Overall, we found that a relatively limited network of cerebral regions was 

associated with step width variability.  

Step time variability 

We did not identify any cerebral regions that covaried as a function of step time variability. It 

is possible that step time consistency may largely be under spinal rather than supraspinal 

locomotor control [41]. This is supported by prior work in which regional grey matter volume 

was not associated with cadence (highly correlated to step time) [21], but contradictory to the 

previous associations of smaller parietal, primary motor and greater hippocampal volume with 

greater stride time variability [9, 11-13]. However, these studies examined individual brain 

regions rather than grey matter networks and, mostly in older people with cognitive impairment 

where associations may be stronger due to greater atrophy in these populations.  

Comparison of the grey matter volume covariance patterns of individual gait measures 

Our results showed that there are both shared and distinct regions involved in the covariance 

patterns of each gait variability measure. Of interest, in terms of similarity, the cerebellum was 

part of all the patterns. The cerebellum is central for coordination of voluntary limb movement 

and dynamic balance control [30]. Cerebellar damage results in dysmetria (uncoordinated 

movement), greater sway and poorer equilibrium control [30], which may increase the 

variability in gait in sagittal and coronal planes. Hence, this and our finding suggest that the 
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cerebellum is crucial in cerebral networks associated with the inter-step consistency of all gait 

measures. There were also important differences. The pattern for DST variability included 

more medial temporal structures, the basal ganglia and the anterior cingulate, whereas the 

pattern for step length variability included more prefrontal regions. In contrast again, the 

pattern for step width variability mainly included the cerebellum. This agrees with prior studies 

that found variability in different gait measures are not homogenous but associated with distinct 

cognitive [17, 18] and sensorimotor functions [38] and, potentially suggests that the differences, 

at least in part, may be attributed to the unique neural networks that underlie each gait 

variability measure. 

Strengths and limitations 

This is the first study to our knowledge, to examine if grey matter covariance patterns are 

associated with gait variability. We examined a population-based sample of older people 

randomly selected from the electoral roll, making our findings more generalizable to the wider 

community compared to studies that included people from memory clinics [11-13]. The use of 

multivariate covariance-based analysis allowed us to identify covariance patterns rather than 

independent individual regions. Compared to traditional multilevel modelling for 

neuroimaging analyses, this approach is independent of a priori hypotheses. By avoiding 

problems with multiple comparisons, it is potentially more statically sensitive than traditional 

models [42]. Our study also has limitations. A few small clusters of brain regions were 

identified to be artefacts when visually analysed and were excluded from the covariance 

patterns. The cross-sectional design does not allow insight into changes in brain networks and 

gait variability over time or whether gait might proceed brain changes or vice versa.  Finally, 

due to our exclusion criteria our results may not be generalizable to very frail older people or 

those with dementia. 



114 
 

Conclusions 

Widespread and distinct grey matter covariance patterns that comprised of predominantly 

motor, cognitive and sensory regions were associated with DST and step length variability. In 

contrast, covariance pattern for step width variability included only a few brain regions, mainly 

important for balance and coordination. These patterns were also correlated with specific 

cognitive functions, suggesting of common neural networks that may underlie both gait 

variability and cognitive functions. 

5.6 Postscript 

A highlight of this chapter was that distinct grey matter volume covariance patterns were 

associated with individual gait variability measures. The covariance patterns of DST variability 

and step length variability were widespread, including multiple cortical and subcortical regions. 

In contrast, the pattern for step width variability was regionally limited, including the 

cerebellum and a few visual regions. The covariance patterns for DST and step length 

variability were also associated with multiple cognitive domains suggesting that there are 

common neural networks underlying both gait variability and cognition. 

Although volume is a useful measure in examining grey matter loss, it is the product of cortical 

surface area by thickness, and it varies with total intracranial volume (similar to surface area). 

In contrast, cortical thickness varies less with total intracranial volume and is more sensitive in 

capturing grey matter loss in some brain regions. Therefore, the next chapter of this thesis will 

examine associations between regional cortical thickness and individual gait variability 

measures.  
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6. Regional associations of cortical thickness with gait variability 

– the Tasmanian study of cognition and gait 

6.1 Preface 

The previous chapter examined grey matter volume covariance patterns associated with 

individual gait variability measures. Cortical thickness is different to grey matter volume, in 

that thickness is less influenced by total intracranial volume. Therefore, a correction for total 

intracranial volume is unnecessary. Additionally, thickness detects age-associated differences 

in grey matter in some regions (e.g. frontal and posterior regions), that are not captured by 

volume. Only a few studies have examined the associations between cortical thickness and gait 

speed, but none to our knowledge have examined gait variability. This chapter will examine 

the relationship between both regional cortical thickness and the cortical thickness ratio with 

four different measures of gait variability.  

The text in this chapter has been published in Journal of Gerontology: Medical Sciences [1].   

6.2 Introduction 

Intra-individual gait variability is the fluctuation of a gait measure from one step to the next 

[2]. Gait variability is greater with advancing age [3], and in older people greater variability is 

associated with adverse health outcomes such as cognitive decline, disability, falls and frailty 

[4-7]. Although it is understood that poorer cognitive [8] and sensorimotor [9] functions are 

associated with greater variability, there is limited understanding as to whether age- or disease-

related changes in brain structure may contribute to the amount of variability in gait.   

Of the few studies undertaken to date, most have focused on cerebral vascular lesions and gait 

variability.  A higher burden of white matter hyperintensities or brain infarcts is associated with 
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greater variability in both spatial and temporal measures [10-12]. Findings have been mixed 

from the few studies examining the link between grey matter and gait variability, with  

associations reported between lower parietal volume and higher stride time variability [13], 

greater hippocampal volume and higher stride time variability [14,15] or no association 

between total [16] or hippocampal volume [14,17] and variability in frontal or sagittal spatial 

gait measures. Inconsistent findings might be due to the different populations that have been 

studied (i.e. from memory clinics [14,15] or community living older people [13,16,17]), small 

sample sizes [13,14,17] or different a priori regions of interest [14,15,17].   

Gray matter volume, is the product of cortical thickness by surface area [18] and, varies with 

total intracranial volume [19]. In contrast, cortical thickness is not associated with total 

intracranial volume [19] and is more sensitive to age-associated changes in some regions such 

as the parietal lobe [18]. However, few studies have examined associations of cortical thickness 

with gait [20,21]. In people with cerebral small vessel disease, smaller cortical thickness in 

widespread areas including frontal, inferior partial and superior temporal regions were 

associated with slow gait speed, shortened stride length and broader stride width [21]. In people 

with subcortical vascular cognitive impairment, gait disturbances assessed visually were 

associated with smaller thickness in multiple brain regions [20]. However, no studies to our 

knowledge have examined associations of cortical thickness with gait variability. Examining 

individual gait variability measures is important as these measures are not homogenous, 

loading onto different aspects of gait control (i.e. step time variability loads onto pace, whereas 

step width variability loads onto balance control [22]).  

Therefore, the aim of this study was to examine in a population-based sample of older people 

without dementia, the associations between regional mean cortical thickness and individual 

gait variability measures.  Furthermore, some regions of the cortex show greater thinning rates 

per decade relative to others [23]. To determine if regional thickness relative to global cortical 
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thickness was associated with gait variability, a thickness ratio measure (regional 

thickness/total mean thickness) was also examined. 

6.3 Methods 

Study participants 

Older adults aged 60-85 years were randomly selected from the Southern Tasmanian electoral 

roll into the Tasmanian Study of Cognition and Gait (TASCOG). Participants were excluded 

if they were residing in a residential aged care facility or had dementia or a history of 

Parkinson’s disease. Participants were additionally excluded if they had any contraindications 

to MRI. Ethical approval was obtained from the Sothern Tasmanian Health and Medical 

Human Research Ethics Committee (ethics approval no. H7947). Written consent was obtained 

from all participants.  

Gait assessment  

Gait measures were assessed using the footfalls recorded on a computerized 4.6-meter 

GAITRite walkway (GAITRite system, CIR Systems, PA, USA). Each participant completed 

six walks at their preferred pace. A walk consisted of an additional 2 meters before and 2 meters 

after the walkway to allow for steady pace walking. Gait speed was obtained from the 

GAITRite software. We calculated intra-individual variability of four gait measures to 

represent 1) both spatial and temporal measures of gait in sagittal and coronal planes [3] and 2) 

different aspects of gait control [22]. Variability for each measure was calculated as the 

standard deviation of each measure averaged across all steps of the 6 walks. These gait 

variability measures have previously been associated with risk of multiple falls and dementia 

[24]. Though GAITRite offers several gait measures, we did not include measures such as 

single support time or swing time as they were highly correlated with some of the other selected 

gait measures (i.e. step time). 
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MRI acquisition and processing  

All MRI scans were obtained from a single 1.5-Telsa General Electric scanner (LX Horizon, 

General Electric, Milwaukee, WI). The standard MRI protocol of MRI acquisition has been 

previously described [25]. Mean thickness of the 68 cortical regions of the Desikan-Killiany 

atlas [26] and each hemisphere was estimated using FreeSurfer 5.3. FreeSurfer is an automated 

pipeline that incorporates correction for magnetic resonance field bias non-uniformity, removal 

of non-brain tissue, registration to volumetric and spherical atlases and, segmentation of 

cortical and subcortical structures [27,28]. Segmentation errors caused by white matter 

hyperintensities were automatically corrected using information from co-registered fluid 

attenuated inversion recovery (FLAIR) images. Results were inspected and images with poor 

quality were excluded from analysis. Mean thickness of the entire cortex was calculated by 

averaging mean thickness for each hemisphere provided by FreeSurfer. Regional mean 

thickness was obtained from FreeSurfer for each region, and the thickness ratio was calculated 

by dividing regional mean thickness by mean thickness of the entire cortex.  

Cognitive assessment 

Cognitive function was assessed with a battery of neuropsychological tests including a) 

Executive function: using the Victoria Stroop test, the Controlled Word Association Test (using 

the letters F, A, and S). b) Processing speed-attention: using the Digit Span and Digit Symbol 

Coding and the Symbol Search subsets of the Wechsler Adult Intelligence Scale-III, c) 

Visuospatial function: using the Rey Complex Figure copy task d) Memory: using the Hopkins 

Verbal Learning Test—Revised and the delayed reproduction of the Rey Complex Figure copy 

task. Based on test scores, two clinical neuropsychologists reached consensus on a 

classification of no cognitive impairment if a participant scored >1.5 SD of age, sex and 

education appropriate norms in all tests under each domain. 
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Other measures 

Demographics and medical history were recorded with a self- reported questionnaire. Medical 

history included hypertension, hypercholesterolemia, ischemic heart disease, diabetes mellitus, 

stroke and lower limb arthritis. Height was measured with a Leicester height stadiometer. 

Data analysis 

The associations between the mean thickness of the entire cortex and each gait measure were 

examined using Bayesian regression models adjusting for age, sex and height (correlated with 

gait and brain size). For regional associations between cortical thickness and gait we followed 

the approach of Peterson (2003) and Thompson (2007) [29,30], using a multilevel model. All 

68 region measures were analyzed in a single model. Correlations between repeated measures 

(regions from the same individual) were modelled using a random intercept term for each 

individual. Bayesian regression approaches implemented in the R package “brms” [31,32] were 

used to fit models and perform inference. This approach was chosen over traditional multilevel 

regression as Bayesian regression does not constrain the final model distribution to be normal 

(our traditional model residuals were skewed). In addition, it did not exhibit problems with 

optimization parameters for which model solutions would converge. Models predicted 

thickness (or thickness ratio) as a function of gait variability and cortical regions.  Terms for 

gait variability, and the interaction between region and gait variability, were included in these 

models to allow each region to have its own effect of gait variability on thickness. The sum of 

these two terms was reported for each region as the association between thickness and gait 

variability. A negative association for a region indicates a smaller cortical thickness (or 

thickness ratio) is associated with greater gait variability whereas a positive association for a 

region indicates greater cortical thickness (or thickness ratio) is associated with greater 

variability. We used the credibility intervals as the index for hypothesis testing. The regions 
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that do not cross zero are reported. Additionally, as a measure of the strength of associations, 

one sided Bayes factors are reported.   

Two secondary analyses were performed. Firstly, associations between regional cortical 

thickness measures and gait speed were explored. A positive association between a region and 

gait speed indicates smaller cortical thickness with slower gait speed whereas a negative 

association indicates greater cortical thickness with slower speed. Finally, associations between 

regional cortical thickness measures and each gait variable were also examined in people with 

no cognitive impairment on neuropsychological testing. 

6.4 Results 

From the initial sample (n=425), participants with missing gait data (n=9), inadequate 

understanding of English (n=1), and difficulty walking without an aid (n=6) were excluded 

leaving 409 participants. Additionally, those with missing (n=48) and poor-quality imaging 

data (n=11) were excluded, leaving 350 participants for the final analyses. Participant 

characteristics are summarized in Table 6.1. The mean age of participants was 71.9 ± 7.1 years 

and 56% were male. Smaller overall mean cortical thickness was associated with greater 

variability in step width (β -0.10 95%CI -0.19, -0.00) and step time (β -0.07 95% CI -0.12, -

0.01), but not with DST variability (β -0.02 95% CI -0.09, 0.04), step length variability (β -

0.07 95% CI -0.17, 0.02) or gait speed (β 0.07 95% CI -0.04, 0.16).   
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Table 6. 1. Characteristics of participants (n=350) 

Variable 
 

  

Age (y), mean, SD  71.9    7.1 
Male, n, % 196  56.0 
Greater than high school education, n, % 159  45.3 
BMI [kg/m2], mean, SD  27.6    4.2 
Self-reported medical history, n %   
         Hypertension 174  49.7 
         High Cholesterol 142  40.6 
         Angina  45  12.9 
         Myocardial Infarction  42  12.0  
         Diabetes Mellitus  34    9.7 
         Stroke  26    7.4 
Gait characteristics mean, SD   
       Gait speed [cm/s]  115.2  20.7 
       Step length variability[cm]    2.7    0.9 
       Double support time variability[ms]  20.5  10.6 
       Step width variability[cm]     2.1    0.7   
       Step time variability [ms]   21.7  13.0 
Cognitive tests, mean, SD   

COWAT (number of words) 36.2 13.4 
Stroop words (s) 21.3 8.2 
Stroop color words (s) 38.6 22.5 
Digit symbol coding (number correct) 50.4 15.1 
Digit Symbol Search (number correct) 22.8 7.7 
Digit span (number correct) 15.8 3.8 
Hopkins immediate recall (number correct) 22.3 6.1 
Hopkins delayed recall (number correct) 7.7 3.0 
Hopkins recognition (number correct) 10.0 2.0 
Rey complex figure copy (number correct) 32.0 5.0 
Rey complex figure delay (number correct) 15.0 6.9 

Activities of Daily Living (ADL), mean, SD 23.5   1.2 
SD, standard deviation; BMI, Body Mass Index; kg, kilograms; m, meter; cm, centimeter; s, 

seconds; ms, milliseconds, COWAT, Controlled Word Association Test 
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Regional mean cortical thickness and gait variability 

The specific cortical regions associated with each gait variability measure are presented in 

detail in Appendix 6A: eTable 1. Smaller cortical thickness in widespread brain regions 

including frontal (bilateral precentral [primary motor], bilateral superior frontal 

[supplementary motor], left inferior frontal, right middle frontal [prefrontal]), parietal (bilateral 

inferior parietal, left precuneus), temporal (left superior, middle, inferior temporal) and 

occipital areas (bilateral lateral occipital) was associated with greater variability in step width 

and step time (Figure 6.1.a & 6.1.b). In addition, parietal (bilateral postcentral [primary 

somatosensory], bilateral supramarginal, right superior parietal, right precuneus), left insula, 

temporal (right fusiform) and occipital (right lingual) regions were associated with step width 

variability, and additional frontal (left frontal pole, right lateral orbitofrontal) regions were 

associated with step time variability. Smaller cortical thickness in only frontal (left inferior 

frontal) and temporal (left superior, middle temporal) regions was associated with greater DST 

variability (Figure 6.1.c) smaller thickness in only the occipital region (right cuneus) was 

associated with greater step length variability (Figure 6.1.d).  

Greater thickness in the right anterior cingulate was associated with greater variability in all 

measures and greater thickness in the left anterior cingulate region was associated with greater 

DST & step length variability (Figure 6.1).  

Regional cortical thickness ratio and gait variability  

The cortical thickness ratio regions associated with each gait variability measure are presented 

in detail in Appendix 6B: eTable 2. Smaller cortical thickness ratio in frontal (bilateral 

precentral, left middle frontal), temporal (left superior) and parietal (right inferior) regions was 

associated with greater step width variability (Figure 6.1.a) while a smaller ratio in the frontal 

(bilateral precentral, left frontal pole, left inferior frontal) and temporal (left superior) regions 
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was associated with greater step time variability (Figure 6.1.b). A smaller thickness ratio in 

frontal (bilateral precentral, left inferior frontal) and temporal (left superior and middle 

temporal) regions was associated with greater DST variability (Figure 6.1.c). A smaller ratio 

in frontal (right middle frontal), temporal (left middle temporal) and parietal (left postcentral, 

right precuneus) and occipital (right cuneus) regions was associated with greater variability 

step length (Figure 6.1.d).  

In contrast, a higher cortical thickness ratio in the cingulate (right anterior, right posterior, 

isthumus of cingulate), frontal (right inferior frontal, right medial orbtiofrontal) and temporal 

(right middle temporal) regions was associated with greater variability in most measures 

(Figure 6.1). Additionally, a higher thickness ratio in frontal (left medial orbitofrontal, right 

lateral orbitofrontal), occipital (left cuneus) and the right insula was associated with greater 

step width variability, and a greater ratio in frontal (left inferior frontal), temporal (right 

parahippocampal gyrus) and left posterior cingulate regions was associated with greater step 

time variability. 
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Figure 6. 1. Brain regions associated with each gait variability measure. Top panels show the 

areas identified by the mean cortical thickness and the bottom panels show the areas 

identified by cortical thickness ratio; color scale corresponds to log of one-sided Bayes 

factors; regions of cool colors indicate smaller thickness or ratio associated with greater 

variability; regions of warmer colors indicate greater thickness or ratio associated with 

greater variability. Only the regions with credibility intervals that do not cross zero are 

shown, A-P; Anterior-Posterior, RH; Right Hemisphere, LH; Left Hemisphere. 

 

 

Figure 6.1.a. Step width variability 
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Figure 6.1.b. Step time variability 
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Figure 6.1.c. Double support time variability 
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Figure 6.1.d. Step length variability
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Regional thickness measures and gait speed 

Smaller mean cortical thickness in frontal (bilateral precentral, bilateral superior frontal, 

bilateral middle frontal, left inferior frontal, right lateral orbitofrontal), temporal (bilateral 

superior, left middle temporal) and parietal (right superior parietal, right precuneus) regions 

was associated with slower gait speed.  A smaller cortical thickness ratio in similar, but fewer, 

regions were also associated with slower gait speed.  In contrast a higher thickness ratio in the 

cingulate (bilateral anterior, isthmus and left posterior cingulate), frontal (left inferior frontal) 

and temporal (left fusiform, right parahippocampal) regions was associated with slower gait 

speed (Figure 6.2).  

Appendix 6C: eTable 3 (regional cortical thickness) and Appendix 6D: eTable 4 (cortical 

thickness ratio) show the cortical regions associated with each gait measure only in participants 

whose scores were >1.5 SD of age, sex and education appropriate norms in all cognitive 

domains (n=222).



132 
 

 

Figure 6. 2. Brain regions associated with gait speed. Top panel shows the areas identified by 

the mean cortical thickness and the bottom panel shows the areas identified by cortical 

thickness ratio; color scale corresponds to log of one-sided Bayes factors; regions of cooler 

colors indicate smaller thickness or ratio associated with slower speed; regions of warmer 

colors indicate greater thickness or ratio associated with slower speed. Only the regions with 

credibility intervals that do not cross zero are shown. A-P; Anterior-Posterior, RH; Right 

Hemisphere, LH; Left Hemisphere
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6.5 Discussion  

This study is the first to our knowledge to examine associations between cortical thickness and 

gait variability in community dwelling older people. Smaller overall cortical thickness (the 

mean of all regions) was only associated with greater variability in two measures - step width 

and step time. In contrast, regional cortical thickness in distinct areas was associated with all 

gait variability measures, highlighting the importance of examining individual regions and 

different gait measures. The thickness ratio identified some similar but also different regions, 

suggesting that smaller thickness in brain regions relative to the global mean might also be 

important for consistency in gait. Together, our findings add to the knowledge of cortical 

control of gait variability in older age.  

Associations between areas of smaller cortical thickness and greater gait variability 

Smaller thickness overall and in widespread regions was associated with step width and step 

time variability. These included areas important for motor planning (bilateral prefrontal and 

bilateral supplementary motor) and execution (bilateral primary motor), executive function 

(bilateral prefrontal) [33,34], perception and integration of visuospatial inputs (bilateral inferior 

parietal, left precuneus) [35,36], vestibular processing (left superior temporal) [37], auditory 

and movement perception (left middle temporal) [38] and visual object recognition (bilateral 

lateral occipital, left inferior temporal) [38]. This is consistent with the knowledge that a wide 

range of cognitive (particularly executive function) [8] and sensorimotor functions that require 

central processing (i.e. postural sway, reaction time, proprioception) [9] are important for the 

control of gait. However, in prior work poorer performance in cognition was not associated 

with step width variability, while only poorer executive function was associated with greater 

step time variability [8]. The widespread brain regions associated with these measures suggest 
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that cortical thinning may impact on gait variability at an earlier stage than can be detected by 

neuropsychological tests.  

For step width variability, additional regions included areas important for motor planning and 

updating (bilateral and a greater number of prefrontal regions), processing of visual (right 

fusiform, right lingual gyrus, right superior parietal, bilateral supramarginal) [37,38], vestibular 

(left insula) [37] and somatosensory (bilateral primary somatosensory, supramarginal) 

information [39]. These additional regions may suggest that balance control in the coronal 

plane (reflected by step width variability) requires higher levels of attention and sensory 

integration. In line with our results, lower parietal volume was associated with greater stride 

time variability in a prior study [13]. However, prior studies of stride width variability have 

only examined hippocampal volume (not included in our study) [14] , and therefore cannot be 

compared with our results. Interestingly, the regions associated with these variability measures 

in our study are similar, but greater in number (particularly in frontal areas), when compared 

to regions associated with absolute step width and step time in prior studies [21,40]. This 

suggests that frontal areas might be particularly important in maintaining consistency in timing 

of steps and balance control in the coronal plane.  For both step width and step time variability 

most regions associated with mean thickness disappeared when replaced with the cortical 

thickness ratio. Taken together, our findings suggest that smaller thickness in widespread brain 

regions is important for maintaining the consistency in step width and step time, rather than 

specific areas of smaller regional thickness in relation to overall mean thickness.    

In contrast to step width and step time variability, fewer regional areas were associated with 

DST and step length variability and there was no association with overall mean thickness. The 

thickness ratio identified more regions than the mean thickness measure, including areas 

important for motor planning (prefrontal), auditory processing (left middle temporal), 

execution of movement (bilateral primary motor), vestibular function (left superior temporal) 
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[for DST variability], vision (right precuneus, right cuneus) and somatosensory function (left 

primary somatosensory) [for step length variability]. Interestingly many of these areas have 

been found to atrophy at a greater rate than other areas of the brain with advancing age [23,41]. 

Our findings suggest that smaller thickness in these regions relative to the rest of the cortex, is 

important for step-to-step consistency in DST and step length.   

In prior studies from our cohort DST and step length variability were associated with a wide 

range of cognitive and sensorimotor functions [8,9]. Therefore, it is somewhat surprising that 

the cerebral regions associated with these measures were largely limited to frontal and temporal 

regions. Considering previous associations between smaller subcortical grey matter volumes 

and step length [17,25,42], and prior findings of an association between DST variability and 

memory decline [43], it is possible that subcortical regions (i.e. the hippocampus, basal ganglia, 

the cerebellum) might play a role in the control of DST and step length variability. However, 

the surface-based stream of FreeSurfer only includes cortical regions, therefore we did not 

examine subcortical regions. Furthermore, compared to variability in DST, smaller volume in 

widespread frontal and sensory regions were associated with absolute DST in a prior study [40]. 

Similarly, smaller volume and thickness in a greater number of cortical regions was associated 

with absolute step length, than step length variability in our study [21,25,40]. However, results 

are difficult to compare as these prior studies examined cortical thickness only in older people 

with cerebral small vessel disease [21] or examined grey matter volume [25,40], rather than 

thickness.  

Associations between areas of greater cortical thickness and greater gait variability 

Unexpectedly greater mean thickness and a higher thickness ratio in the anterior cingulate was 

associated with greater variability in all measures. In addition, a greater thickness ratio in right 

prefrontal and right middle temporal regions was associated with greater variability in most 



136 
 

measures. We are unsure of the mechanism underlying these findings. A possible reason may 

be that greater (or relatively preserved) thickness is a neuroplastic adaptation to maintain gait 

consistency, compensating for areas of smaller thickness. Functions of the anterior cingulate 

include allocation of attentional resources, planning, decision making and, error monitoring 

and correction [44,45], which are important for gait control [8]. Imaging studies have also 

reported greater activation in the anterior cingulate during dual task walking [46]. This is only 

speculation but supported by inverse associations between the thickness ratio in the cingulate 

with other regions in our study (i.e. right caudal anterior cingulate correlated inversely with 

right precentral (r=-0.25) and right superior parietal (r=-0.26) regions). However, 

compensation may have only been helpful in mitigating impairment to a point, as greater 

thickness was not associated with better performance.  

Regional cortical thickness and gait speed 

We also examined associations between cortical thickness and gait speed to enable comparison 

with gait variability and prior studies of gait speed. Overall mean thickness was not associated 

with gait speed, which is in line with cross-sectional findings from a recent study [47]. Similar 

to prior a study, smaller mean thickness in frontal, temporal and parietal regions was associated 

with slower gait speed [21]. However, compared to our results, the regions in the prior study 

were more dispersed in the parietal and occipital areas. This might be due to the prior study 

sample including only older people with cerebral small vessel disease, as the strength of some 

associations were attenuated after adjustments for subcortical vascular lesions. Also, in contrast 

to their findings, we found a higher cortical thickness ratio in the cingulate was associated with 

slow gait speed. 

Compared to associations with variability in step time and step width, a smaller number of 

sensory regions were associated with gait speed, suggesting these areas are important for 
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consistency in timing and balance control to a greater extent than gait speed. In contrast, 

compared to variability in DST and step length, a greater number of frontal regions were 

associated with gait speed, consistent with knowledge that poorer attention and executive 

function is associated with slower gait speed [8]. 

Strength and limitations 

The examination of associations between regional cortical thickness and gait variability is 

novel. Our analysis has the advantage of examining multiple regions, in contrast to others that 

have examined grey matter volume only in a few pre-specified regions of interest. Cortical 

thickness is a sensitive marker of morphological ageing that is not associated with total 

intracranial volume [19]. Participants were a randomly selected sample of older people from 

the electoral roll, and therefore the results may be more generalizable to a wider community of 

older people than other studies of participants from memory clinics [14,15]. The use of the 

cortical thickness ratio allowed us to determine whether regions with smaller thickness relative 

to the rest of the cortex were important for gait consistency. There are however limitations to 

our study. Although the surface-based stream of FreeSurfer5.3 provides a detailed list of brain 

regions, it does not include the hippocampus (lies in the cortical infolding) or subcortical areas. 

The design of this study limits our inferences to cross-sectional associations, thus we cannot 

provide insights as to whether decline in thickness in these regions are contributing to gait 

variability. For example, a recent study found that smaller global mean thickness was 

associated with gait slowing over time [47].  It is possible that our sample may have included 

older people with mild cognitive impairment (MCI), which may have modified associations 

between cortical thickness and gait. However, we did not have a formal diagnosis for MCI. 

Instead we present the results for those with no cognitive impairment on neuropsychological 

testing. Generally, compared to the whole sample, fewer regions with smaller cortical thickness 

and more regions with greater cortical thickness (including the anterior cingulate) were 
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associated with greater gait variability. However, comparison between results should be viewed 

with caution as the number of participants differed. Also, a limitation in this study is that we 

measured gait variability over a mean of 27.9 steps, which may have affected the reliability of 

gait variability measures. However, despite this, we were still able to find a number of 

associations. 

Conclusion 

This study provides the first evidence for associations between cortical thickness and intra-

individual gait variability in older people. Smaller overall cortical thickness was only 

associated with greater variability in step width and step time. In contrast, smaller regional 

thickness in areas important for sensorimotor and cognitive functions was associated with 

greater variability in all measures. However, brain regions associated with each gait variability 

measure were specific. Our findings highlight the importance of examining individual brain 

regions to understand the cortical control of distinct gait variability measures. 

6.6 Postscript 

The findings of this study emphasised that smaller thickness in multiple cortical regions were 

associated with greater variability in all four gait measures. Each gait variability measure had 

specific associated regions. Surprisingly, greater thickness in the anterior cingulate was 

associated with greater variability in all measures. A smaller cortical thickness ratio in some 

brain regions was also associated with greater variability. This suggests that regions with 

greater proportional change (relative to overall mean) are important for the consistency of gait.  

Unlike regional thickness, overall mean cortical thickness was only associated step width and 

step time variability. This highlights the importance of examining regional associations with 

gait rather than only examine associations with global thickness. 
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Collectively, the chapters so far have contributed to understanding the underlying factors 

associated with individual gait variability measures. The key findings highlight that: 

- factors are specific to each gait variability measure 

- most factors that were associated with gait variability are also risk factors for dementia 

- common neural networks exist between gait variability and cognition 

Our findings, and that of others, suggest that gait and cognition rely on shared neural correlates. 

Interestingly in this study smaller cortical thickness was associated with some gait variability 

measures that were not previously associated with any cognitive functions (e.g. step width 

variability). This suggests that changes in brain structure may affect gait variability at an earlier 

stage than changes in cognitive function. This raises the possibility that gait variability may be 

an important motor biomarker for future cognitive decline. Therefore, the next chapter of this 

thesis will examine whether intra-individual gait variability measures are associated with 

cognitive decline in specific domains. 
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Appendix 6A: eTable 1. Brain regions that showed associations between mean cortical thickness and individual gait characteristics (n=350) 

 DST variability Step length variability Step time variability Step width variability Speed 
          Bayes factor  Bayes factor  Bayes factor  Bayes factor  Bayes factor 
Frontal            
Left pars opercularis - 50.28   - 469.58 - 25.67 + 469.59 
Left pars triangularis        - 141.86   
Left pars orbitalis          - 96.56 
Right pars orbitalis        - 19.62   
Left rostral middle frontal        - 999.00 + 21.99 
Right rostral middle frontal       - 284.71 + 39.20 
Left caudal middle frontal       - Inf + 53.42 
Right caudal middle frontal      - 33.33 - 24.64 + 65.67 
Left frontal pole      - 21.54     
Right lateral orbitofrontal      - 33.63   + 141.86 
Left superior frontal      - 39.61 - 180.82 + 78.21 
Right superior frontal      - 21.47 - 107.11 + 443.44 
Left precentral      - 185.05 - Inf + 570.43 
Right precentral      - 295.30 - 1332.33 + 90.95 
           
Temporal           
Left superior temporal - 21.10   - 31.52 - Inf + 532.33 
Right superior temporal       - 65.67 + 570.43 
Left transverse temporal      - 44.45 - 1999.00 + 23.77 
Left bankssts        - 70.43   
Left middle temporal - 34.09   - 75.92 - 265.67 + 26.40 
Left inferior temporal      - 38.80 - 49.63   
Right inferior temporal       - 57.82   
Left insula       - 65.67   
Right fusiform        - 1999.00   
           
Parietal           
Left precuneus      - 34.40 - 124.00   
Right precuneus        - 34.09 + 59.61 
Left inferior parietal     - 38.22 - 152.85   
Right inferior parietal     - 69.80 - Inf   
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Left postcentral        - 209.53   
Right postcentral        - 28.20   
Left superior parietal       - 399.00   
Right superior parietal        - 443.44 + 23.39 
Left supramarginal       - 665.67   
Right supramarginal       - 66.80   
           
Occipital           
Right cuneus   - 20.16       
Left lateral occipital      - 25.58 - 172.91   
Right lateral occipital      - 31.39 - 147.15   
Right lingual        - 24.64   
           
The cingulate            
Left caudal anterior cingulate    + 31.78     - 155.86 
Right caudal anterior cingulate + 34.09 + 24.00   + 28.20 - 319.00 
Left rostral anterior cingulate + 21.47 + 92.02       
Right rostral anterior cingulate + 799.00 + 3999.00 + 47.78   - 1599.00 

Note. (-) indicates areas of negative associations (areas showing smaller cortical thickness with greater variability); (+) indicates areas of positive associations (areas showing greater cortical thickness with 
greater variability), For gait speed (-) indicates areas of negative associations (areas showing greater cortical thickness with slower speed) and (+) indicates areas of positive associations (areas showing smaller 
cortical thickness with slower speed), Bayes factor is the ratio between the likelihood of one hypothesis and the likelihood of another hypothesis. One-sided bayes factor presented for each region provides a 
measure of strength of association, inf; infinity indicates that all samples were on one side of zero.
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Appendix 6B: eTable 2. Brain regions that showed associations between the cortical thickness ratio and individual gait characteristics (n=350) 

 DST variability Step length variability Step time variability Step width variability Speed  
          Bayes factor  Bayes factor  Bayes factor  Bayes factor  Bayes factor 
Frontal            
Left pars opercularis - 128.03   - 73.07   + 75.92 
Right pars opercularis      + 37.46     
Left pars orbitalis      + 42.96   - 362.64 
Right pars triangularis    + 85.96 + 30.01 + 332.33   
Left caudal middle frontal       - 31.00 + 29.53 
Right caudal middle frontal          + 50.28 
Right rostral middle frontal   - 22.39       
Left frontal pole     - 47.78     
Left medial orbitofrontal        + 33.19   
Right medial orbitofrontal    + 39.00   + 999.00   
Right lateral orbitofrontal        + 33.78   
Left superior frontal         + 87.89 
Right superior frontal          + 3999.00 
Left precentral  - 42.96   - 362.64 - 159.00 + Inf 
Right precentral  - 79.00   - 3999.00 - 96.56 + 1999.00 
           
Temporal           
Left superior temporal  - 22.81       + 85.96 
Right superior temporal          + 44.98 
Left transverse temporal      - 50.95 - 362.64 + 55.34 
Left middle temporal  - 55.34 - 20.16       
Right middle temporal  + 44.98 + 28.41 + 94.24     
Right parahippocampal      + 35.36   - 36.74 
Right insula        + 26.03   
Left fusiform          - 159.00 
           
 
Parietal 

          

Left postcentral    - 19.41       
Right precuneus    - 31.00     + 27.99 
Right inferior parietal        - 64.57   
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Occipital           
Left cuneus        + 64.57   
Right cuneus   - 19.73       
           
The cingulate           
Left rostral anterior cingulate    + 99.00   + 61.50   
Right rostral anterior cingulate + 306.69 + 799.00 + 107.11 + 65.67 - Inf 
Left caudal anterior cingulate          - 159.00 
Right caudal anterior cingulate       + 999.00 - 332.33 
Left isthmus cingulate          - 25.49 
Right isthmus cingulate  + 33.78   + 306.69   - 65.67 
Left posterior cingulate      + 22.67   - 44.98 
Right posterior cingulate        + 221.22   

Note. (-) indicates areas of negative associations (areas showing smaller thickness ratio with greater variability); (+) indicates areas of positive associations  (areas showing greater thickness ratio with greater 
variability), For gait speed (-) indicates areas of negative associations (areas showing greater thickness ratio with slower speed) and (+) indicates areas of positive associations (areas showing smaller cortical 
thickness ratio with slower speed), Bayes factor is the ratio between the likelihood of one hypothesis and the likelihood of another hypothesis. One-sided bayes factor presented for each region provides a 
measure of strength of association, inf; infinity indicates that all samples were on one side of zero. 
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Appendix 6C: eTable 3. Brain regions that showed associations between mean cortical thickness and individual gait characteristics in cognitively 

healthy people (n=222) 

 DST variability Step length variability Step time variability Step width variability Speed 
          Bayes factor  Bayes factor  Bayes factor  Bayes factor  Bayes factor 
Frontal            
Left pars opercularis       - 20.16   
Left pars triangularis  + 20.62     - 40.24   
Right pars triangularis   + 57.82       
Left pars orbitalis          - 39.82 
Left rostral middle frontal        - 362.64   
Right rostral middle frontal       - 189.48   
Left caudal middle frontal       - 189.48   
Right caudal middle frontal      - 28.30 - 28.20 + 28.85 
Left frontal pole    + 24.32       
Left lateral orbitofrontal       - 34.40   
Right medial orbitofrontal   + 79.00       
Left superior frontal      - 25.32     
Right superior frontal      - 33.48 - 43.94 + 53.05 
Left precentral      - 23.02 - 332.33 + 39.82 
Right precentral      - 27.17 - 665.67   
           
           
Temporal           
Left superior temporal     - 23.62 - 3999.00   
Right superior temporal       - 85.96 + 25.49 
Left transverse temporal      - 39.40 - 1999.00   
Right transverse temporal     - 43.44 - 21.73   
Left bankssts        - 132.33   
Left middle temporal       - 399.00   
Right middle temporal + 62.49         
Left inferior temporal            
Right inferior temporal       - 67.97   
Left insula     - 24.81     
Right fusiform        - 1999.00   
Left temporal pole   + 147.15 + 47.19     
Right temporal pole     - 22.39 - 50.28   
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Parietal           
Left precuneus        - 172.91   
Right precuneus        - 21.60   
Left inferior parietal     - 38.22 - 82.33   
Right inferior parietal       - Inf   
Left postcentral        - 104.26   
Right postcentral        - 22.39   
Left superior parietal       - 172.91   
Right superior parietal        - 128.03   
Left supramarginal       - 165.67   
Right supramarginal       - 92.02   
           
Occipital           
Right cuneus + 23.69         
Left lateral occipital      - 56.55 - 999.00   
Right lateral occipital        - inf   
           
The cingulate            
Left caudal anterior cingulate    + 101.56     - 44.98 
Right caudal anterior cingulate   + 37.83   + 46.62 - 53.79 
Left rostral anterior cingulate   + 21.10       
Right rostral anterior cingulate + 3999.00 

 
+ inf + 61.02   - 799.00 

Note. (-) indicates areas of negative associations (areas showing smaller cortical thickness with greater variability); (+) indicates areas of positive associations (areas showing greater cortical thickness with 
greater variability), For gait speed (-) indicates areas of negative associations (areas showing greater cortical thickness with slower speed) and (+) indicates areas of positive associations (areas showing 
smaller cortical thickness with slower speed), Bayes factor is the ratio between the likelihood of one hypothesis and the likelihood of another hypothesis. One-sided bayes factor presented for each region 
provides a measure of strength of association, inf; infinity indicates that all samples were on one side of zero. 
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Appendix 6D: eTable 4. Brain regions that showed associations between the cortical thickness ratio and individual gait characteristics in cognitively 

healthy people (n=222) 

 DST variability Step length variability Step time variability Step width variability Speed  
          Bayes factor  Bayes factor  Bayes factor  Bayes factor  Bayes factor 
Frontal            
Right pars opercularis      + 28.63     
Left pars orbitalis          - 141.86 
Right pars triangularis    + 141.86 + 85.96 + 22.67   
Left caudal middle frontal         + 42.01 
Right caudal middle frontal          + 189.48 
Left medial orbitofrontal  - 23.24     + 92.02   
Right medial orbitofrontal    + 69.18   + 128.03   
Right superior frontal      - 23.54   + 799.00 
Left precentral      - 30.01 - 35.70 + 1332.33 
Right precentral      - 39.00 - 113.29 + 84.11 
           
Temporal           
Left superior temporal  - 26.21     - 28.41   
Left transverse temporal    - 38.22 - 42.96 - 152.85   
Right transverse temporal - 25.14   - 77.43   + 20.62 
Right middle temporal  + 28.63   + 23.69     
Right parahippocampal      + 40.67     
Left insula - 75.92         
Right insula        + 19.73   
Left fusiform          - 159.00 
Left temporal pole   + 89.91 + 306.69     
Right temporal pole     - 32.90     
Right banksts     + 74.47     
           
Parietal           
Left postcentral    - 62.49       
Right inferior parietal        - 99.00   
           
Occipital           
Left cuneus        + 94.24   
Right cuneus       + 107.11   
Left lingual         - 27.57 
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The cingulate           
Left rostral anterior cingulate        + 36.74   
Right rostral anterior cingulate + 306.69 + 1999.00 + 65.67 + 32.06 - 1332.33 
Left caudal anterior cingulate    + 36.04     - 45.51 
Right caudal anterior cingulate       + 3999.00 - 37.83 
Left isthmus cingulate            
Right isthmus cingulate        + 58.70   
Left posterior cingulate      + 22.53     
Right posterior cingulate        + 52.33   

Note. (-) indicates areas of negative associations (areas showing smaller thickness ratio with greater variability); (+) indicates areas of positive associations  (areas showing greater thickness ratio with greater 
variability), For gait speed (-) indicates areas of negative associations (areas showing greater thickness ratio with slower speed) and (+) indicates areas of positive associations (areas showing smaller cortical 
thickness ratio with slower speed), Bayes factor is the ratio between the likelihood of one hypothesis and the likelihood of another hypothesis. One-sided bayes factor presented for each region provides a 
measure of strength of association, inf; infinity indicates that all samples were on one side of zero. 
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7. Gait characteristics and cognitive decline: A longitudinal 

population-based study 

7.1 Preface 

The findings of the previous chapters of this thesis highlight that there could be shared neural 

correlates between gait variability and cognition. Greater gait variability has been cross-

sectionally associated with poorer cognitive performance in specific domains. However, the 

potential of gait variability as a marker of future cognitive decline has not been widely 

examined. This chapter examines if variability in individual gait variability measures, as well 

as gait speed and walking speed reserve, are associated with decline in executive function, 

processing speed, visuospatial function and memory. Additionally, it will be examined if any 

association between gait measures and cognition are modified by the presence of ApoE4.  

The text in this chapter is published Journal of Alzheimer’s Disease [1]. 

7.2 Introduction 

Dementia is one of the largest global health concerns for older people [2]. Early identification 

of people at risk might provide a potential avenue to combatting the early accumulation of 

pathology and prevent or delay disease onset. Although much progress has been made, there is 

still an unmet need due to a lack of simple and inexpensive biomarkers to detect early cognitive 

deficits, but impairments in gait are emerging as a potential simple solution [3].  

Results from longitudinal studies have shown that slower gait speed predicts both incident 

cognitive impairment or dementia [4-8]. However, more recently other gait characteristics such 

as gait variability and walking speed reserve (WSR) have emerged as early, and potentially 

more sensitive markers of dementia [9]. For example, greater gait variability (the magnitude of 
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the fluctuation in a gait parameter from one step to the next), under both single and dual-task 

has been shown to be associated with dementia onset, whereas gait speed was not [8, 10].  

Few studies have examined whether gait variability is associated with decline in specific 

cognitive functions. Such information may provide clinical biomarkers to augment prediction 

of dementia from an earlier stage. In cross-sectional studies greater variability in step time [11] 

and stride time [12-14] were associated with poorer executive function [11, 13, 14], processing 

speed [12] and episodic memory [14], whereas greater variability in double support phase was 

associated with poorer executive function, processing speed and visuospatial ability [11].  

There has only been one longitudinal study to our knowledge examining this topic. A 

variability factor, composed of variability in stride length and swing time was not associated 

with decline in global cognition or the domains of executive function, attention and memory 

[8]. However, gait variability may not behave as one construct [15, 16]. For example, gait 

variability in distinct gait characteristics are correlated with different cognitive, medical and 

sensorimotor factors [16, 17]. Therefore, examining variability as one factor might be 

problematic if gait characteristics show differing sensitivity to cognitive decline. Hence, 

examining individual gait variability measures may help in finding the most sensitive markers 

of cognitive decline.  

Greater WSR (the extent gait speed can be increased from usual pace) has also been identified 

in a cross-sectional study of older people from a memory clinic as a marker of worsening 

cognitive stage [9]. Increasing walking speed to maximal levels may demand additional 

cognitive input [18], and hence WSR has the potential to be an early marker of cognitive 

decline that has not yet been investigated. 

Therefore, this study aimed to determine, in a population-based sample, whether baseline gait 

speed and other gait characteristics (temporal and spatial gait variability and WSR) were 
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associated with cognitive decline in specific cognitive domains (executive function, processing 

speed, memory and visuospatial function). As a secondary aim we examined whether the 

presence of ApoE4 genotype, a genetic marker of Alzheimer’s disease, modified any 

association between poorer baseline gait and decline in cognitive domains. 

7.3 Methods 

Participants 

The Tasmanian Study of Cognition and Gait (TASCOG), is a longitudinal study of the neural 

correlates of gait and cognition. In January 2005, the initial cohort (baseline) was randomly 

selected from the Southern Tasmanian Electoral roll with ethical clearance obtained from the 

Southern Tasmanian Health and Medical Human Research Ethics committee. Written consent 

was obtained from all participants. Participants were included if they were aged 60 to 85 years 

and were able to walk without a gait aid. They were excluded if they had a history of dementia 

or Parkinson’s disease, lived in an institution or if there was any contraindication to MRI as 

this was part of the larger study. Follow-up assessments were conducted in March 2008 (Phase 

1) and March 2010 (Phase 2) using identical methods. 

Gait assessment  

Assessment of gait was carried out at preferred walking speed using the 4.6m GAITRite 

walkway (GAITRite system, CIR Systems, PA, USA). Each walk started 2 meters before and 

finished 2 meters after the walkway, to allow for acceleration and deceleration. Each participant 

completed 6 walks.  The GAITRite software provides an output for gait speed for each walk as 

well as individual foot-fall information for a range of gait parameters. Intra-individual 

variability was calculated as the standard deviation of each gait measure. Variability in step 

time, double support time (DST), step length and step width were chosen as they have been 

cross-sectionally associated with poorer cognitive function, particularly poorer executive 
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function and processing speed [11, 13, 14]. In a subsample of participants recruited 

consecutively (n=177), gait speed was measured at fast pace and WSR was calculated as the 

difference in gait speed between preferred and fast pace walking (WSR = [fast gait speed – 

preferred gait speed]). 

Cognitive function 

Cognitive function in four specific domains were assessed with a comprehensive 

neuropsychological test battery at baseline and each follow up phase. a) Executive function: 

the Controlled Word Association Test (COWAT, using the letters F, A, and S), the Victoria 

Stroop test (Stroop color time - Stroop word time), the Digit Span subset of the Wechsler Adult 

Intelligence Scale-III; b) Processing speed: the Symbol Search and Digit Symbol Coding 

subsets of the Wechsler Adult Intelligence Scale-III, c) Visuospatial function: the Rey Complex 

Figure copy task and d) Memory: the Hopkins Verbal Learning Test—Revised and a 20 

minutes delayed reproduction of the Rey Complex Figure copy task. For each participant, raw 

scores from the individual cognitive tests at each phase were standardized against the sample 

mean scores of the respective tests at baseline. Then principal component analysis was applied 

to the baseline data to derive one summary variable for each of the four domains, and the same 

derived components were applied at each follow-up phase, so that change could be measured.  

Covariates 

Demographics  

Baseline age, sex and education were obtained via a self-reported questionnaire. For the 

purposes of analyses, education was stratified into a binary variable using high school 

equivalent and below as the cut-off.   

Medical history 
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The following variables were also considered as baseline covariates. 1) Body mass index (BMI): 

calculated using the height (m) and weight (kg) at baseline. 2) Cardiovascular disease and risk 

factors (CVD): The presence or absence of any of the following conditions were determined 

by a questionnaire: hypertension, hypercholesterolemia, ischemic heart disease, diabetes 

mellitus and stroke. Based on the number of risk factors present at baseline, a CVD score was 

created. 3) Mood: assessed with Geriatric Depression Scale (short version) and a score of >5 

was used to classify participants into either depressed or not. 4) ApoE4 genotype: derived from 

whole blood DNA and participants were considered APOE4 positive if they carried at least one 

copy of APOE4 allele.  

Data analysis 

Associations between baseline gait and cognitive decline 

Longitudinal mixed effect models were used to determine whether baseline gait (gait variability, 

WSR and gait speed) predicted decline in different cognitive domains. Cognitive indices of the 

four domains, derived from principal component analyses, at each time point were the 

dependent variables. To consider if baseline gait was a significant predictor of cognitive decline 

a model that included time, baseline gait and an interaction term between them was used:  

𝒄𝒐𝒈 𝑏𝑒𝑡𝑎 𝒕𝒊𝒎𝒆 𝑏𝑒𝑡𝑎 𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆 𝒈𝒂𝒊𝒕  𝑏𝑒𝑡𝑎𝟑 𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆𝒈𝒂𝒊𝒕 𝒕𝒊𝒎𝒆  

If the interaction term 𝑏𝑒𝑡𝑎  was significant, the interpretation would be that individuals with 

different baseline gait values have different slopes with respect to time, and therefore rates of 

cognitive decline. When model residuals were tested for normality, variability in step time and 

DST were positively skewed and therefore transformed with appropriate functions. 

Coefficients of these gait measures were presented in the original units by back transforming 

with appropriate non-linear combinations of the model parameters. Non-linear associations 

between gait characteristics and cognitive decline were examined by adding a quadratic effect 
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of time to these models. Unadjusted and models adjusted for baseline age, sex and education 

were performed. There was a substantial participant drop out between the baseline and follow 

up phases. To address any bias that could arise due to this attrition, we performed a sensitivity 

analysis with inverse propensity weighting.  Participants who remained and have the same 

factors as in the drop out sample were weighted by their probability of being a complete case. 

Thereby, those participants receive a larger weight and contribute more to the models. 

Propensity weights were created using baseline age, sex, education, gait speed and medical 

history (history of high blood pressure, diabetes, myocardial infarction, stroke, diabetes, 

arthritis, depression). 

In addition, to determine whether poor baseline gait combined with the presence of ApoE4 

genotype was associated with greater decline in cognitive functions a three-way interaction 

term (baseline gait×ApoE4×time) was tested in the model. Where a gait characteristic was 

associated with cognitive decline over time, the rate of change in the cognitive function was 

calculated and graphically presented at the highest and lowest quartiles of that baseline gait 

measure (poorer versus better gait performance). 

We performed two secondary analyses.  Gait variability and cognitive impairment are both 

strongly linked to gait speed, therefore we were interested in determining whether the effects 

of baseline gait variability on cognitive decline are independent of gait slowing. We tested this 

by adding a gait speed  time interaction term to the models and examined its effect on 

associations between gait variability and cognitive decline. Secondly, gait is thought to be a 

good overall marker of a person’s health status. Therefore, we performed a separate analysis 

to examine whether poorer gait performance (slow speed, greater variability and smaller WSR) 

may be associated with cognitive decline due to the combined effects of dementia risk factors 

(CVD, BMI or depression).  To do this, the associations between dementia risk factors (i.e. 

CVD score × time) and cognitive decline were tested using mixed effects models as above. For 
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any risk factor that was associated with cognitive decline, we examined whether the effects 

were mediated through gait characteristics by comparing models including just the risk factor 

and time interaction, with models that had this term as well as a gait × time interaction term.  

STATA (StataCorp LLC Texas, USA) version 15.0 was used in all the analyses. 

7.4 Results 

Baseline characteristics of the sample  

Table 7.1 summarizes the characteristics of participants at baseline (n=410). The average age 

of participants was 72.0 (SD 7.0) years, 56.8% were male and the baseline gait speed was 1.14 

(SD 0.21) m/s. From the initial cohort, 282 participants were available at phase 1 while 250 

participants were available at phase 2. Participants who completed all phases were younger 

(p<0.001), had lower prevalence of any CVD (p=0.035), a lower depression score (p=0.003), 

faster gait speed (p<0.001), lower temporal variability (p<0.05) and better cognitive 

performance (p<0.001). The differences in baseline characteristics between participants who 

were lost to follow up and those who completed all three phases are summarized in Appendix 

7A: Supplementary Table 1. 

Cognitive scores at each phase are summarized in Appendix 7B: Supplementary Table 2.
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Table 7. 1. Baseline characteristics of the study sample (n=410) 

Variable    

 
Age (y), mean, SD 72.0 7.0 

Male, n, % 233 56.8 

Greater than high school education, n, % 200 46.4 

BMI [kg/m2], mean, SD 27.9 4.7 

Self-reported medical history, n %   

         Hypertension 203  49.5 

         High Cholesterol 176  42.9 

         Angina 56  13.7 

         Myocardial Infarction 58  14.2 

         Diabetes Mellitus 51  12.4 

         Stroke 36  8.8  

Prevalence of any CVD, n % 288 70.4 

ApoE4 genotype, n %* 97 25.3 

Depression, n %  37   9.0 

Gait characteristics, mean SD   

       Gait speed [m/s]  1.13 0.21 

       Step length variability[m] 0.02 0.01 

       Double support time variability[ms] 20.73 10.67 

       Step width variability[m]  0.02 0.01 

       Step time variability [ms]  22.18 13.22 

      Fast pace gait speed [m/s]** 1.55 0.29 

      WSR [m/s] ** 0.42 0.17 

Cognitive tests, mean, SD   

     COWAT 35.8  13.3 

     Stroop dots (s) 15.9  5.0 

     Stroop words (s) 21.6  8.1 
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     Stroop colours (s) 35.8 13.3 

     Digit span 15.8  3.8 

     Digit symbol coding  49.6  15.2 

     Symbol search 22.4   7.8 

     Hopkins immediate recall 21.8   6.1 

     Hopkins delayed recall 7.5   3.1 

     Hopkins recognition   9.9   2.0 

     Rey complex figure copy 31.9   4.9 

     Rey complex figure delay 14.7   6.9 

SD, standard deviation; BMI, Body Mass Index; CVD, cardiovascular disease; 

COWAT=Controlled Oral Word Association Test; kg, kilograms; ms, milliseconds; cm, 

centimetre; * in a subsample of n=384 participants; **in a subsample of n=177 participants; 

Presence of any CVD is a summary score based on the number of risk factors including 

hypertension, hypercholesterolemia, ischemic heart disease, diabetes mellitus and stroke. 
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Baseline gait measures and associations with decline in specific cognitive functions 

Unadjusted associations between baseline gait measures and cognitive decline are summarized 

in Appendix 7C: Supplementary Table 3. 

Gait variability and WSR 

Baseline higher DST variability (ms) was associated with greater decline in memory: [β=-0.59 

(95%CI -1.13, -0.06) p=0.03]. Figure 7.1 depicts the difference in the rate of change in memory 

over time between people in 25th and 75th quartiles of DST variability. Variability in step 

length, step width and step time and WSR were not significantly associated with decline in any 

of the cognitive domains (Table 7.2).   

Gait speed 

Baseline slower gait speed was associated with greater decline in processing speed: [β =0.10 

(95%CI 0.01, 0.18) p=0.02] and visuospatial function: [β =0.76 (95%CI 0.06, 1.45) p=0.03]. 

Figure 7.2 shows the differences in the decline in processing speed and visuospatial function 

in people with faster and slower gait speeds (categorized with quartiles where differences in 

decline are shown for people in the 25th and 75th quartiles).  

There was no evidence for non-linear associations between baseline gait characteristics and 

cognitive decline. As there were some participants (41.7%) did not complete all 3 phases we 

also present the associations between baseline gait characteristics and cognitive decline, after 

applying propensity weights (Appendix 7D: Supplementary table 4).  Associations that we 

found above remained significant and stronger in the weighted models. In addition, baseline 

greater DST variability was associated with decline in visuospatial function: [β = -2.92 (95%CI 

-5.31, -0.54) p=0.02] and baseline slow gait speed predicted decline in executive function: [β 

= 0.10 (95%CI 0.02, 0.18) p=0.01]. 
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Table 7. 2. Adjusted associations between baseline gait measures and decline in each cognitive domain. Beta coefficients are the coefficients for 

interaction terms between baseline gait measures and time, and represent change in each cognitive function per year predicted by baseline gait. 

 Executive function Processing speed                Memory Visuospatial function 
 β 95%CI β 95%CI β 95%CI β 95%CI 
Speed [m/s] 0.08 (-0.01,0.18) 0.10 (0.01,0.18) 0.01 (-0.12,0.14) 0.76  (0.06,1.45) 

 
Step time variability [ms] 
 

-2.33e-04  (-5.99e-04,1.32e-04) -2.26e-04 (-5.45e-04, 9.26e-05) -7.43e-05 (-5.94e-04,4.45e-04)   -2.31e-03 (-5.02e-03,3.92e-04) 

DST variability [ms] 
 

-0.07  (-0.45,0.31)   -0.11 (-0.44,0.23) -0.59  (-1.13,-0.06) -2.68 (-5.49,0.12) 

Step length variability [m] 
 

-1.18 (-3.33,0.98) -1.29 (-3.19,0.60) 0.32 (-2.75,3.38) -6.17 (-2.05,9.72) 

Step width variability [m] 
 

-1.76 (-4.70,1.18)  -0.96 (-3.56,1.63) -2.58 (-6.72,1.56)   -9.29 (-30.84,12.27) 

WSR [m/s] 
 

0.09  (-0.06,0.24) -0.02 (-0.16,0.11) -0.09  (-0.31,0.14) 0.69 (-0.40,1.77) 

β coefficients of the interactions between baseline gait measures and time adjusted for baseline age, sex and education, 24 statistical tests were performed 

in this analysis. An adjustment to p-values for multiple comparison was not made as both gait and cognitive variables are correlated and tests of multiple 

comparisons assume independence of outcomes. Note: β refers to the unstandardized coefficients obtained from the output of linear mixed effect models.
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Figure 7. 1. The model fit of baseline double support time variability and its association with memory over time; Differences in change in 

memory over time are shown for the highest and lowest quartile of baseline DST variability. 
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Figure 7. 2. The model fit of baseline gait speed and its association with a) processing speed and b) visuospatial function over time; Differences 

in change in processing speed and visuospatial functions are shown for the highest (faster) and lowest (slower) quartiles of baseline gait speeds. 
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Effect modification by ApoE4 

Three hundred and eighty-four participants had blood analyses for ApoE4. Slower baseline gait 

speed predicted decline in memory only in those with ApoE4: [β = 0.34 (95%CI 0.04, 0.63) 

p=0.02] (Figure 7.3). There were no other significant interactions (p>0.05). 

Secondary analyses 

The addition of the gait speed × time interaction term did not meaningfully alter the 

associations between DST variability and decline in memory: [β = -0.62 (95%CI -1.24, --4.20e-

06) p=0.048]. None of the dementia risk factors (CVD, BMI or depression) were significantly 

associated with cognitive decline, therefore mediation by gait characteristics of these effects 

were not tested.   
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Figure 7. 3. The model fit of baseline gait speed and its association with memory over time in people with and without the ApoE4 genotype; 

Differences in change in memory is shown for the highest (faster) and lowest (slower) quartiles of baseline gait speeds combined with presence 

or absence of APOE4 genotype.
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7.5 Discussion 

In this cohort of community-dwelling older people, greater DST variability was the only gait 

variability measure that was associated with cognitive decline, predicting decline in the 

memory domain. In contrast, slower gait speed was associated with decline in both processing 

speed and visuospatial function, as well as memory but only in people with ApoE4 genotype. 

These findings contribute to the understanding of gait measures that may have the potential to 

be translated into functional markers to identify older people at risk of cognitive decline and 

future dementia.  

Gait variability 

Higher DST variability was associated with decline in memory. This is consistent with cross-

sectional studies, where higher DST variability was associated with mild cognitive impairment 

(MCI) and dementia [3, 19]. In a longitudinal study, a higher score on a gait variability factor 

(loaded on variability in stride length and swing time) predicted future dementia [8], but not 

decline in executive function, attention or memory [8]. Gait is multifaceted with correlations 

between individual gait measures, but different gait characteristics may not necessarily behave 

uniformly [15, 16] and may be controlled by different brain constructs [20]. Therefore, using 

factor analysis could be problematic if gait characteristics vary in their sensitivity to cognitive 

decline.  

Currently little is known about the brain regions involved in the control of DST variability, 

hence we can only speculate on why DST variability is more sensitive to memory decline than 

other variability measures. One reason may be that DST variability may capture both central 

and peripheral impairments to a greater extent than other measures and therefore provide a 

good marker of outcomes that are associated with a wide range of risk factors. For example, in 

prior cross-sectional studies DST variability was associated with a greater number of 
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sensorimotor [21] and cognitive domains [11] than other variability measures, and showed the 

strongest associations with increased risk of falls in a prospective study over 12 months [15]. 

The neural correlates of DST variability are currently unknown. The double support phase of 

gait is the only period where both feet are in contact with the ground and it is more variable in 

the presence of poor balance [21, 22]. The hippocampus and parahippocampal gyrus are the 

primary areas of memory and spatial navigation [23], but beyond this traditional role, the 

hippocampus also appears to be involved in human balance control. This is indirectly supported 

by higher hippocampal volumes in veteran ballet dancers and slackliners [24] and in healthy 

older people following balance training[25, 26]. Therefore, it is plausible that age associated 

changes in the hippocampal formation result in both greater DST variability and memory 

impairment, however this remains speculative. 

Walking speed reserve 

 Interestingly WSR was not associated with decline in any of the cognitive domains despite 

cross-sectional evidence that a smaller WSR was associated with worse cognitive profiles [9]. 

Given only a subsample of our participants (n=177) had fast pace gait speed measured, it is 

possible that we lacked statistical power for the required interaction term. For example, the 

effect size measured for WSR and visuospatial function is potentially clinically meaningful: a 

one standard deviation difference in baseline WSR is associated with a change in visuospatial 

function score over five years of 1.05 in the z-score. However, a simulation using the study 

data shows that a sample size of 503 would be required to obtain 80% power.   Alternatively, 

as the beta-coefficients were this size or smaller for most domains, there truly may be no 

relationship between WSR and cognitive decline. 
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Gait speed 

Slower gait speed at baseline was associated with greater decline in processing speed and 

visuospatial function. This is in line with the few prior longitudinal studies to date [27-30] and 

consistent with knowledge of brain regions important for these cognitive functions (i.e. 

prefrontal, medial temporal and parietal) and their association with slow gait [31]. Slow gait 

speed did not predict decline in the executive domain, which in our study comprised of tests of 

verbal fluency (COWAT), working memory (digit span) and inhibition (the stroop 

interference). This is in contrast to other studies that found gait speed (or a pace factor) was 

associated with other combinations of tests that represent executive function, such as animal 

naming alone [28], a factor score comprising of the Digit Symbol and Trail Making Test B [30] 

or  the Digit Symbol and Letter Fluency tests [8]. Furthermore, the Rey Complex Figure task 

used in the assessment of visuospatial function in our study may have also captured some 

elements of planning and thereby executive function.  

Gait speed was also associated with decline in memory, but only in people with the ApoE4 

genotype. Emerging evidence suggests that having ApoE4, in addition to being a risk factor for 

Alzheimer’s disease, may put older people at risk of accelerated gait slowing and increased 

variability [32, 33]. ApoE4 is linked to increased beta amyloid deposition, cortical thinning 

and atrophy [34], potentially explaining its associations with both cognitive and gait 

impairments. Prior studies have reported contradictory results on whether gait speed is linked 

to memory decline. In the Einstein Ageing Study a pace factor (driven by speed and stride 

length), was not associated with decline in episodic memory [8], whereas slower speed was 

associated with memory decline in three studies [28, 30, 35]. Interestingly, in the study from 

Meilke et al [30] the significant association between gait speed and memory disappeared 

following the exclusion of participants with incident MCI or dementia. Further, older women 

in the study by Krall et al [35] were followed up over a longer time period (nine years). 
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Therefore, it is possible that gait speed in our study might have predicted memory decline in 

non-APOE4 carriers, had we followed up the cohort for a longer duration. 

Clinical significance 

The findings have the potential to be translated into clinical practice. Gait speed can easily be 

measured in a hallway with a stopwatch. The relatively quick, inexpensive and non-invasive 

nature of measuring gait speed enhances its attraction when compared with imaging biomarkers, 

and it may be independent of language unlike cognitive testing [36].  In addition, gait speed 

was associated with the greatest range of cognitive domains (processing speed, visuospatial 

function and memory in ApoE4 carriers only). However, further work is required to replicate 

these findings in a clinical population and to determine if there is a threshold for gait speed (or 

DST variability) that provides adequate predictive ability. Our findings suggest that 

incorporating DST variability into an assessment might provide additional information 

regarding future memory decline even in non-ApoE4 carriers, and potentially assist in more 

refined diagnostics. Quantitative testing of gait is becoming increasingly popular with the 

advent of instrumented walkways or foot sensors, and although may not be feasible for general 

practice, could be introduced into cognitive and memory disorder clinics.  

Strengths and limitations  

To the best of our knowledge this is the first study to examine whether gait characteristics, 

other than gait speed, (gait variability or WSR) are associated with decline in specific cognitive 

domains, which were assessed using a comprehensive battery of neuropsychological tests. The 

use of a randomly selected sample of older people from the electoral roll increases the 

generalizability of our findings. We used longitudinal mixed effect models which are able to 

handle missing and unbalanced data. Further, we had ApoE4 genotyping allowing us to 

examine interactions between this genotype and motor phenotypes of cognitive decline.  
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The estimates for gait variability measures may have been more precise had we measured a 

greater number of steps, which in turn might have provided us with more power to detect 

associations with cognitive decline. However, we weighed this up with unnecessary fatigue. 

We had a moderate level of people who did not complete all three phases (41.7%). It is possible 

that this attrition may have had an effect on the estimates of associations between baseline gait 

and cognitive decline. However, the fact that the dropout group have a greater prevalence of 

disease, or are older, is not enough in itself to produce bias in the estimate. Such factors should 

show up in tests of 3-way interactions (i.e. disease × gait × time). We found no statistically 

significant or clinically convincing associations. Also, to address any bias due to attrition, we 

reported the results of a sensitivity analysis in which we applied propensity weights to the 

original models. However, we cannot rule out the presence of unobserved factors. For example, 

if participants with greater burden of unobserved disease were lost to follow-up, then the results 

may be biased towards the null hypothesis and then any statistically significant results represent 

a conservative estimate of the association. Finally, we did not include in our study protocol a 

walking whilst talking test, which has recently been found to predict incident dementia [10, 

37]. Therefore, we are unable to compare whether gait characteristics we examined are more 

sensitive in predicting cognitive decline. 

Conclusion 

Discrete gait measures were associated with decline in specific cognitive domains. Greater 

DST variability and slow gait speed (only in those with ApoE4) predicted decline in memory, 

whereas gait speed predicted decline in processing speed and visuospatial function. These 

findings add to the evidence that gait is an early indicator of cognitive impairment, but that 

specific gait measures may provide diagnostic insights into specific cognitive domains.   
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7.6 Postscript 

In the results of this chapter, greater DST variability was associated with greater decline in 

memory, and slow gait speed was associated with greater decline in processing speed, 

visuospatial function and memory (only in ApoE4 carriers). These findings suggest that these 

gait measures, particularly gait speed, may be a simple and useful objective marker to identity 

older people at risk of cognitive decline.  

Dual-task walking is another simple walking test that in prior studies has been shown to be 

associated with poorer cognition and future risk of dementia [37]. However, there remains 

some unanswered questions that prevent the wider use of this test in the clinic. The final study 

of this thesis will examine associations between measures during different dual-task conditions 

and cognition, to determine the dual-task test and measure that is most strongly associated with 

cognition. 
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Appendix 7A: Supplementary Table 1. Baseline characteristics of participants who were lost 

to follow up and those who completed all three phases 

 Lost to follow up 
(n=171) 

Participants who completed 
all three phases (n=239) 

Age (y), mean, SD 74.1 (7.3) 70.53 (6.4) 
Male, n, %   98 (57.3) 135 (56.5) 
Greater than high school education, 
n, % 

  94 (55.0) 127 (53.1) 

BMI [kg/m2], mean, SD 27.60 (5.2) 28.05 (4.3) 
Self-reported medical history, n %   
         Hypertension 90 (52.6) 113 (47.3) 
         High Cholesterol 75 (43.9) 101 (42.3) 
         Angina 30 (17.5) 26 (10.9) 
         Myocardial Infarction 36 (21.1) 22 (9.2) 
         Diabetes Mellitus 26 (15.2) 25 (10.5) 
         Stroke 26 (15.2) 10 (4.2) 
Prevalence of any CVD, n % 130 (76.0) 158 (66.4) 
ApoE4 genotype, n %* 43 (27.6) 54 (23.7) 
Depression, n %  24 (14.0) 13 (5.4) 
Gait characteristics mean SD   

Gait speed 106.81 (20.28) 118.72 (20.43) 
DST variability 0.02 (0.01) 0.02 (0.01) 
Step length variability 2.82 (1.04) 2.68 (0.88) 
Step time viability 0.02 (0.01) 0.02 (0.01) 
Step width variability 2.21 (0.81) 2.08(0.64) 

Cognitive function z score, mean, SD   
Executive function -0.32 (1.41) 0.23 (1.10) 
Processing speed -0.41 (1.32) 0.32 (1.21) 
Memory -0.46 (1.64) 0.38 (1.31) 
Visuospatial function 30.59 (5.86) 32.82 (3.92) 

SD, standard deviation; BMI, Body Mass Index; CVD, cardiovascular disease; 
COWAT=Controlled Oral Word Association Test; kg, kilograms; ms, milliseconds; cm, 
centimetre; * in a subsample of n=384 participants; **in a subsample of n=177 participants; 
Presence of any CVD is a summary score based on the number of risk factors including 
hypertension, hypercholesterolemia, ischemic heart disease, diabetes mellitus and stroke. 
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Appendix 7B: Supplementary Table 2 Cognitive scores at each phase of the study for the whole sample and for those who completed all three phases 

 
 The whole sample 

 
Participants who completed all phases 

 Baseline (Phase1) 
n= 410 

Phase 2 
n=282 

Phase 3 
n=250 

Baseline (Phase1) 
n=238 

Phase 2 
n=238 

Phase 3 
n=238 

Cognitive domains, mean, SD             

Executive function 0.01 1.26 0.22 1.25 0.32 1.12 0.27 1.06 0.34 1.09   0.35 1.11 

Processing speed 0.02 1.31   0.18 1.23   0.27 1.24 0.36 1.17 0.30 1.18   0.28 1.25 

Memory 0.04 1.51   0.44 1.38 0.39 1.40  0.41  1.30 0.55 1.30 0.42 1.40 

Visuospatial function 31.89 4.93 26.52  6.30 24.85 6.16  32.94 3.77 27.00 6.14 24.97 6.13 
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Appendix 7C: Supplementary Table 3 Unadjusted associations between baseline gait measures and decline in each cognitive domain. Beta coefficients 

are the coefficients for interaction terms between baseline gait measures and time and represent change in each cognitive function per year predicted 

by baseline gait. 

β coefficients of the interactions between baseline gait measures and time, 24 statistical tests were performed in this analysis. An adjustment to p-values 
for multiple comparison was not made as both gait and cognitive variables are correlated and tests of multiple comparisons assume independence of 
outcomes. Note: β refers to the unstandardized coefficients obtained from the output of linear mixed effect models.

 Executive function Processing speed              Memory Visuospatial function 
 β 95%CI β 95%CI β 95%CI β 95%CI 
Speed [m/s] 0.08 (-0.02,0.17) 0.09  (0.01,0.17)   -0.02  (-0.15,0.12) 0.69 (-0.01,1.39) 

 
Step time variability [ms] 
 

 -1.98e-04 (-5.64e-04,1.68e-04) -2.08e-04 (-5.28e-04,1.11e-04) -6.83e-06 (-5.27e-04,5.14e-04) -2.05e-03  (-4.77e-03,6.72e-04) 

DST variability [ms] 
 

  -0.04 (-0.42,0.34)   -0.08 (-0.42,0.25) -0.54 (-1.08,-9.16-03) -2.39 (-5.21,0.42) 
 

 
Step length variability [m] 
 

-1.13 (-3.29,1.02) -1.33 (-3.23,0.57) 0.41  (-2.66,3.49) -5.10 (-21.11,10.90) 

Step width variability [m] 
 

-1.65 (-4.60,1.29) -0.79 (-3.40,1.81) -2.30 (-6.47,1.86) -6.78 (-28.51,14.96) 

WSR [m/s] 
 

0.09 (-0.06,0.24) -0.025 (-0.16,0.11) -0.09  (-0.31,0.14) 0.65 (-0.44,1.75) 
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Appendix 7D: Supplementary Table 4 Associations between baseline gait measures and decline in each cognitive domain, with propensity weights applied 

to address the issue of attrition (This sensitivity analysis was performed highly weighting participants who completed all phases and have similar factors 

to those who dropped out). Beta coefficients are the coefficients for interaction terms between baseline gait measures and time and represent change in 

each cognitive function per year predicted by baseline gait. 

 Executive function Processing speed              Memory Visuospatial function 
 β 95%CI β 95%CI β 95%CI β 95%CI 
Speed [m/s] 0.10 (0.02,0.18) 0.11  (0.04,0.18) 0.07 (-0.04,0.19) 0.84 (0.25,1.43) 

 
Step time variability [ms] 
 

-2.64e-04  (-5.69e-04,4.19e-05) -2.53e-04 (-5.28e-04,2.18e-05) -3.04e-04 (-7.59e-04,1.52e-04)  -2.48e-03   (-4.81e-03,-1.46e-04) 
 

DST variability [ms] 
 

-0.12  
  

(-0.44,0.19) -0.17  (-0.45,0.11) -0.85  (-1.31,-0.39) -2.92 (-5.31,-0.54) 

Step length variability [m] 
 

  -1.63 (-3.39,0.14) -1.55 (-3.15,0.06) -1.05  (-3.69,1.59) -6.15  (-19.58,7.27) 
 

Step width variability [m] 
 

-1.91 (-4.38,0.55) -0.10 (-3.24,1.25) -3.71 (-7.35,-0.06)  -7.72 (-26.37,10.93) 
 

WSR [m/s] 
 

0.08   (-0.05,0.21) -0.02 
 

(-0.15,0.11) -0.07  (-0.29,0.15) 0.74 (-0.23,1.71) 

β coefficients of the interactions between baseline gait measures and time, 24 statistical tests were performed in this analysis. An adjustment to p-values 
for multiple comparison was not made as both gait and cognitive variables are correlated and tests of multiple comparisons assume independence of 
outcomes. Note: β refers to the unstandardized coefficients obtained from the output of linear mixed effect models.
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8. The associations between dual-task walking under three 

different interference conditions and cognitive function  

8.1 Preface 

Dual-task walking is known to stress cognitive resources to a greater degree than walking 

without an additional task. Thereby, it may provide a means to expose early impairments in 

cognitive function. Dual-task walking does not require sophisticated equipment, larger space 

or extensive training, which makes it a good candidate as a biomarker for clinical use. However, 

at present there is no agreement on the dual-task test (i.e. the additional task to use while 

walking) or dual-task measure (i.e. gait speed or gait interference) that should be used in the 

assessment.  

The text in this chapter is published in Gait and Posture [1]. 

8.2 Introduction 

Early identification of people at risk of dementia is a global priority. Dual-task walking (DTW) 

is the simultaneous performance of another task (motor or cognitive) whilst walking. DTW 

may stress brain resources to a greater degree than under single-task, potentially exposing early 

cognitive impairment [2]. Importantly, in some studies, slow walking speed under dual, but not 

single-task, was associated with poorer cognitive profiles [3] and increased risk of dementia 

[2].  

However, the potential of DTW as a functional marker of cognition is limited by a lack of 

consensus on two aspects of its measurement. Firstly, there is limited evidence regarding which 

secondary task to use. Performing a secondary task whilst walking requires sustained and 

divided attention [4] to a greater degree than single-task walking (which is an attention 
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demanding task that uses widespread brain networks [5]). DTW may cause interference to 

performance in one or both tasks. The extent of interference is explained by a number of 

theories [4].  Reduced cognitive capacity results in greater interference to one or both tasks [3]. 

However, less is known about the impact of different secondary tasks on the association 

between DTW and cognition.   

Previously, slower gait speed whilst reciting alternate letters of the alphabet, but not the whole 

alphabet, was associated with poorer sustained attention [6] and set-shifting [7], suggesting 

difficulty of the task is important. Further, there was greater interference to gait during counting 

backwards compared with a verbal fluency task [8]. The authors proposed that greater 

interference during counting backwards might be due to greater competition for executive 

resources. Therefore, it is possible that both difficulty and extent that a task taps into executive 

function, are important in exposing poorer cognitive functioning. Counting backwards, [3, 9, 

10] and reciting alternate letters of the alphabet [7, 11] are two commonly used secondary tasks 

in older adults. These tasks require similar, but also different aspects of executive function [12]. 

Counting backwards taxes working memory (updating) and involves brain areas such as 

prefrontal and parietal regions [13, 14], whilst reciting alternate letters of the alphabet involves 

attention switching (shifting) and response inhibition and involves more prefrontal regions [15, 

16]. Fewer studies have included memory recall tasks, which involve working and episodic 

memory and tap into medial temporal and basal forebrain regions [17, 18]. This is important 

as loss of memory is one of the most common symptoms of dementia. However, it is unknown 

whether associations between DTW and cognition may vary with secondary tasks that use 

different cognitive functions and brain regions [5]. 

Secondly there is inconsistency in the selection of the measure during DTW. Although there 

could be interference to both tasks, most studies have examined gait speed [7, 9, 11, 19, 20], 

with a few reporting on interference to gait [6] or cognitive performance [19, 20]. No studies 
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to our knowledge have examined whether the total (the sum of gait and cognitive interference) 

or pattern of interference are important markers of cognition. Assessing total interference is 

important as including only gait or cognitive interference may underestimate associations 

between DTW and cognition [21]. 

To address these gaps, the aim of this exploratory study was to identify which dual-task test 

(e.g. reciting alternate letters of the alphabet, counting backwards or a memory task) and 

measure (e.g. gait speed, gait interference, cognitive interference or total interference) was 

most strongly associated with global cognition in a sample of adults without dementia. 

Secondary aims include: 1) identifying which dual-task test and measure was most strongly 

associated with individual cognitive domains and 2) exploring dual-task interference patterns 

in relation to cognitive performance. There was no pre-specified hypothesis as this was an 

exploratory study.  

8.3 Methods 

Study participants 

Participants were recruited from the Tasmanian Healthy Brain Project (THBP). The THBP is 

a longitudinal study that aims to examine the protective effects of late life university education 

on cognitive decline [22]. Participants were community dwelling adults (age 50-79 at study 

entry) recruited between 2010 and 2014 through general advertising. Exclusion criteria were 

any medical conditions associated with cognitive impairment (i.e. dementia, Parkinson’s 

disease) [22]. The gait sub-study was conducted in 2018 in 91 adults aged 56-83 years. 

Participants were recruited either by THBP newsletters or at follow-up visits. Exclusion criteria 

included dementia (assessed with the Dementia Rating Scale (DRS)-2) or difficulty walking 

without an aide. Ethical clearance was obtained from the Human Research Ethics Committee 

of Tasmania. Written consent was obtained from all participants.  
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The following tests were assigned in a quasi-randomized order. Sequential participants were 

alternated between two pre-specified test protocols. Those in protocol A completed single-task 

assessments prior to dual-task assessments. Those in protocol B completed single-task gait and 

dual-task assessments prior to single-task cognitive assessments.  

Single-task (ST) assessments 

Participants completed four continuous walks on a 6.4 meter Zeno electronic walkway 

(Zenometrics LLC, Peekskill, NY) [23] at usual pace, following a practice trial. Walks started 

1.5 meters before and finished 1.5 meters after the walkway to allow for acceleration and 

deceleration. The Zeno walkway is linked to ProKinetics Movement Analysis Software 

(PKMAS) which was used to obtain single-task gait speed (ST-gait). 

Single-task cognitive performance was assessed in a standing position for 30 seconds during 

three tasks: 1) reciting alternate letters of the alphabet (ST-alpha), starting with “A” 2) 

counting backwards in 3s (ST-counting), starting with 200 and 3) recalling words from a 10-

word shopping list (ST-recall). For each task, all responses were recorded to create a corrected 

response rate (CRR) (CRR= correct responses per second × percentage of correct responses) 

[6]. These tasks were chosen to represent attention switching (reciting alternate letters), 

working memory (reciting alternate letters, counting backwards) and verbal memory (list 

recall).  

Dual-task (DT) assessments 

For dual-task assessments, walking was performed with the addition of the cognitive tasks: 1) 

DT-alpha starting with “B” 2) DT-counting, starting from 210 and 3) DT-recall using different 

items from a shopping list to the single-task. No instructions were given on task prioritization. 

The number of walks were chosen to reduce fatigue and any practice effect, while obtaining a 

reliable measure for gait speed [24]. During each test, gait speed was obtained from the Zeno 
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walkway and the CRR was calculated. Dual-task interference was calculated as the difference 

in gait speed and CRR between single- and DTW using the following formula:  

             𝐷𝑢𝑎𝑙 𝑡𝑎𝑠𝑘 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒       

   
100% 

Total dual-task interference was calculated by summing gait and cognitive interference. Poorer 

dual-task performance results in a negative percentage. 

Cognitive function  

Performance in individual cognitive domains were assessed with neuropsychological tests as 

follows: a) processing speed with Digit Symbol Coding test of the Wechsler Adult Intelligence 

Scale-III (WAIS-III); b)  working memory with Digit Span test of the WAIS-III; c) executive 

function Trail Making Test (TMT) interference (TMT B-TMT A); d) verbal fluency Controlled 

Word Association Test-total ( using the letters F, A, S); e) visuospatial function with Rey 

Complex Figure Task immediate; f) and verbal memory (delayed recall and recognition) were 

assessed with list A recall and recognition of Rey Auditory Verbal Learning Test, respectively. 

For all tests (except for TMT interference), higher scores indicate better function. A summary 

measure to represent global cognition was calculated by subjecting the raw test scores to 

principal component analysis.  

Covariates 

Age, sex, education and medical conditions were recorded with a standardized self-reported 

questionnaire.  

Data analysis 

Associations between dual-task test performance and cognitive function 
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Partial correlations using Pearson product-moment correlation coefficients were used to 

determine the strength of associations between each measure from single- and dual-task tests 

with global cognition and individual cognitive domains. Models were adjusted for age, sex and 

education, therefore identical to adjusted linear regression models. Partial correlations were 

used, rather than beta-coefficients from regression models, as comparing the strength of 

associations across tasks and measures was the aim of this study. The measures examined were: 

1) gait speed under single- and dual-task (centimeters/second); 2) gait interference (%); 3) 

cognitive interference (%) and 4) total interference (%). A statistical comparison between 

different associations was not performed for all measures due to the large number of pairs of 

associations. Positive associations are expected with global and individual cognitive domains 

(except for executive function).  

Dual-task interference patterns and cognitive function 

To understand if patterns of dual-task interference were related to global cognition or individual 

domains participants were divided into groups as per the framework introduced by Plummer et 

al (2013) [21]. In the absence of a minimal clinically important difference, we chose 10% of 

dual-task interference as the cut-off [25].One-way analysis of variance (ANOVA) was used to 

examine if cognition was different across interference patterns. Due to small numbers in each 

group, two-sample t-test was used to examine if cognitive scores were different in those with 

(combining gait, cognition and mutual patterns) and without interference.   

STATA (StataCorp LLC Texas, USA) version 15.0 was used in all the analyses.  
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8.4 Results 

Participant characteristics are summarized in Table 8.1 (n=91). The mean age of participants 

was 68.8±6.7 years and 25.3% (n=23) were male. Table 8.2 summarizes gait and cognitive 

outcomes for each test.  

Associations between dual-task test performance and global cognition  

The strength of association between measures under single-task and dual-task tests and global 

cognition are shown in Table 8.3. Of note, these associations were low to moderate in strength 

when compared to the r-value scale. For DT-alpha, the strength of associations ranged from 

0.18 to 0.25, with the strongest association between greater total interference and poorer global 

cognition (r=0.25) (This was not statistically significant from the next strongest association 

between greater gait interference and global cognition, p=0.76). For DT-counting, the strength 

of associations ranged from 0.14 to -0.26 and the strongest association (in the expected 

direction) was with gait interference (r=0.17). For DT-recall, the strength of associations 

ranged from 0.08 to 0.12, and the strongest association was with total interference (r=0.12).  

Associations between dual-task performance and individual cognitive domains  

The strength of associations between single- and dual-task measures and cognitive domains are 

presented in Table 8.3. The strongest association with each cognitive domain in the expected 

direction were as follows: gait interference (DT-alpha) and poorer processing speed (r=0.43); 

total interference (DT-alpha) and poorer working memory (r=0.28); total interference (DT-

alpha) and poorer verbal memory recognition (r=0.21) and ST-gait and poorer verbal fluency 

(r=0.23). All associations were low to moderate in strength compared to r-value scale.  There 

were no significant associations under any condition with verbal memory recall, executive or 

visuospatial function. The aim of the study was to examine walking as a maker of cognition, 
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but for completeness we present associations for dual-task cognitive performance in Appendix 

8A: Supplementary Table 1.  

Table 8.1 Participant characteristics (n=91) 

Variable   
Age (y), mean, SD 68.8 6.7 
Male, n, % 23       25.3 
Highest school level completed (y), mean, SD 11.3 0.9 
Self-reported medical history, n %   
         Hypertension 15 16.5  
         High Cholesterol 15 16.5 
         Heart disease  7 7.7 
         Stroke 0 0 

Diabetes mellitus  5 5.5 
Cognitive test performance, mean, SD   

Digit symbol coding (range 0–133) 72.7  17.8 
TMT interference (lower scores better)  32.0 34.8 
Digit span (range 0–16) 19 4.1 
COWAT total (higher scores better) 51.4 12.1 
Rey Complex Figure task (range 0–36) 35.7 0.8 
Rey Auditory Verbal Learning A recall (range 0-15) 11.0 3.1 
Rey Auditory Verbal Learning A recognition (range 0-15) 13.8 13.4 

SD, standard deviation; cm, centimeter; s, seconds; TMT, Trial Making Test; COWAT, 

Controlled Oral Word Association Test 
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Table 8.2 Gait and cognitive measures in single- and dual-task tests. 

 Single- and dual-task tests 
Outcome measures, mean, SD ST-gait ST-alpha ST-counting  ST-recall DT-alpha DT-counting DT-recall 
Gait speed [cm/s]  134.3 (17.4)    118.2 (23.7) 117.9 (25.2) 119.3 (21.5) 
CRR [number/sec]  0.6 (0.2) 0.5 (0.2) 0.2 (0.1)    0.5 (0.2)    0.4 (0.2)    0.2 (0.1) 
Gait interference [%]      -12.0 (12.7)  -12.3 (13.8)  -11.1 (10.5) 
Cognitive interference [%]      -14.7 (27.9)  -6.4 (34.4)  -5.1 (37.2) 
Total interference [%]      -26.7 (33.1)  -18.7 (38.5)  -16.1 (41.3) 

CRR; corrected response rate; ST-gait, gait speed at usual pace; ST-alpha, reciting alternate letters in standing, ST-counting, counting backwards in 

3s in standing; ST-recall, recalling words from a shopping list in standing; DT-alpha, reciting alternate letters while walking, DT-counting, counting 

backwards in 3s while walking; DT-recall, recalling words from a shopping list while walking. 
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Table 8.3 Partial correlations between single-task gait and dual-task measures with cognition.  

 Global 
cognitive 

score 

Processing 
speed 

 

Executive 
function 

 

Working 
memory 

 

Verbal fluency 
 

Visuospatial 
function  

Verbal memory 
recall 

 
 

Verbal memory 
recognition  

 

 r p r p r p r p r p r p r p r P 
Self-pace gait speed [cm/s] 0.02 0.84 -0.07  0.52 -0.09  0.41 -0.05 0.62 0.23  0.03  0.03 0.79 0.04 0.72 -0.07  0.54 
 

Reciting alternate letters of the alphabet while walking (DT-alpha) 
 
Dual task gait speed [cm/s]  0.18 0.10 0.30  0.004 -0.11  0.32 0.06 0.59 0.22 0.04 0.02  0.85 0.03 0.76 0.04 0.74 
Gait interference (%) 0.22 0.04 0.43 <0.001 -0.08 0.45 0.13 0.23 0.12  0.25 0.00 0.10 0.02  0.87   0.11 0.33 
Cognitive interference (%) 0.19 0.07 0.11  0.29 -0.12 0.26 0.27 0.01    -0.09 0.42 0.07 0.54  0.02  0.84 0.20 0.06 
Total interference (%) 0.25 0.02 0.26 0.01 -0.13 0.22 0.28 0.01 -0.03 0.81 0.06 0.60 0.02 0.82 0.21 0.045* 
 

Counting backwards in 3s while walking (DT-counting) 
 
Dual task gait speed [cm/s] 0.14 0.18 0.28 0.01 -0.08  0.48 0.05 0.63    0.15 0.15 0.09 0.39  0.00 0.97 0.00 0.10 
Gait interference (%) 0.17 0.11 0.38  <0.001 -0.04 0.70 0.12 0.27 0.04 0.72 0.10 0.35 -0.02 0.86 0.06  0.60 

Cognitive interference (%) -0.26 0.01 -0.20  0.06 0.10 0.35 -0.00 0.97 -0.03  0.75 -0.13 0.24   -0.17 0.11 -0.27 0.01 
Total interference (%) -0.17  0.11 0.04 0.71 0.08 0.49 0.04   0.72 -0.02  0.88 -0.07 0.49 -0.16 0.14 -0.22 0.04 
 

Recalling words from a shopping list while walking (DT-recall) 
 
Dual task gait speed [cm/s] 0.08 0.47  0.17 0.11 -0.04 0.72 0.07 0.53  0.15 0.17 0.05 0.67 -0.07 0.53 0.00 0.97 
Gait interference (%) 0.09 0.40 0.30  0.004 0.03 0.76 0.16 0.13    -0.01 0.91 0.03 0.76   -0.14  0.19 0.08 0.44 
Cognitive interference (%)  0.11 0.32 0.21  0.049 -0.14 0.18  -0.08 0.43 0.13 0.22 -0.01  0.90 0.00  0.98 0.04 0.68 
Total interference (%) 0.12 0.27 0.26  0.01 -0.12  0.27 -0.04  0.75 0.11 0.30 -0.00 0.98 -0.03 0.77 0.06 0.56 
Footnote: cm, centimeter; s, seconds; Higher scores indicate better cognitive performance except for executive function.  
Positive associations are expected with global and individual cognitive domains (except for executive function). For executive function negative associations 
are expected. 
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Dual-task interference patterns and cognitive function 

Figure 8.1 shows the interference patterns under different dual-tasks. For all tasks, most 

participants showed mutual or cognitive interference patterns. Table 8.4 (DT-alpha) and 

Appendix 8B: Supplementary Tables 2 (DT-counting) and Appendix 8C: Supplementary 

Tables 3 (DT-recall) show the mean and SD of global and individual cognitive performance 

across patterns. Cognitive scores were not statistically different across different patterns, or in 

the interference versus no interference groups, except for slower processing speed in the 

interference group (Appendix 8D: Supplementary table 4). Mean test scores were higher in 

the no interference group (not statistically significant). 
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Table 8. 4. Mean cognitive performance across dual-task interference patterns during DT-alpha.  

 Global 
cognitive 

score 

Processing 
speed 

 

Executive 
function 

Working 
memory 

 

Verbal 
fluency 

 

Visuospatial 
function  

Verbal memory 
recall 

 
 

Verbal memory 
recognition  

 

No interference (n=18) 
 

0.32 (1.55) 76.5 (17.93) 25.83 (14.25) 20.44 (4.22)   48.72 (10.54)   35.5 (0.86) 11.67 (3.9) 13.89 (1.53) 

Gait interference (n=8) 
 

0.42 (0.72) 75.5 (12.75) 27.88 (10.02) 18.13 (3.8) 49.75 (10.32) 36 (0) 12.5 (2.07) 13.88 (0 .99) 

Cognitive interference (n=25) 
 

0.30 (1.05) 77.68 (15.71) 29.37 (15.78) 19.16 (4.27) 55.16 (13.75) 35.64 (0.95) 11.2 (2.57) 13.88 (1.17) 

Cognitive facilitation (n=4) 
 

0.02 (1.22) 74.5 (3.11) 22.5 (9.68) 19.75 (4.92) 50 (17.94) 36.25 (0.5) 9 (3.74) 13.75 (1.26) 

Cognitive priority trade-off (n=7) 
 

-0.04 (0.77) 66.14 (18.09) 33.86 (16.96) 20.57 (4.72) 49.71 (13.02) 35.43 (1.13) 10.43 (2.44) 14.29 (0.76) 

Mutual interference (n=29) 
 

-0.43 (1.90) 66.52 (20.37) 40.02 (57.78) 17.72 (3.56) 50.76 (11.52) 35.76 (0.64) 10.48 (3.41) 13.48 (1.70)   

 
Footnote: This table summarizes the means and standard deviations obtained from one-way analysis of covariance test. DT alpha= during reciting alternate 

letters while walking task. The scores of global cognition and individual domains were not significantly different across patterns. No interference 

(no gait or cognitive interference); gait interference (-gait interference only); cognitive interference (-cognitive interference only); mutual 

interference (- gait and -cognitive interference); cognitive facilitation (+cognitive interference only); cognitive priority trade-off (+cognitive with -

gait interference). Higher scores indicate better cognitive performance except for executive function.  
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Figure 8.1 The dual-task interference patterns adopted by participants in the three dual-task conditions; The patterns were based on the 

framework introduced by Plummer et al (2013). No interference (no decline in gait or cognitive performance); gait interference (decline in gait 

performance); cognitive interference (decline in cognitive performance); mutual interference ( decline in both gait and cognitive performance); 

cognitive facilitation (improved cognitive performance); cognitive priority trade-off (improved cognitive performance with decline in gait 

performance) Note that in this study participants did not adopt mutual facilitation (improved gait and cognitive performance), gait facilitation 

(improved gait performance) and gait priority trade-off (improved gait performance with decline in cognitive performance). 

 

Figure 8.1 a. Dual-task interference patterns for reciting alternate letters while walking task (DT-alpha)
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Figure 8.1 b. Dual-task interference patterns for counting backwards in 3s while walking task (DT-counting)
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Figure 8.1 c. Dual-task interference patterns for recalling words from a shopping list while walking task (DT-recall) 
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8.5 Discussion 

DTW is an important marker of cognitive health [2, 3], but there is uncertainty regarding which 

dual-task test and measure to use. In this sample of community-dwelling adults, total 

interference during DT-alpha showed the strongest association with poorer global cognition 

and with several individual cognitive domains, including processing speed, working memory 

and verbal memory recognition. These findings extend the knowledge of dual-task measures 

by providing potential markers to identify adults at risk of cognitive impairment.  

Associations between dual-task test performance and global cognition 

The most sensitive test and measure of global cognition was DT-alpha and total interference. 

Measures during DT-alpha showed associations with global cognition between 0.18-0.25 in 

strength. Compared to measures under other dual-task tests and measures (i.e. gait interference 

during DT-number r=0.17 and total interference during DT-list  r=0.12) these associations 

were stronger but were statistically in the range of low-moderate strength. Different dual-task 

tests may differ in their underlying neural networks [26] and the demand they place on brain 

resources [27]. Reciting alternate letters (DT-alpha) involves several executive functions such 

as attention switching, response inhibition, mental flexibility and working memory, as well as 

processing speed and semantic memory. Brain regions involved in DT-alpha may be 

widespread as these functions are controlled by multiple cortico-subcortical areas (i.e. 

dorsolateral prefrontal cortex (dlPFC), parietal cortex, anterior cingulate, thalamus, insula, 

basal ganglia and the cerebellum [15, 16, 28]), which are similar to those underlying gait speed 

[5]. Therefore, DT-alpha may compete for greater brain resources than other tasks, potentially 

explaining why this task showed the strongest associations with global cognition.  

In contrast, counting backwards (DT-counting) may use fewer executive resources. This is an 

arithmetic task, involving parietal (posterior and inferior) and a few frontal regions important 
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for working memory (i.e. dlPFC)) [13, 14]. The list recall (DT-recall), being mainly a memory 

task, may have used even fewer executive resources engaging anterior medial temporal, basal 

forebrain regions [17] and the ventrolateral prefrontal cortex [18]. Further, this task used only 

single words from one semantic category (shopping list) and had a short interval between 

encoding and retrieval. In contrast to our findings, a prior study reported no associations 

between DT-alpha and global cognition [7]. This inconsistency could be explained by the 

differences in participant characteristics in the prior study (i.e. only women, from a randomised 

controlled trial) and the use of different tests to represent global cognition.  

 
Total interference during DT-alpha showed the strongest association with global cognition 

(although the association was the strongest by a small margin). Prior studies that only examined 

DTW speed, gait or cognitive interference may not have captured the full impact of the trade-

off in both gait and cognitive performance, limiting understanding of the dual-task effect on 

cognition [21]. DTW is a brain stress test where two cognitively demanding tasks compete with 

each other for brain resources at the same time [29]. A person with poorer cognitive ability 

(limited resources), due to lower brain or cognitive reserve, may show poorer performance in 

both tasks [29]. Therefore, dual-task paradigms assessing total interference is important to 

capture the full trade-off in gait and cognition.  

Associations between dual-task test performance and individual cognitive domains 

Measures (gait, cognitive and total interference) during DT-alpha were associated with poorer 

performance on tests of processing speed, working and verbal memory (recognition). This is 

in line with previous studies that found gait speed and gait interference during DT-alpha were 

associated with these domains [6, 11, 19]. We also examined if associations differed by tasks 

that tax numerical working or episodic memory. However, having different tasks did not 

capture lower performance in similar neuropsychological tests. For example, the DT-recall was 
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not the task most strongly associated with memory recall or recognition, and the DT-counting 

was not associated with the digit span test. This finding, and the greater number of associations 

found with DT-alpha, suggest that associations between a dual-task test and individual 

cognitive domains may depend on the overall demanding nature of the task, rather than the 

fundamental cognitive function taxed by that task.  

Consistent with our finding for global cognition, total interference was the measure that most 

consistently showed the strongest (or near strongest) associations with individual cognitive 

domains. Surprisingly, there were no measures associated (r<0.15) with executive and 

visuospatial function, or verbal memory recall. It is possible that these functions may show 

stronger associations in more cognitively impaired older adults. Slower ST-gait was only 

associated with poorer verbal fluency, suggesting that a more difficult walking task is required 

to ‘expose’ poorer cognitive function in other domains. 

Dual-task interference patterns in relation to cognitive function 

Although linear associations between dual-task measures and cognition are useful, cut scores 

may prove more useful for clinical assessments. At a 10% cut-score during DT-alpha, most 

participants adopted either mutual or cognitive interference patterns. However, only those with 

mutual interference had poorer cognitive function. This agrees with our suggestion on assessing 

total interference and, supports prior studies that highlighted the importance of assessing the 

“true interference” to accurately and adequately characterize dual-task effects on both functions 

[21, 30].  

Clinical significance  

DT-alpha may be an inexpensive and non-invasive marker of global cognition that can be 

assessed with minimal equipment and by a range of personnel. Although, single-task gait speed 

would be a quicker and simpler measure for the clinic, it was only associated with verbal 
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fluency.  Assessing dual-task performance and calculating total interference may take slightly 

longer. However, this assessment took only a few minutes, ‘exposing’ underlying poorer 

cognitive function to a greater extent than single-task gait speed. 

Strengths and limitations 

This study examined three DTW tests and a range of measures to identify the strongest 

association with global cognition and individual cognitive domains. We assessed the combined 

interference in gait and cognition, representing the trade-off in both functions and, explored 

dual-task interference patterns in relation to cognitive function. There were also limitations to 

this study. The sample included well-functioning adults (low disease prevalence, mean gait 

speed=134.3cm/s). It is possible we would have observed stronger and a greater number of 

associations had we examined adults with dementia. In the secondary analysis, the small 

number of participants in each dual-task interference pattern may have limited the ability to 

observe significant differences in cognition across patterns. The aims of the study were 

exploratory and did not have a specific hypothesis. Therefore, an adjustment was not made for 

multiple comparisons. Single-task cognitive performance was examined in standing which may 

have required more cognitive resources than in sitting, resulting in reduced ability to detect 

dual-task interference. The cross-sectional design cannot provide insights into whether total 

interference or specific interference patterns, provide a useful marker of cognitive decline in 

specific domains. Further research is needed to identify clinically important threshold values 

for dual-task interference and its relationship to cognition.  

Conclusion 

Of the three dual-tasks in this study, DT-alpha showed the strongest associations with poorer 

cognitive function. Total interference was the measure most strongly associated with global 
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cognition, working memory and verbal memory recognition, suggesting a benefit of measuring 

interference to both gait and cognition. 

8.6 Postscript  

This study suggests that total interference (the measure) during walking while reciting alternate 

DT-alpha (the test) was most strongly associated with poorer cognition. However, it should be 

noted that the variance of cognitive functions explained by total interference during alpha DT-

was low. Future studies are required to demonstrate the feasibility and usefulness of total 

interference during DT-alpha in the clinic. The next chapter of this thesis will describe the main 

findings, clinical implications of individual studies and directions for future research. 
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Appendix 8A: Supplementary table 1.  Partial correlations between dual-task cognitive performance and cognition 

 

 Global 
cognitive 

score 

Processing 
speed 

 

Executive 
function 

 

Working 
memory 

 

Verbal 
fluency 

 

Visuospatial 
function  

Verbal memory 
recall 

 
 

Verbal 
memory 

recognition  
 

 r p r p r p r p r p r p r p r p 
Corrected response rate: 
Dual-task alpha 
(number/min)  
 

0.49 0.00 0.38 <0.001 -0.23 0.03 0.42 <0.001 0.18 0.10 0.10 0.35 0.27 0.01 0.31 0.004 

Corrected response rate: 
Dual-task counting 
(number/min) 
 

0.29 0.01 0.37 <0.001 -0.18 0.10 0.35 <0.001 0.24 0.03 -0.004 0.97 0.06 0.59 0.05 0.63 

Corrected response rate : 
Dual-task recall 
(number/min) 

0.25 0.02 0.18 0.10 -0.18  0.10 0.03 0.81 0.20 0.07    0.05 0.64   0.18 0.09 0.15 0.16 
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Appendix 8B: Supplementary table 2. Mean cognitive performance across dual-task interference patterns during DT-counting. 

 

 Global 
cognitive 

score 

Processing 
speed 

 

Executive 
function 

Working 
memory 

 

Verbal 
fluency 

 

Visuospatial 
function  

Verbal 
memory 

recall 
 
 

Verbal 
memory 

recognition  
 

No interference (n=15) 
 

0.73 (1.06) 78.53 (17.41) 26.76 (13.48) 20.2 (4.00) 53.27 (7.22) 35.67 (0.72) 12.13 (2.75) 14.47 (0.74) 

Gait interference (n=10) -0.33 (1.32) 72.3 (17.18) 32.7 (14.73) 16.4 (2.76) 52.5 (13.99) 36   (0) 10.2 (2.97) 13.3 (1.34)   

Cognitive interference (n=25) 
 

0.26 (1.19) 77.76 (12.77) 26.08 (13.40) 20.16 (4.71) 50.56 (13.05) 35.92 (0.49) 10.76 (3.28) 13.68 (1.41) 

Cognitive facilitation (n=9) 
 

0.20 (1.08) 72.33 (19.35) 22.76 (10.48) 18.67 (3.24) 49.11 (8.05) 35.56 (0.88) 11.89 (2.71) 13.89 (1.27) 

Cognitive priority trade-off (n=9) 
 

-1.73 (2.43) 64.78 (13.18) 70.61 (100.19) 18.11 (4.17)   45 (9.17) 34.89 (1.17) 9 (4.27) 12.22(2.05) 

Mutual interference (n=23) 
 

0.15 (1.18) 66.70 (22.10) 29.96 (12.22) 18.57 (3.87) 53.87 (15.08) 35.70 (0.93) 11.39 (2.74) 14.22 (0.95) 

 
Footnote: This table summarizes the means and standard deviations obtained from one-way analysis of covariance test. DT counting= during counting 

backwards in 3s while walking task. The scores of global cognition and individual domains were not significantly different across patterns. No 

interference (no gait or cognitive interference); gait interference (-gait interference only); cognitive interference (-cognitive interference only); 

mutual interference (- gait and -cognitive interference); cognitive facilitation (+cognitive interference only); cognitive priority trade-off (+cognitive 

with -gait interference). Higher scores indicate better cognitive performance except for executive function.  
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Appendix 8C: Supplementary Table 3. Mean cognitive performance across dual-task interference patterns during DT-recall.  

 

 Global 
cognitive 

score 

Processing 
speed 

 

Executive 
function 

Working 
memory 

 

Verbal 
fluency 

 

Visuospatial 
function  

Verbal 
memory 

recall 
 
 

Verbal 
memory 

recognition  
 

No interference (n=11) 
 

0.63 (1.54) 83.36 (19.42) 23.94 (11.27) 21.09 (4.95) 50.55 (14.19) 35.91 (0 .70)   11.55 (3.45) 13.82 (1.40) 

Gait interference (n=10) 0.57 (1.21) 71.5 (14.67) 29.5 (16.55) 18.1 (3.54) 54.9 (9.48) 36  (0) 12.9 (2.56) 14.2 (1.03) 

Cognitive interference (n=21) 
 

-0.10 (1.94) 74.14 (13.01) 41.42 (67.28)   19.67 (4.44)   48.71 (10.95)   35.57 (0.93) 10.71 (3.21) 13.76 (1.37) 

Cognitive facilitation (n=19) 
 

-0.12 (1.17) 73 (17.99)   30.66 (19.98)  18.84 (3.93)  
 

52.05 (10.83) 35.58 (0.77)   10.26 (3.21) 13.68 (1.38) 

Cognitive priority trade-off (n=9) 
 

0.63 (1.28) 80.22 (17.12) 22.44 (7.52) 18.11 (3.18) 51.89 (13.13) 36 (0) 11.67 (3.12) 14.33 (1.32) 

Mutual interference (n=21) 
 

-0.47 (1.13) 62.62 (19.07) 33.17 (13.06) 18.19 (3.97) 51.90 (14.84)   35.52 (1.03) 10.57 (3.01) 13.43 (1.60) 

 
Footnote: This table summarizes the means and standard deviations obtained from one-way analysis of covariance test. DT recall= during list recalling while 

walking task. The scores of global cognition and individual domains were not significantly different across patterns. No interference (no gait or 

cognitive interference); gait interference (-gait interference only); cognitive interference (-cognitive interference only); mutual interference (- gait 

and -cognitive interference); cognitive facilitation (+cognitive interference only); cognitive priority trade-off (+cognitive with -gait interference). 

Higher scores indicate better cognitive performance except for executive function. 
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Appendix 8D: Supplementary table 4. Cognitive performance in those with and without interference under the three dual-task tests.  

 Global 
cognitive score 

 

Processing 
speed 

 

Executive 
function 

 

Working 
memory 

 

Verbal 
fluency 

 

Visuospatial 
function  

 

Verbal 
memory 

recall 
 

Verbal memory 
recognition  

 

 
 

Reciting alternate letters of the alphabet while walking (DT-alpha) 
 

 
No interference (n=18) 
(mean, SD) 
 

0.32, 0.37 76.5, 4.23 25.83, 3.36 20.44, 0.99 48.72, 2.48 35.5, 0.20 11.67, 0.89 13.89, 0.36 

Interference (n=62) 
(mean, SD) 
 

-0.03, 0.19 72.18, 2.33 34.16, 5.19 18.35, 0.49 52.40, 1.57 35.74, 0.09 11.03, 0.38 13.69, 0.18 

Mean difference between 
groups (mean, SD) 
 
p value 
 

0.35, 0.41 
 
 

0.40 

4.32, 4.88 
 
 

0.38 

-8.32, 9.85 
 
 

0.40 

2.09, 1.06 
 
 

0.05 

-3.68, 3.21 
 
 

0.26 

-0.24,0.21 
 
 

0.24 

0.63, 0.85 
 
 

0.46 

0.20, 0.39 
 
 

0.62 

 
Counting backwards in 3s while walking (DT-counting) 

 
No interference (n=15) 
(mean, SD) 
 

0.73, 0.27 78.53, 4.50 26.76, 3.48 20.2, 1.03   53.27, 1.86 35.67, 0.19 12.13, 0.71   14.47, 0.19 

Interference (n=58) 
(mean, SD) 
 

0.11, 0.16 72.43, 2.38 28.76, 1.73 18.88, 0.56 52.21, 1.82 35.84, 0.09 10.91, 0.39 13.83, 0.17 
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Footnote: Interference group represents those with gait, cognitive and mutual interference during each dual-task test; p-value is from a two-sample t-test.   

 

Mean difference between 
groups (mean, SD) 
 
p value 

0.62, 0.34 
 
 

0.07   

6.10, 5.22   
 
 

0.25 

-2.00, 3.84 
 
 

0.60 

1.32, 1.22 
 

 
0.28 

1.06, 3.72 
 
 

0.78  

-0.18, 0.20 
 
 

0.37  

1.22, 0.86 
 
 

0.16 

0.64, 0.34 
 
 

 0.06  
 

 
 

Recalling words from a shopping list while walking (DT-recall) 
 
 

No interference (n=11) 
(mean, SD) 
 

0.63, 0.46 83.36, 5.86 23.94, 3.40 21.09, 1.49 50.55, 4.28 35.91, 0.21 11.55, 1.04 13.82, 0.42 

Interference (n=52) 
(mean, SD) 
 
 

-0.12, 0.21 68.98, 2.30 35.80, 6.07 18.77, 0.57 51.19, 1.72 35.63, 0.12 11.08, 0.43 13.71, 0.20 

Mean difference between 
groups (mean, SD) 
 
p value 
 

0.75, 0.51 
 
 

0.15 

14.38, 5.68 
 
 

0.01 

-11.86, 13.36 
 
 

0.38 

2.32, 1.41 
 
 

0.10 

-0.65, 4.23 
 
 

0.88 

0.27, 0.28 
 
 

0.34 

0.47, 1.5 
 
 

0.66 

0.11, 0.47 
 
 

0.82 
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9. Summary  

9.1 Background and aims of the thesis 

Dementia and falls are major causes of disability among older people and can result in 

significant costs to the individual and the health care system. Due to population ageing, there 

are growing numbers of older people with dementia and falls. An important goal is the early 

identification of those at risk of both conditions in order to implement timely preventative 

interventions. 

Gait plays a pivotal role in functional independence. Slow gait speed is associated with both 

risk of dementia and falls in older people [1, 2]. However, there are other gait characteristics 

that are also associated with risk of dementia and falls. In prior studies smaller walking speed 

reserve (the extent gait speed can be increased from someone’s usual pace to the fastest pace) 

was associated with poorer cognitive function [3], and greater gait variability was associated 

with both increased risk of dementia and falls [4, 5]. Importantly, in some studies these 

characteristics (but not gait speed) were associated with increased risk of dementia and falls [5, 

6], suggesting that these characteristics might become apparent earlier in the disease process 

or may capture different underlying risk factors. 

The introductory chapter of this thesis identified a number of gaps in the literature in relation 

to fully understanding these gait characteristics, and their relationship with cognition. These 

gaps were: 

1) Although age is cross-sectionally associated with greater variability, there are no 

studies that have examined changes in gait variability over time in community dwelling 

older people with no specific diagnoses. 
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2) Poorer medical, sensorimotor and cognitive factors are cross-sectionally associated 

with greater variability. However, it is unknown if these factors may modify change in 

gait variability over time. 

3) There is lack of knowledge of the brain regions and networks associated with gait 

variability. 

4) Greater gait variability and smaller walking speed reserve are cross-sectionally 

associated with poorer cognitive performance, but it is not fully understood if these 

measures predict cognitive decline in specific domains. 

5) Dual-task walking is associated with poorer cognition and risk of dementia. However, 

there is lack of agreement on the dual-task test or measure to use.  

Therefore, the aims of this thesis were to investigate in a population-based sample of older 

people: 

Study 1. 

3. the longitudinal associations between age and temporal and spatial gait variability 

measures; 

4. the demographic, medical, sensorimotor and cognitive factors associated with change 

in  gait variability over time 

 Study 2. 

3. if specific grey matter patterns were associated with individual gait variability measures; 

4. if a grey matter pattern for a specific gait variability measure was associated with 

distinct cognitive functions 

Study 3. 

2. the associations between regional cortical thickness and individual gait variability 

measures 

Study 4. 
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3. whether baseline gait characteristics (individual gait variability measures, walking 

speed reserve and gait speed) were associated with decline in specific cognitive 

domains; 

4. whether the presence of ApoE4 modified any association between poorer baseline gait 

and decline in specific cognitive domains 

Study 5. 

4.  to determine which dual-task test and measure was most strongly associated with 

global cognition and individual cognitive domains; 

5. to explore dual-task interference patterns in relation to cognitive performance 

The following sections of this chapter will summarise the methods, main findings and the 

clinical implications of individual studies and finally provide directions for future research. 

9.2 Methods  

Studies 1-4 used data from the Tasmanian Study of Cognition and Gait and study 5 used data 

from the Tasmanian Healthy Brain Project.  

9.2.1. The Tasmanian Study of Cognition and Gait (TASCOG) 

TASCOG is a longitudinal study of brain structure, cognition and gait. Community dwelling 

older people aged between 60-85 years were randomly selected from the electoral roll. 

Participants were excluded if they were unable to walk without an aid, presented with a history 

of dementia or Parkinson’s disease, had any contraindication to MRI, or insufficient English to 

complete the assessments. Gait assessment was conducted using a computerised GAITRite 

walkway where participants completed 6 continuous walks at a self-selected speed. Gait speed 

at usual and fast pace were obtained from the GAITRite walkway. Walking speed reserve 

(WSR) was calculated as the difference in gait speed between usual and fast pace walking. 

Variability in double support time (DST), step length, step width and step time were calculated 
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as the standard deviation of the respective measure averaged across all measured steps. 

Cognitive performance was assessed with a comprehensive neuropsychological test battery. 

Sensorimotor functions were assessed with the short version of the Physiological Profile 

Assessment. Brain images were obtained with a 1.5 Tesla scanner. Images were processed 

through a voxel-based morphometry pipeline to obtain grey matter probability maps (for study 

2) and through FreeSurfer 5.3 pipeline to obtain regional cortical thickness (for study 3). 

Longitudinal mixed effect models were used for the analyses in studies 1 & 4. A whole-brain 

multivariate covariance-based analysis was used in study 2. Bayesian regression models were 

used in the analyses of study 3. 

9.2.2. The Tasmanian Healthy Brain Project (THBP) 

The Tasmanian Healthy Brain Project is a longitudinal non-randomised interventional study 

that aims to examine the protective effects of late life university education on dementia. The 

gait sub-study was conducted with participants aged between 56-83 years. Exclusion criteria 

were the presence of any medical, psychological and psychiatric conditions that could be 

associated with cognitive impairment, and difficulty walking without an aid. Single-task gait 

speed was obtained while participants walked at their self-selected speed on a computerised 

Zeno walkway. Single-task cognitive performance (measured as the corrected response rate) 

was examined while participants performed three cognitive tasks separately, in a standing 

position for 30 seconds: 1) reciting alternate letters of the alphabet 2) counting backwards in 

3s and 3) recalling words from a shopping list. For dual-task walking assessments participants 

walked while performing each cognitive task in separate conditions. For each condition, gait, 

cognition and total dual-task interference were calculated. Neuropsychological tests were used 

to examine performance in individual domains and to derive a summary measure for global 

cognition. Partial correlations were used to examine associations between measures during 

each dual-task condition and cognitive performance.  
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9.3 Major findings and clinical implications 

The following section will summarise the key findings of the first 3 studies, prior to discussing 

the clinical implications of the results.  This will be followed by the key findings of the final 2 

studies and their clinical implications. 

9.3.1. Factors associated with gait variability  

Study 1: Medical, sensorimotor and cognitive factors associated with gait variability: a 

longitudinal population-based study 

The key findings were:  

Variability in step length, DST and step width increased over time. Different factors modified 

the rate of change in each gait measure 

a) Presence of cardiovascular disease (CVD) at baseline was associated with a greater 

increase in step length variability 

b) Lower education was associated with a greater increase in DST variability 

c) Weaker quadriceps strength at baseline was associated with a greater increase in 

step width variability 

Study 2: The associations between grey matter volume covariance patterns and gait variability 

-The Tasmanian Study of Cognition and Gait 

The key findings were: 

1) Specific grey matter volume covariance patterns were associated with variability in 

DST, step length and step width 

2) Grey matter volume covariance patterns associated with DST and step length variability 

were widespread, including areas involved in multiple sensorimotor and cognitive 

functions 



213 
 

3) The grey matter covariance pattern associated with step width variability was 

comprised of the cerebellum and a few visual areas 

4) The covariance patterns of DST and step length variability were associated with 

multiple cognitive functions, whereas that of step width variability was only associated 

with memory 

Study 3: Regional associations of cortical thickness with gait variability – The Tasmanian 

Study of Cognition and Gait 

The key findings were: 

1) Smaller cortical thickness in widespread, but specific brain regions (important for 

motor, cognitive and sensory functions), were associated with greater step width and 

step time variability 

2) Smaller thickness in a few frontal and temporal regions were associated with greater 

DST variability, while smaller thickness in the cuneus was associated with greater step 

length variability 

3) The thickness ratio identified some similar, but also different regions (from those 

identified by the mean regional thickness), for each gait variability measure. 

4) Greater mean thickness and thickness ratio in the anterior cingulate were associated 

with greater variability in all measures. 

 

Clinical implications from the findings of the first three studies of this thesis 

Gait variability is associated with increased falls risk in older age [2, 4]. Therefore, 

understanding the factors associated with increases in gait variability over time is a first step in 

designing and testing interventions to delay or prevent falls.  In this thesis, several factors were 

associated with gait variability, both cross-sectionally (brain region and networks) and 
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longitudinally (e.g. education, quadriceps strength and CVD), potentially providing important 

targets for future intervention trials.  

In prior studies greater variability in step width [6], step length and DST [4] were associated 

with falls. The findings of this thesis suggest that strengthening quadriceps muscles, decreasing 

CVD burden and education may prevent increases in step width, step length and DST 

variability respectively and thereby prevent falls. Although muscle strengthening is a well-

recognised component of a gait assessment  and falls prevention [7], CVD and education are 

less recognised factors that might contribute to decline in gait over time. The findings suggest 

that, along with a range of other health outcomes, regular exercise (at least 30 minutes per day, 

on most days of the week) [8], limiting alcohol consumption [9], eating a healthy diet 

(including more fruits and low-fat foods) [9, 10] and, weight loss [11] may also be important 

targets for maintaining gait as they are important in preventing CVD. Education may be a 

determinant of future health and thereby could be protective against gait decline. For example, 

people with higher education have higher income, access to resources (i.e. health services, 

healthy foods, health education) and, greater social and psychological benefits (i.e. larger social 

networks, reduced stress) [12]. Education is also considered a proxy for cognitive reserve (the 

capacity of an individual to cope in the face of brain structure change) [13] and thereby may 

play a role in maintaining gait by greater ability to cope with structural brain changes that affect 

gait control. Early life education is important for many aspects of future health, including 

mobility. However, it is unknown if mid- or later life education might be beneficial for mobility. 

It would be interesting to examine this in interventional studies such as the Tasmanian Health 

Brain Project that aims to examine the efficacy of later life education of cognitive function [14].  

The studies of this thesis also identified neural correlates of gait variability, highlighting that 

specific coordinated brain regions and smaller cortical thickness in multiple distinct areas were 

associated with greater gait variability in individual measures. The brain has potential to adapt 
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(neuroplasticity) and generate new neurons (neurogenesis) [15, 16], through a number of 

modifiable factors.  For example, higher levels of physical activity are associated with greater 

grey matter volume and cortical thickness [17-19]. Similarly, a healthy diet (i.e. Mediterranean 

diet) [20], cognitive training (i.e. memory training, enhanced attention through meditation) [21, 

22], dual-[23] or multi-task training [24] and multicomponent interventions (combined aerobic 

exercise, cognitive and dual-task training)[25] are associated with greater grey and white matter 

volume [20, 23, 24] and increased cortical thickness [21, 22, 25]. Interestingly, aerobic exercise 

(i.e. moderate intensity walking, ~40 minutes×3 days a week for one year [26], moderate 

intensity walking, ~60 minutes×3 days a week for 6 months [18], high intensity walking, ~60 

minutes×2 days a week for 6 months [27]) in older adults was found to increase volume in 

multiple brain areas (i.e. prefrontal, supplementary motor, anterior cingulate, the hippocampus, 

superior temporal and occipital regions). Similarly, although there is limited evidence, dual-

task training (physical exercise combined with music, ~60 minutes once a week for one year) 

increased (or preserved) volume in multiple brain regions (i.e. in frontal, superior temporal, 

insular regions and the anterior cingulate)[23]. In contrast, older people who underwent 

cognitive training showed improved cortical thickness compared to passive controls, but only 

in regions that are important for the cognitive function that has been trained. For example, an 

8 week memory training program that included a one hour class and four days of home exercise 

to improve verbal memory recollection resulted in increased thickness in the fusiform gyrus 

(important for recognition memory and encoding) [21]. In this thesis, thickness in multiple 

cortical regions were associated with some gait variability measures (step width and step time), 

whereas only a few specific regions (frontal and temporal) were associated with DST 

variability. Therefore, to prevent associated poorer health outcomes (i.e. falls, cognitive decline) 

by reducing gait variability, some measures may require interventions targeting widespread 

regions. Whereas other gait variability measures may benefit from interventions targeting 
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specific brain regions, for example dual-task training paradigms targeting frontal regions [28] 

or memory training targeting medial temporal regions [21]. Further, there were specific brain 

networks, comprised of cortical and subcortical regions, associated with each gait variability 

measure. Future work is needed to better understand how intervention can target these brain 

networks, rather than independent brain regions. 

Collectively, the findings from the first three studies of this thesis provide potential avenues to 

prevent or delay some associated adverse health events of increased gait variability in older 

age. However, despite strong evidence for the benefit of lifestyle interventions on multiple 

areas of health, including mobility, falls and brain health, the rates of actual participation in 

such interventions are often low [29]. Therefore, to promote successful behavioural change 

people may need to be referred to intensive behavioural counselling in combination with the 

interventions recommended herein [30]. Physiotherapists and general practitioners (GPs) have 

an important role in behavioural counselling using techniques such as health coaching (eg. self-

monitoring of risk factors, education, setting personalised goals to make sustained behaviour 

change), providing activity choices and positive feedback through individual or group 

interventions, which could be delivered face-face, via telehealth or mobile apps. 

 

9.3.2. Gait characteristics and cognition 

Gait variability was associated with cortical thickness in brain regions important for motor, 

sensory and cognitive related functions. The neural networks specific for each gait variability 

measure were also associated with some cognitive functions. Therefore, gait variability and 

potentially other gait characteristics may be markers of overall brain health. Thereby gait 

characteristics could be useful in identifying people at risk of future cognitive decline. In the 

final two studies, I examined associations between different gait characteristics and cognition. 
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The following section summarises the main findings of these studies, followed by the clinical 

implications.  

 

Study 4: Gait characteristics and cognitive decline - a longitudinal population-based study 

The main findings were: 

1) Greater DST variability at baseline was associated with greater decline in memory 

2) Slower gait speed at baseline was associated with greater decline in processing speed 

and visuospatial function 

3) Slow gait speed was associated with decline in memory, but only in people with the 

ApoE4 genotype 

Study 5: The associations between dual-task walking under three different interference 

conditions and cognitive function  

The main findings were: 

1) the total interference measure during reciting alternate letters of the alphabet (DT-alpha) 

showed the strongest association with poorer global cognition and, several individual 

cognitive domains (processing speed, working memory, verbal memory recognition) 

2) the mutual interference pattern during DT-alpha was associated with poorer global 

cognition and poorer performance in processing speed, executive function, working and 

verbal memory 

 

Clinical implications from the findings of the final two studies of this thesis 

The potential and practicality of each gait measure as a clinical marker is discussed below. 

Primary care clinics 



218 
 

Slow gait speed is associated with a number of adverse health outcomes in older people 

including falls, hospitalisations, disability and mortality [4, 31-33]. Therefore, it may be useful 

in primary practice as a screening tool, whereby lower speeds suggest a more comprehensive 

assessment of risk factors is required. The findings from this thesis, and prior studies [34, 35], 

show that slow speed is also associated with decline in a range of cognitive functions (i.e. 

processing speed, visuospatial function and executive function). Measuring speed could be 

incorporated into a dementia risk screening toolkit, along with cognitive screening (eg. 

Montreal Cognitive Assessment, MoCA) and other dementia risk factors (eg. CVD). 

Supporting these findings, others have found that people with slow speed combined with a 

subjective cognitive complaint (Motoric Cognitive Risk syndrome) [36] or with poorer 

performance in cognitive tests (Gait and Cognition syndrome)[37]  were at greater risk of 

developing dementia than those without these syndromes.  

Gait speed is particularly suitable for primary care (e.g. General practitioners, nurses or 

physiotherapists) as it is simple and quick to assess using minimal equipment (i.e. stopwatch 

and a measured hallway) [38] within a few minutes.  As mentioned, a slow gait speed (e.g. of 

less than 1 m/s) may trigger the need for more detailed investigations (e.g. cognitive or falls 

risk assessment)  [32, 39]. Monitoring gait speed yearly may be useful to objectively measure 

health over time. For example, decline in gait speed of more than 0.05 m/s over one year was 

previously associated with greater risk of dementia [40]. 

I also found that measuring total inference during DT-alpha may also be a useful early marker 

of lower levels of cognition. Like speed, this measure can be assessed with a simple protocol, 

little equipment and by a range of health care personnel. However, due to assessment of 

cognitive performance and calculation of interference, this will take a little bit longer (~5-10 

minutes) than assessing single-task gait speed. Therefore, it may be more useful in 

physiotherapy or a comprehensive geriatric assessment. Dual-task walking is known to tax 
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cognitive resources to a greater degree than single-task walking [41]. Therefore, total 

interference during DT-alpha could be useful to expose cognitive impairment in well-

functioning older people (where single-task gait speed may reflect a ceiling effect). In line with 

the finding of total interference during DT-alpha, people who adopted mutual interference 

pattern (decline in both gait and cognitive decline) during DT-alpha also had poorer cognition. 

However, given that the findings from this thesis are cross-sectional, further knowledge is 

needed to identify clinically important cut scores to differentiate people at risk of cognitive 

decline and to determine the reliability of the dual-task interference patterns observed in this 

thesis. 

Specialised memory clinics 

Gait speed would also be beneficial for specialised clinics to identity people at risk of decline 

in a range of cognitive domains (i.e. processing speed, visuospatial function, executive 

function). Gait speed could be useful to identify those at risk of memory decline, if the ApoE4 

status is known. However, currently ApoE4 status is not obtained in clinical practice in 

Australia. In contrast, DST variability was the only measure that was associated with memory 

regardless of ApoE4 status. Therefore, along with detailed neuropsychological assessments 

conducted in memory clinics, DST variability could be more indicative of people who will go 

on to develop Alzheimer’s type dementia. However, assessment of DST variability requires 

either a computerised walkway or pressure sensitive inner soles. Walkways are expensive and 

use of inner soles may require different sizes, therefore may only be affordable at specialised 

clinics.  

 Collectively, the findings from this thesis highlight that DST variability, gait speed and total 

interference during DT-alpha may be useful as functional markers to identify people with 

poorer cognition and future cognitive decline. Due to the low-cost nature and ease of 
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measurement, gait speed and total interference during DT-alpha may be ideal markers for 

primary care, whereas measurement of DST variability may be more suitable for specialist 

clinics. 

9.4 Directions for future research 

The findings from this thesis provided novel and important information related to factors 

associated with gait variability and gait characteristics associated with poorer cognitive 

performance and future cognitive decline. Directions for future research identified in the light 

of current findings are summarised below.  

9.4.1. Factors associated with gait variability  

1. Gait assessment  

In the clinic: In this thesis, gait assessment was performed with a computerised 

walkway. In the clinic gait speed could be assessed with little equipment 

(stopwatch/phone and a measured distance). However, assessment of gait variability 

requires more sophisticated equipment, which is also more expensive. For example, 

wearables such as accelerometers range from AUD $200-500 and require expert 

knowledge to extract the data. Computerised walkways can provide gait variability 

values immediately but are even more expensive (AUD>$50,000). Therefore, an 

important gap that should be addressed is the development of simple and sensitive tools 

(eg. a smart phone app) to evaluate gait variability in the clinic.  

In free living environments: Often gait is assessed in laboratories or clinics under 

favourable walking conditions (i.e. flat surfaces, without obstacles, quiet environment). 

In contrast, in free living environments (home and community) walking surfaces are 

more challenging (eg. curbs, slippery surfaces, obstacles) and distractions are common 

(eg. busy streets)[42]. Assessing gait variability in real-life conditions is important for 
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a few reasons. Firstly, assessments of walking in free living environments may provide 

a truer picture of someone’s gait as this represents everyday walking conditions without 

the impression of being tested [42, 43]. Secondly, it avoids the limitations of the number 

of steps required to obtain a reliable gait variability measure. Further, gait variability 

obtained from free living walking could be more strongly associated with adverse 

health outcomes. However, a caveat is that variability in some environments could 

represent adaptability and may in fact be useful [6, 44]. Therefore, interpreting greater 

variability would be difficult without the knowledge of the context of the environment. 

Despite this drawback, gait variability has been assessed in free living walking using 

either body worn accelerometers or home sensor systems. In these studies, greater step 

to step variability (derived using accelerometers) [45] or greater day to day variability 

(derived with home sensors) [46] in gait speed were associated with poorer cognition 

[45] and falls risk [46]. However, further work needs to be done to determine whether 

variability in different gait characteristics, measured during free living walking, offer 

stronger predictors of adverse health outcomes. For example, greater variability in 

temporal gait measures (eg. step time variability, stance time variability), assessed in a 

laboratory using body worn accelerometers distinguished people with different types of 

dementia (i.e. Parkinson’s disease dementia versus Alzheimer’s dementia) [47]. 

However, the question remains if gait variability measures, assessed in free living 

walking could be more sensitive than those measured in a laboratory or clinic, to 

identify dementia subtypes and other adverse outcomes such as falls.  

 

2. Interventions to prevent greater variability- I identified several medical, sensorimotor, 

cognitive and brain structural factors that were associated with gait variability. 

However, the design of the studies in this thesis were observational. The identified 
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targets should be tested in randomised controlled trials to determine their efficacy in 

prevent outcomes such as falls and disability through preventing  greater variability. In 

the literature, interventions aiming to reduce gait variability have mostly targeted 

balance training and presented conflicting results [48]. For example, balance training 

interventions performed ~1 to 3 hours per week, ranging over 6-24 weeks have reduced 

step width variability during single-task walking [49] and step time and step length 

variability during dual-task walking [50-52]. In contrast, in some studies balance 

training alone [53, 54] or combined with strength and endurance training [55] were not 

associated with improved gait variability. The inconsistent findings could be explained 

by the differences in interventions and durations, study populations (i.e. community 

dwelling older people [51, 52, 55] versus people with neuropathy [49] or osteoporosis 

[50]) and the sample sizes. In addition to balance training, there are other single 

interventions such as motor learning (stepping and gait training)[56], rhythmic music 

training [57], dancing [58] and treadmill walking with memory training that have 

reduced DST variability [56] and step time variability [57] (or dual-task cost in step 

time variability[58]), in community dwelling older people. Future interventions may 

need to be multi-factorial, incorporating strengthening and balance exercises, as well 

as other lifestyle interventions known to protect the brain.  

 

3. Longitudinal studies: Studies on the associations between brain structure and gait 

variability were cross-sectional. Longitudinal studies are needed to examine if changes 

in brain structure are associated with increased gait variability.   

 
4.  Calculation of gait variability: In this thesis gait variability was calculated as the 

standard deviation of individual footfalls (both right and left combined) of six walks. 

Although in  the TASCOG study no difference was found between right and left steps, 
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a limitation of this method would be the inability to strictly identify the origin of 

variability (i.e. inconsistency in the walking pattern versus asymmetry in right and left 

steps). Therefore, to separate inconsistency in walking from asymmetry future studies 

may need to calculate variability in gait measures for right and left feet separately. 

Further, in this thesis all gait assessments were completed by two testers. We cannot 

provide evidence for inter-rater reliability to examine whether an error has been 

introduced to gait measures due to different testers. However, it should be noted that 

the instructions used in the gait assessment were standardised and the measures were 

obtained from the computerised walkway, thereby any error due to dual-testers should 

be minimal.  

9.4.2. Gait measures and cognition 

1. Clinically important cut scores: Greater DST variability and slow gait speed were 

associated with decline in specific cognitive domains while total interference during 

DT-alpha was cross-sectionally associated with poorer global cognition. In this thesis 

a gait speed of <1.05 m/s was associated with decline in processing speed and 

visuospatial function. This is consistent with prior studies, where speeds of <1.05 m/s  

were also associated with decline in attention and psychomotor speed [34], while speeds 

of <1.0 m/s were associated with future dementia [59]. However, few studies have 

examined sensitivity (i.e. the percentage of people who were identified by gait speed 

cut points as positives and will go onto develop dementia), specificity (i.e. the 

percentage of people who were correctly  identified by gait speed cut points as negatives 

and will not develop dementia) and the positive predictive values (i.e. the probability 

that an individual may actually develop dementia, after being identified as an at risk 

person) of gait measures in relation to diagnosis of dementia or its sub-types. 
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2. Implementation research: Implementation studies are needed to ensure that evidence is 

translated into clinical practice. Future studies should look into the barriers for 

incorporating gait assessment into the clinic (i.e. are the clinicians aware of the gait 

characteristics that can be used, is there lack of knowledge or equipment to perform the 

tests). Efforts should be made involving researchers, clinicians, and policy makers to 

facilitate the use of gait in the clinics. Strategies could include: 1) education on the 

benefits of measuring gait; 2) providing clinicians with easy access to clinically 

meaningful values; 3) gait protocols with specific instructions 4) equipment such as 

stop watches and measured distance and 5) using bi-weekly reminders and audits to see 

if gait assessments have been performed. Also, a population-based approach could be 

used to facilitate the measurement of gait speed in the community. For example, a 

measured distance and a touch timer set up in shopping malls may allow older people 

to measure their own gait speed and discuss its implications at their next GP visit. 

9.4 Concluding remarks 

Greater gait variability is associated with poorer health outcomes such as falls, frailty and loss 

of independence. Findings from this thesis highlighted that gait variability is not a unitary 

construct. Different medical, sensorimotor and cognitive factors modified the rate of increase 

in individual gait measures. Specific brain regions and grey matter covariance patterns were 

associated with different gait variability measures. Therefore, the findings of this thesis has 

important clinical implications, suggesting that different factors should be targeted to reduce 

incidence of poorer health outcomes associated with greater gait variability. Furthermore, 

specific gait characteristics may provide functional biomarkers to identify those with poorer 

cognition or future cognitive decline. Future studies are required to determine interventions to 
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prevent gait variability and the best strategies to implement objective measurement of gait into 

clinical practice. 
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