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Abstract 

Falls represents one of the leading causes of injury and mortality in older adults. 

There is a need amongst gait clinicians and researchers to develop better methods to 

analyze fall risk. In addition to the calculation of mean spatiotemporal gait parameters, 

gait variability and the fractal scaling index (FSI) have been suggested to be sensitive 

markers of previous falls and predictive of future fall risk in older adults. Gait variability 

and the FSI of gait require hundreds of strides for valid analysis, which requires specific 

technology such as accelerometers to capture such large data sets. In addition to 

developing more sensitive measures to quantify fall risk, it is imperative to develop 

interventions that will reduce or prevent falls in older adults. Textured insoles are a recent 

intervention method that have been suggested to improve proprioceptive acuity in older 

adults, and as such are postulated to reduce and prevent falls. 

The purpose of this study was to determine the immediate (i.e., the acute) effect of 

textured insoles on step- and stride time variability, along with the FSI of stride time 

during continuous overground walking in older adult fallers and to compare these results 

to a healthy group of older adult non-fallers. Group differences were found with respect 

to mean step- and stride time. No significant differences were found for step- and stride 

time variability along with the FSI of gait. An interaction effect revealed that the textured 

insoles altered the mean spatiotemporal gait values differently between groups. As a 

result, this thesis demonstrates that a history of falls does appear to increase mean step- 

and stride time, and that textured insoles resulted in an increased step- and stride time 

with a greater change experienced in the older adult fallers.  
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CHAPTER ONE: Introduction 
 

Humans are designed to walk upright, being one of the few mammalian groups 

that are habitual bipeds. Walking serves as the main mode of locomotion for most healthy 

individuals. Research has shown that stable walking is a complex process involving the 

organization of multiple internal systems adapting to surrounding environmental stimuli 

(Bruijn et al., 2013; Walleczek, 2006). A person’s manner of walking, also known as 

their gait, goes through multiple phases and changes as they progress throughout their 

lifetime (Kirtley, 2006). Each individual’s gait pattern is unique, just like a fingerprint 

(Chen, 2014), and can be used as an identifying feature of physiological and neurological 

health (Barak et al., 2006).  

For more than a century, gait analysis has provided researchers and clinicians with 

multiple methods to better understand gait and thereby provide assistance and 

interventions to people with gait disorders and dysfunction. Spatiotemporal parameters of 

gait such as step- and stride time, stride length, and gait speed are some of the most 

common ways that gait performance can be characterized, each quantifying different 

aspects of gait performance. Within the last decade, gait variability and fractal scaling 

analysis have emerged as additional quantifiable parameters of gait which provide greater 

insight into the neuromuscular health of an individual (Hausdorff, 2007).  

Gait variability is defined as the fluctuation of the basic pattern of the gait cycle 

and can be determined by investigating the stride-to-stride differences in various 

spatiotemporal gait parameters. Originally, these gait fluctuations were thought to 

represent noise or error and were discarded; however, further research revealed their 

importance as an indicator for neural control and gait regulation (Hausdorff, 2007). 
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Research has found that healthy individuals should possess some form of gait variability 

for optimal motor control (Stergiou et al., 2006). A lack of gait variability displays 

rigidity and stiffness throughout one’s gait pattern, whereas heightened (or over-

exaggerated) variability leads to gait instability (Stergiou et al., 2006). Stergiou et al. 

(2006) suggest that an optimal level of gait variability in each individual is imperative for 

stable walking. The analysis of gait variability has been found to be an important 

objective marker of fall risk (Hausdorff, 2007), as well as an indicator of the pathological 

changes in gait (Baltadjieva et al., 2006), the quality of neuromuscular control (Meyer & 

Ayalon, 2006), cognitive function, and gait performance in older adults (Hausdorff, 

2007).   

Recently, several studies have demonstrated that the gait cycle displays self-

similar fractal-like properties evident within the stride-to-stride fluctuations of gait. 

Fractal scaling analysis is a non-linear method of gait dynamics that allows researchers to 

apply non-traditional mathematical calculations called detrended fluctuation analysis 

(DFA) in order to quantify and analyze the long-term structure of gait patterns 

(Hausdorff, 2007). The fractal scaling index (FSI) reveals that gait fluctuations display a 

non-random self-similar pattern that is correlated over different time scales. These long-

range correlations are believed to be influenced by the input and control of multiple 

physiological systems and allow for a deeper understanding into the systems responsible 

for gait performance (Goldberger et al., 2002; Hausdorff, 2007). Studies have found that 

fractal-like correlations degrade in individuals with neurological dysfunction and can 

therefore be used to differentiate between healthy individuals and those with walking 

difficulties and neurodegenerative disorders (e.g., Parkinsons’s and Huntington’s 



3 
 

diseases). In addition, the FSI has been found to become more random and less correlated 

in older adults, demonstrating that this measure is sensitive to deteriorations in 

neuromuscular function and gait control due to aging (Hausdorff, 2005; Hausdorff, 

Mitchell, et al., 1997).  

Changes in natural gait mechanics begin to emerge in adults between 60-70 years 

of age, signifying deteriorations in dynamic stability and motor performance (Levine et 

al., 2012; Whittle, 2007). These changes are the result of reduced functionality of the 

physiological and neurological systems, including the somatosensory system (Levine et 

al., 2012; Suetterlin & Sayer, 2013). With reduced somatosensory feedback, specifically 

proprioceptive acuity, older adults are less likely to sense perturbations from the external 

environment resulting in a decreased ability to detect their body position in relation to 

their surroundings, leading to gait instability (Suetterlin & Sayer, 2013). Quantifying 

stride pattern fluctuations and their fractal-like correlations can uncover hidden 

information about the aging neuromuscular system that is difficult (or impossible) to 

recognize using traditional gait analysis methods (Kobsar, Olson, Paranjape, 

Hadjistavropoulos et al., 2014; Hausdorff, 2007; Hausdorff, Mitchell, et al., 1997; 

Walleczek, 2006). These neurological deteriorations may signal a potential fall risk in 

older adults and alert gait researchers and clinicians that interventions are required to help 

correct these problems. 

Falls experienced by older adults—65 years of age and older—are one of the 

leading causes of injury, impairment, and mortality in Canada (Public Health Agency of 

Canada, 2019). Previous research suggests that individuals with heightened fall risk 

display increased variability in spatiotemporal gait parameters along with a less 
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correlated FSI than their healthy counterparts (Barak et al., 2006; Hausdorff et al., 2001; 

Lockhart & Liu, 2008; Toebes et al., 2012). The FSI of stride time has also been 

identified as the only quantifiable gait parameter that can be used to differentiate between 

older adult fallers and non-fallers (Herman et al., 2005). There is a growing need for 

screening techniques that recognize and prevent fall risk along with rehabilitation 

strategies to enhance somatosensory feedback (specifically proprioception) and improve 

neuromuscular control during gait. Due to the complexities of the aging process and the 

risk of falls, it is imperative that researchers and clinicians incorporate gait variability and 

the FSI as quantifiable gait parameters in combination with mean temporal parameters of 

gait in order to increase our understanding of gait stability and postural control.  

The determination of gait variability parameters and the FSI require large amounts 

of data—specifically, hundreds of gait cycles (Hausdorff, Mitchell, et al. 1997; Warlop et 

al., 2017). With the advancement of technology, researchers are now able to record and 

analyze large sets of continuous gait data with the use of accelerometers, thereby 

demonstrating an advantage over many current systems (e.g., GAITRite walkways, 

motion capture systems, force plates, etc.). Recently, Kobsar, Olson, Paranjape, and 

Barden (2014) demonstrated that accelerometers are a valid method to measure gait 

variability and the FSI of stride time in healthy older adults. Coupled with their non-

invasive nature and ease of use, the utilization of tri-axial accelerometers to analyze gait 

variability and the FSI has the potential to identify older adults with neuromuscular 

deficits who are at risk of falling in a clinical setting.  

In addition to identifying gait pattern differences between individuals with 

neuromuscular deficits, fall risk prevention strategies must also look to mitigate the 
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decline in proprioceptive feedback. As we age, we begin to lose tactile sensation in the 

plantar surface of our feet, which can ultimately lead to dynamic instability and falls. 

Within the last decade, textured insoles have emerged as a cost-friendly and simple gait 

intervention device, which are intended to improve postural control and spatiotemporal 

gait parameters in adults of varying ages and neurological function. These insoles 

incorporate small, raised nodules distributed along the insole surface and are thought to 

stimulate the plantar surface of the feet to increase proprioceptive feedback, thereby 

improving dynamic balance and reducing fall risk (Barbosa et al., 2018; Dixon et al., 

2014; Hatton et al., 2012; Kalron et al., 2015; Lirani-Silva et al., 2017). However, very 

little research has been conducted on the use of textured insoles as an intervention 

method for fall prevention in older adults due to the novelty of this technology.  

 The addition of an enhanced sensory stimulus through the use of textured insoles 

has resulted in mixed findings for improved gait performance due to varying research 

methods (Barbosa et al., 2018; Dixon et al., 2014; Hatton et al., 2012; Kalron et al., 2015; 

Lirani-Silva et al., 2017). However, improvements in spatiotemporal gait parameters 

were found when studies required participants to wear the insoles for more than a few 

strides, which may have provided an opportunity for the natural gait rhythm to develop 

(Barbosa et al., 2018; Dixon et al., 2014; Lirani-Silva et al., 2017). In contrast, studies 

that did not find gait improvements while wearing textured insoles utilized data from a 

treadmill or an interrupted (i.e., start-stop) walking protocol (Collins et al., 2020; Hatton 

et al., 2012; Kalron et al., 2015). Treadmills are known to artificially alter natural gait 

rhythms in adults of all ages leading to the recording of inaccurate gait parameters (Chein 

et al., 2015). Similarly, the limited data from a start-stop walking protocol may have 
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resulted in inaccuracies in the determination of the mean gait parameters. It is imperative 

that continuous, self-controlled, overground walking protocols are implemented for future 

textured insole research in order to accurately assess their effect on gait performance in 

older adults with and without a history of falls.   

 Previous studies that incorporated textured insoles were only able to analyze the 

mean spatiotemporal parameters of gait, which may not be sensitive enough to detect 

subtle improvements in neuromuscular control and its effects on gait performance. It’s 

conceivable that gait variability and fractal scaling analysis may be better indicators of 

the effects of textured insoles on the somatosensory system, and these variables have not 

been measured in any textured insole study. The use of tri-axial accelerometers to analyze 

the effects of textured insoles on gait variability and the FSI could provide researchers 

with a better understanding of the effect of enhanced proprioceptive feedback on dynamic 

stability and neuromuscular control. Furthermore, this knowledge could provide 

clinicians and researchers with enhanced methods to detect gait instability and prescribe 

interventions to reduce fall risk and prevent falls in older adults.  

Consequently, the purpose of this study was to determine the immediate (i.e., the 

acute) effect of textured insoles on step- and stride time variability, along with the FSI of 

stride time during continuous overground walking in older adult fallers and non-fallers. It 

was hypothesized that older adult fallers would have greater step- and stride time 

variability and a lower FSI than older adults in the control group (non-fallers). Secondly, 

it was hypothesized that the effect of the textured insoles would be greater for the older 

adult fallers vs. the non-fallers (i.e., older adult fallers would experience a greater 

decrease in step and stride time variability along with a greater increase in the FSI of 



7 
 

stride time). These hypotheses were based on the premise that the textured insoles will 

preferentially restore proprioceptive acuity in the faller group compared to the control 

group.  
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CHAPTER TWO: Literature Review 
 
2.1 Human Gait 

The ability to walk is a complicated action dependent on numerous intricate 

neuromuscular processes throughout the entire locomotor system. Walking is important 

for a variety of reasons, including mobility, social interaction and personal independence. 

The terms walking and gait are often used interchangeably; however, they have distinct 

differences. Walking is a form of locomotion in humans, whereas gait is the manner in 

which each individual walks (Levine et al., 2012). Human gait has also been described as 

an inverted pendulum manner of locomotion and dynamic support that is cyclical in 

nature (Kuo, 2007; Levine et al., 2012). 

2.1.1 The Gait Cycle 

The gait cycle has been studied for more than a century, with the first study taking 

place in 1836 by the Weber brothers of Germany. Gait will continue to be studied for 

generations to come as methods, modelling, and analysis become more sophisticated 

(Levine et al., 2012). The gait cycle (or stride cycle) for normal, healthy gait depicted in 

Figure 1, is defined as the time interval between the initial contact of the heel with the 

ground and the next successive contact of the same heel (Levine et al., 2012). Studying 

the components of the gait cycle provides researchers and clinicians with a better 

understanding of the aging process, motor performance, physiological health, 

neuromuscular function, and overall well-being of their clients.  
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Figure 1. Positions of the Legs during a Single Gait Cycle by the Right Leg (Green Leg). 

Reprinted with permission from Whittle’s Gait Analysis, by D. Levine, J. Richards, and 

M. J. Whittle, 2012, p. 32.  

Within the gait cycle, there are two primary phases: the stance phase and the 

swing phase. The stance phase, for normal healthy adult gait, accounts for approximately 

60% of the gait cycle and the swing phase accounts for the remaining 40% (Levine et al., 

2012). The stance phase, or ‘support phase’, is comprised of four periods: loading 

response, mid-stance, terminal stance, and pre-swing. The swing phase consists of three 

periods: initial swing, mid-swing, and terminal swing (Levine et al., 2012). Throughout 

both phases, seven major gait events occur consisting of initial contact, opposite toe off, 

heel rise, opposite initial contact, toe off, feet adjacent, and tibia vertical. Double support 

is when both legs are in contact with the ground and occurs when initial contact of one 
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foot begins and toe off of the opposite foot has not happened yet. As toe off occurs this 

leg begins its swing phase, whereas the other foot is transitioning through the stance 

phase and is still in contact with the ground, resulting in a period called single support.  

 Throughout both phases, there are numerous parameters that can be examined in 

order to further knowledge of the gait cycle and better understand the mechanics, 

movements, health, and function of the human body. Kinetic and kinematic gait analysis 

technology are believed to be the gold standard in gait assessment; however, some of 

these methods are time consuming, expensive, and impractical in a clinical setting 

(Simon, 2004). The analysis of spatiotemporal gait parameters is a cost-effective, 

convenient, and practical method of attaining basic information throughout numerous gait 

cycles.  

2.1.1.1 Spatiotemporal Gait Parameters 

Spatiotemporal gait parameters are commonly used when quantifying the most 

basic aspects of the gait cycle, which can also be subdivided into spatial and temporal. 

Spatial parameters quantify the position of gait movements in general space and temporal 

parameters quantify the timing of gait cycles or events. The spatiotemporal parameters 

most commonly analyzed by researchers and clinicians to assess gait include step length, 

stride length, stride width, toe out, cadence, speed, step time, stride time, and symmetry. 

Step length is the distance from initial heel contact of one foot to the initial heel contact 

of the opposite foot. Stride length is the distance between initial heel contact of one foot 

and subsequent heel contact of that same foot. Stride width, also known as walking base 

or base of support, is the lateral distance between the two feet during the stance phase and 
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is commonly measured from the midpoint of each heel. Toe out (aka foot progression 

angle) is the angle of one’s foot with respect to the line of progression during stance, 

which is commonly measured from the midpoint of the heel to the midpoint of the front 

foot. The spatial gait parameters of step length, stride length, stride width, and toe out are 

represented in Figure 2 (Levine et al., 2012). Cadence provides a measure of the 

frequency of the gait cycle and is defined as the number of steps based on a chosen time 

interval, typically the number of steps per minute (steps/min). Speed, represented in 

metres per second (m/s), is the distance an individual travels in a specific period of time. 

Step time is the duration between each individual step while stride time is the duration in 

seconds between each stride (Kirtley, 2006; Whittle, 2007). Symmetry is the measure of 

similarity of one lower limb to correspond to the spatiotemporal parameters of the other 

lower limb. All spatiotemporal gait parameters can be measured over multiple gait cycles 

to determine mean values. Each individual measurement of these parameters will vary 

somewhat from the mean and these deviations are typically referred to as gait variability 

(Levine et al., 2012).  
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Figure 2. Terms used to Describe Foot Placement on the Ground. Reprinted with 

permission from Whittle’s Gait Analysis, by D. Levine, J. Richards, and M. W. Whittle, 

2012, p. 34.   

2.1.1.2 Gait Variability 

Gait variability is a relatively recent field of study and refers to the stride-to-stride 

fluctuations in gait parameters occurring over numerous cycles (Hausdorff, 2005). These 

fluctuations, initially regarded as noise or error, were noticed once researchers began to 

record an increasing number of gait cycles. The ‘noise’ was either filtered or discarded 

from further analysis as it was deemed uninformative which led researchers to focus on 

the mean values obtained for each parameter instead of appreciating the natural variations 

between the different cycles (Socie & Sosnoff, 2013). These variations are typically so 

subtle they are undetected to the naked eye and require precise objective measurement to 

identify important differences. As technology improved to record repeated and 

continuous gait cycles, a range of variations in each spatiotemporal parameter was 

discovered.  
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Upon completed gait analysis of spatiotemporal parameters, the amount of 

variability for any of the parameters is calculated by the standard deviation (SD) of the 

mean, represented in Equation 1 or the coefficient of variation (CV), represented in 

Equation 2. The SD quantifies the amount of deviation from the mean whereas the CV is 

the ratio of the SD to the mean. There is a lack of consistency in the literature as to the 

use of either SD or CV (Lord et al., 2011), presumably based on varying research designs 

and a lack of agreement of which measure to include. CV is more commonly reported 

than SD as it is a dimensionless unit allowing for comparisons between studies, thus 

posing a slight advantage over SD (Lord et al., 2011). 

SD =  �∑ (𝑥𝑥𝑖𝑖− �̅�𝑥)2𝑛𝑛
𝑖𝑖=1
𝑁𝑁−1

    (1)  

     CV =  �SD
�̅�𝑥
�100%    (2)  

 Within the existing gait variability literature, there are numerous methodological 

discrepancies which have been found to impact reliability (test/retest) and validity. 

Previous literature has found that a minimum of 50-60 strides are required to reliably 

assess gait variability (Hausdorff, 2005; Hollman et al., 2010; König et al., 2014), while 

anything less has the ability to alter spatial and temporal variability in older adults and 

should be interpreted with caution (Barnet et al., 2016). The majority of gait variability 

research utilizes either a continuous or a start-stop walking protocol. A continuous 

walking protocol can be further separated into an instrumented treadmill protocol or, less 

commonly, an overground walking protocol. Instrumented treadmills are popular due to 

their ease of use, minimal space requirements in a laboratory setting, and large gait cycle 

collection ability; however, their speed has been found to alter the inherent stride time 

variability in healthy young, middle-aged, and older adults (Chein et al., 2015). Start-stop 
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walking protocols commonly utilize instrumented walkways due to their ease of use and 

portability; however, they do not allow for extensive gait cycle collection as they are 

constrained in terms of length (4 m – 13 m). Additionally, a start-stop walking protocol 

has been found to increase the natural variability of stride time, step time, stride length, 

step length, stride width, and velocity in older adults (Barnett et al., 2016; Paterson et al., 

2009). This increased variability is a result of interruption to the automatic gait control 

due to the increased attention demands when start-stop methods are employed (Galna et 

al., 2013; Paterson et al., 2009). Therefore, future studies should employ a continuous 

overground walking protocol in order to capture the large series of strides required to 

reliably assess gait variability in older adults (Galna et al., 2013; König et al., 2014; 

Paterson et al., 2009). 

In the past few decades, it has been determined that the magnitude of stride-to-

stride fluctuations reveals important information about an individual’s locomotor system 

and overall health (Hausdorff, 2007). While excessive variability in gait parameters may 

be considered ‘unhealthy’, researchers suggest that an optimal level of variability exists 

within all healthy adult individuals, and that this variability reflects the capacity of the 

human body to adapt to changes from the external environment (Harbourne & Stergiou, 

2009; Stergiou et al., 2006). Currently, the exact range of optimal variability based on 

factors such as age and sex has not been determined. An individual that displays sub-

optimal (i.e., limited) variability will produce an excessively rigid (i.e., unflexible) and 

non-adaptable gait, whereas excessive variability results in chaotic and unsteady gait. 

Both circumstances of suboptimal or excessive variability are recognized as indicative of 

an unhealthy locomotor state and are an indicator of poor health (Stergiou et al., 2006). 
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2.1.1.3 Nonlinear Dynamics of Gait: Fractal Scaling Index 

The human body is a dynamic system that constantly adapts to maintain function 

through the variable input of numerous internal systems and external stimuli. The 

observation of a healthy adult gait pattern would appear constant and unchanging; 

however, closer examination reveals a series of subtle fluctuations—variability— 

emerging in one’s gait. The inherent variability found in a variety of different gait 

variables is an indicator of health (Harbourne & Stergiou, 2009; Stergiou et al., 2006). 

Over time, the variability of gait has been found to contain self-similar properties, also 

known as fractal-like structures, which can be determined via nonlinear mathematics. The 

fractal-like structure of gait variability is thought to be an indicator of motor control 

organization, ability, and function (Goldberger et al., 2002; Hausdorff, 2007).  

Fractals in nature display a self-similar pattern occurring over multiple time 

intervals (Walleczek, 2006). Self-similarity is evident when the sub-units or fractions 

(and sub-units of the sub-units, and so forth) resemble the whole, no matter the scale at 

which it is displayed. Fractal-like properties are evident in various physiological 

structures of the human body such as the branching of the bronchi and bronchioles in the 

lung, the veins and arteries of the circulatory system, and the neurons in the central 

nervous system (CNS) (Goldberger et al., 2002; Werner, 2010). Not only are fractal-like 

properties evident in the physiological structure of the human body, but they also occur in 

the temporal domain of gait. A stride interval will display fractal characteristics due to its 

dependence on any other previous stride interval in the time series (Jordan et al., 2007). 

Research shows that the stride-interval relation decays over time in a power-law fashion 

(Walleczek, 2006).   
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In order to calculate the FSI of the long-range stride-to-stride fluctuations of gait, 

the fractal scaling exponent must be calculated by way of a random walk modified root 

mean square analysis, also known as a detrended fluctuation analysis (DFA) (Goldberger 

et al., 2002; Hausdorff, 2007; Tanimoto et al., 2016; Walleczek, 2006). First, the formula 

in Equation 3 is applied to integrate the original time series (Walleczek, 2006). 

y(k) =  ∑ [𝑥𝑥𝑖𝑖 − �̅�𝑥]𝑘𝑘
𝑖𝑖=1     (3) 

Subsequently, the integrated time series —y(k)— is divided into equal length 

sections (n) as seen in Equation 4. With each section, a least-squares line is fit to the 

resulting data thus representing the trend of that specific time period (Walleczek, 2006). 

F(𝑛𝑛) =  �1
𝑁𝑁
∑ [𝑦𝑦(𝑘𝑘) − 𝑦𝑦𝑛𝑛(𝑘𝑘)]2𝑁𝑁
𝑘𝑘=1    (4) 

The calculation is then repeated for all time intervals. The trends from each 

section are displayed on a log F(n) to log n graph. If a linear relationship is found, the 

slope of a line (α) will be calculated. The DFA method (α) is used as it “depends on the 

sequential ordering of the fluctuations in the time series but not on the overall magnitude 

of the fluctuations (i.e., the variance of the time series)” (Hausdorff, Mitchell, et al., 

1997, p. 263) and is the recommended method when comparing fractal properties 

between groups (Phinyomark, Larracy, & Scheme, 2020). The fractal scaling exponent, 

expressed as α, indicates that a stride interval displays long-term dependence to stride 

intervals that occurred hundreds of strides earlier in a time series (Hausdorff, 2007). 

Depending on the scaling exponent value, the α can reveal insight into the locomotor 

health of a particular individual. An α level of 0.5 or less is indicative of anti-correlations 

within the temporal structure of gait and represents a less-organized pattern of 

neuromuscular control (Walleczek, 2006). The low correlational value within the fractal-
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like trend suggests the reduced ability of an individual’s body to deal with the 

nonlinearity of multiple internal systems and external stimuli and would be deemed to 

represent an individual with suboptimal gait. An α level = 0.5 represents white noise and 

an uncorrelated step pattern, whereas an α level of 0.5 < α ≤ 1.0 demonstrates long range 

correlations (self-similarity) between stride time intervals decaying in a fractal-like 

manner and is thought to be indicative of a healthy level of variability (Peng et al., 1995). 

Additionally, an α level of α > 1.0 reveals that the correlations do not follow a power law.  

Analyzing the subtle stride-to-stride changes over time is more common in studies 

focussing on the effects of neuromuscular disorders on gait function. Fractal-like patterns 

have been shown to be a more distinct and sensitive marker of gait dysfunction in 

neurological diseases (Hausdorff, 2007). Huntington’s disease is a neurodegenerative 

disorder resulting in irregular and uncontrolled bodily movements along with 

progressively impaired cognitive abilities (Montoya et al., 2006). Hausdorff, Mitchell, et 

al. (1997) found that Huntington’s disease subjects displayed more random fluctuations 

compared to the healthy adult controls (α = 0.60 ± 0.24, α = 0.88 ± 0.17, respectively). 

Additionally, the authors found an inverse correlation between the α level and disease 

severity in Huntington’s patients. The inverse correlation suggests fractal scaling analysis 

can be used as a sensitive marker of neurodegenerative disease progression. As 

Huntington’s disease progresses, the frontal lobe is further affected and decreases in 

volume (Montoya et al., 2006). Herman et al. (2005) found the FSI of stride time was 

significantly related to frontal lobe dysfunction in older adults. These older adults did not 

have a neurodegenerative disorder diagnosis; however, they did express walking 

difficulties. Therefore, the finding suggests that the FSI might be an early identifier for 
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neuromuscular pathologies due to some change within the control of the CNS. In addition 

to neurodegenerative disorders, the effects of aging have also been shown to degrade 

stride-to-stride correlations. The breakdown of temporal organization due to the aging 

process has generated recent interest from gait researchers and clinicians within the past 

couple of decades, and it has provided further insight into the neuromuscular control of 

gait.  

2.2 Gait and Aging 

As of 2021, 18.5% of the national population is accounted for by older adults —

defined as 65 years of age and older (Statistics Canada, 2021). As the human body ages, 

it inevitably experiences numerous changes in the structure and function of the 

physiological systems that regulate motor performance. These physiological changes 

affect daily functional activities such as walking, thereby reducing an individual’s well-

being and independence. With people living longer, it is important to understand the 

contributing factors leading to alterations in gait control. 

2.2.1 Sensorimotor Control 

One of the most important systems for the regulation of gait is the sensorimotor 

system which is responsible for producing specific motor outputs based on the integration 

and interpretation of sensory information from multiple systems (Riemann & Lephart, 

2002). The sensorimotor system relies on the contribution of the visual, vestibular, and 

proprioceptive systems for the regulation of healthy normal gait. Each system undergoes 

deteriorations due to the natural aging process resulting in a decline of gait performance 

(Hallemnas et al., 2009; Hellemans et al., 2010; Reynard & Terrier, 2015; Zalewski, 
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2015). From a clinical perspective, the contribution of the proprioceptive system has been 

deemed the most important for maintaining dynamic stability and gait control, compared 

to the contribution of the visual and vestibular systems (Reynard & Terrier, 2015; 

Riemann & Lephart, 2002). 

Proprioception refers to the ability to detect limb, joint, or body position. This 

sensation arises as a result of activity in the mechanoreceptors located in joints and tissue 

(i.e., joint, ligament and cutaneous receptors, muscle spindles, and Golgi tendon organs), 

which stimulate sensory neurons to send impulses up the spinal cord to the cerebral 

cortex where it’s organized into a positional representation (Johnson & Soucacos, 2010). 

Proprioception has traditionally been deemed as an integral part of the peripheral nervous 

system; however, there is growing interest regarding its relationship with the CNS as a 

regulator of gait and mobility in older adults (Boisgontier et al., 2012; Sorond et al., 

2015; Suetterlin & Sayer, 2013).  

As humans age, older adults begin to experience difficulty detecting the motion 

and position of their body and limbs in space. This deterioration of the somatosensory 

system is thought to be a result of morphological changes in muscle spindles (Granacher 

et al., 2008) in addition to a reduction of myelin and skin receptors causing the 

deterioration in the somatosensory system (Suetterlin & Sayer, 2013). The change in 

muscle spindles consists of a loss of nuclear and intrafusal chain fibres (Liu et al., 2005) 

and is believed to reduce the muscle’s contractile velocity and length resulting in 

weakened balance control (Granacher et al., 2008). These deteriorations result in gait 

abnormalities; therefore, further research is needed to minimize proprioceptive deficits in 

order to improve gait control and ultimately reduce the risk of falls.   
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2.2.2 Spatiotemporal Gait Parameters  

In the average lifetime, gait patterns go through three distinct phases of change 

(Whittle, 2007). In infancy, many gait parameter transitions take place in an attempt to 

increase stability and efficiency during the act of walking. Around age 15, all gait 

parameters reach normal adult values (Whittle, 2007). At 60+ years of age, age-related 

changes in spatiotemporal gait parameters start to manifest which are influenced by 

multiple factors including: the physiological and neurological changes—deterioration of 

the proprioceptive system, the development of pathological conditions, the ingestion of 

physical and mind-altering substances (e.g., alcohol and medications), along with 

concerns for personal safety and increased stability (Barak et al., 2006; Whittle, 2007).  

The spatiotemporal parameters that are altered due to the natural aging process 

include a decrease in stride length and cadence, a reduction in speed and the vertical 

excursion of the centre of mass, along with an increase in stride width, duration of the 

stance phase and double support time (Dean et al., 2007; Ko et al., 2010; Meyer & 

Ayalon, 2006; Schrager et al., 2008; Whittle, 2007). These changes in gait parameters 

due to aging signify deterioration in dynamic stability and gait control; thereby increasing 

the risk for falls (Kirtley, 2006). Additionally, older adults experience a further decrease 

in cadence and increase in stride time as they reach the age of 75 years and older (Thaler-

Kall et al., 2015) suggesting the temporal structure of gait is further affected by the 

natural aging process. Due to the complexities of motor control, multiple parameters 

should be assessed in order to better understand the effects of aging on gait. Recently, 

gait variability has been found to be a more sensitive marker of age-related changes in 

gait than mean spatiotemporal gait parameters. 
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2.2.3 Gait Variability 

Traditionally, gait assessment in older adults focuses on the mean values of 

spatiotemporal gait parameters. Investigating changes in these variables advances the 

understanding of the relationship between the aging process and neuromuscular system. 

Recently, a growing number of researchers have demonstrated interest in the association 

between gait variability and aging as it provides a greater understanding of motor control 

in older adults. 

Recently, temporal variability of gait has been shown to be a more sensitive 

marker of aging than mean temporal parameters in healthy older adults (Kobsar, Olson, 

Paranjape, Hadjistavropoulos, & Barden, 2014). Kobsar, Olson, Paranjape, 

Hadjistavropoulos, and Barden (2014) utilized an overground continuous walking 

protocol and found that step- and stride time variability differentiated between healthy 

older adults and younger adults, whereas mean temporal variables did not. This finding 

indicates the distinct ability of temporal variability to identify differences in the 

neuromuscular control of gait due to the natural aging process. 

Understanding the changes in gait variability is also imperative for adults with 

gait abnormalities as it furthers the knowledge of the neuromuscular control of gait. 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting balance 

and gait control leading to potential fall risk (Radovanović et al., 2014). Hausdorff et al. 

(2000) found that stride time variability was able to differentiate between individuals 

with ALS and healthy subjects, whereas mean spatiotemporal parameters could not. This 

finding suggests that stride time variability is a sensitive outcome measure that possesses 
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the ability to indicate functional changes of the neuromuscular control in individuals with 

gait abnormalities.  

 Gait variability has also been found to be useful in monitoring disease 

progression and assessing therapeutic interventions (Hausdorff et al., 2000; Pieruccini-

Faria et al., 2021). Parkinson’s disease (PD) is one of many degenerative neuromuscular 

disorders and is caused by changes in the neurons within the basal ganglia (Hausdorff, 

2007). Individuals with PD exhibit increased gait variability, balance difficulties, and 

experience a heightened risk for falls (Hausdorff, 2007; Saint-Hilaire, 2008). Hausdorff et 

al., (2003) found that gait variability was drastically heightened along with an increase in 

average stride time when participants with PD performed a dual-task walk. The dual-task 

walk requires participants to walk along a pathway while performing a cognitively 

challenging math task. The dual-task challenges the maximal attention capacity and 

information processing of the brain resulting in the deterioration of gait performance, thus 

demonstrating a correlation between cognitive function and gait variability.  

Furthermore, temporal variability is found to be a more sensitive marker of 

neuromuscular control than spatial variability (Brach et al., 2010; Tian et al., 2017). 

Brach et al. (2010) analyzed the temporal and spatial variability in older adults (n = 1148) 

and found a correlation between increased stance time and swing time variability in 

individuals with self-reported walking difficulties. This finding is consistent with the 

research of Tian et al. (2017) who found, in a structured review of gait variability in older 

adults, that “temporal gait variability was associated with structural differences in medial 

areas (of the brain) important for lower limb coordination and balance” (p. 149). This 

suggests a link between gait abnormalities and changes within the neural structure of the 
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brain that impacts balance and lower limb motor control. However, caution must be used 

in interpreting Brach et al.’s (2010) results as they only incorporated enough gait cycles 

from two-4 m walks on an instrumented walkway and may not have included enough gait 

cycles in their study for valid results. Further research is required that incorporates 

continuous overground walking protocols for reliable gait variability assessment. 

2.2.4 Fractal Scaling Index 

Quantifying the inherent subtle stride-to-stride fluctuations—step time and stride 

time variability—through fractal scaling analysis is an additional parameter useful for 

assessing and better understanding age-related gait changes in the locomotor system 

(Hausdorff, 2007). The fractal scaling analysis by Goldberger et al. (2002) found that 

long-range correlations are not random in nature and that they start to degrade as age 

increases. The degradation of long-range correlations due to the aging process reveals 

important information about the control, function, structure, and adaptability of the 

neuromuscular system. 

The FSI of stride time has been shown to be a more sensitive marker of aging 

compared to either the mean spatiotemporal parameters or standard measures of gait 

variability (Hausdorff, Mitchell, et al., 1997). Hausdorff, Mitchell, et al. (1997) found no 

differences between older adults and young adults for stride time and stride time 

variability, whereas the FSI of stride time in healthy older adults displayed more random 

correlations than the younger healthy individuals (α = 0.68 ± 0.14, α = 0.87 ± 0.15, 

respectively). It was also found that these random correlations are not related to gait 

unsteadiness and walking speed; therefore, they are dependent on some change in 
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neuromuscular control in older adults. The mechanism for the change in stride-to-stride 

correlations is still not well understood.  

Additionally, research conducted by Kobsar, Olson, Paranjape, 

Hadjistavropoulos, et al. (2014) supports the idea that the FSI of gait is a more robust and 

sensitive marker of the neuromuscular changes due to aging compared to the analysis of 

mean spatiotemporal parameters alone. The authors found that healthy younger and 

healthy older adults displayed no differences in gait speed, step time and stride time. In 

contrast, step- and stride time variability along with stride time FSI were significantly 

different in the older adults (CV = 4.38 ± 2.03, CV = 2.60 ± 0.91, α = 0.76 ± 0.13, 

respectively) compared to the younger adults (CV = 3.43 ± 1.41, CV = 2.15 ± 0.71, α = 

0.83 ± 0.10, respectively). These results demonstrated that older adults have less-

organized patterns of inherent stride rhythms and deteriorations in neuromuscular control. 

Hausdorff (2007) has suggested that it is beneficial to quantify and analyze 

multiple gait parameters (i.e., calculation of stride time and step time variability and the 

FSI of stride time, in combination with mean temporal parameters of gait) in order to 

increase our understanding of gait and neuromuscular control, especially as one ages. 

Due to the complexities of the aging process on gait, the FSI provides researchers and 

clinicians with an additional quantifiable method to assess deteriorations within the 

neuromuscular system. These deteriorations may signal potential fall risk in older adults.  

2.3 Falls in Older Adults 

In Canada there are over seven million individuals aged 65 years and older, with 

that number expected to double within the next 20 years (Statistics Canada, 2021). 

According to the Public Health Agency of Canada (2019), approximately 20% to 30% of 
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all older adults will experience a fall each year. In older adults, the majority of falls 

happen during walking while carrying out their normal activities of daily living (Talbot et 

al., 2005). Falls are one of the leading causes of trauma and mortality in older adults 

(Public Health Agency of Canada, 2019). From those that fall, 70.5% of all individuals 

experience an injury, with older adults reporting injuries most frequently to their head 

and knees (Talbot et al., 2005). Overall, Canada spends billions of dollars annually in 

hospitalization costs for fall recovery (Public Health Agency of Canada, 2019). The 

rising number of falls in older adults demonstrates the need for effective fall prevention 

strategies. 

 Fall risk occurs as a result of a combination of many extrinsic and intrinsic 

factors (Donaldson & Khan, 2002). Extrinsic factors include various environmental 

hazards that are encountered throughout daily life, while intrinsic factors are separated 

into four categories: demographic, sensory and neuromuscular control, medical 

conditions, and medications (Donaldson & Khan, 2002). Sensory and neuromuscular 

control can be further divided into visual, vestibular, and proprioception feedback. The 

risk of falls increases in older adults due to changing intrinsic and extrinsic factors 

brought on by aging, genetics, and lifestyle choices (Meyer & Ayalon, 2006). A visual 

representation detailing the numerous physiological changes that impact gait parameters, 

leading to gait instability and fall risk is depicted in Figure 3 (Hausdorff, 2007).  
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Figure 3. Simplified Block Diagram Depicting Some of the Factors that Contribute to 

Gait Stability and Fall Risk. Reprinted with permission from Human Movement Science, 

26, by J. M. Hausdorff, 2007, p. 579. 

Finding an association between spatiotemporal gait parameters and fall risk has 

greatly interested gait researchers and clinicians for decades as it might provide 

professionals with strategies to identify individuals at risk for future falls. Currently, no 

agreed upon spatiotemporal parameter exists which best identifies fall risk in older adults, 

which may be due to varying study designs. In a systematic review of 17 studies, Mortaza 

et al., (2014) found that temporal gait parameters are better able to differentiate older 

adult fallers from non-fallers than spatial parameters. Even with this finding, Mortaza et 

al. (2014) suggests that spatiotemporal markers alone are not sufficient to differentiate 
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between fallers and non-fallers, due to differences in chosen methodologies (i.e., walking 

protocols). As a result, future research which analyzes the subtle fluctuations of 

continuous gait will provide an additional parameter to better assess fall risk in older 

adults. 

2.3.1 Gait Variability and Falls 

Numerous studies have documented the association between increased gait 

variability and fall risk in older adults (Barak et al., 2006; Hausdorff, Edelberg, et al., 

1997; Hausdorff et al., 2001; Toebes et al., 2012; Yogev-Seligmann et al., 2005). 

However, researchers are uncertain as to which measure of gait variability is a better 

predictor (Callisaya et al., 2011). Recently, temporal gait variability—specifically stride 

time variability—has emerged as an important marker in stepping control, fall risk, and 

assessment of pathological gait (Beauchet et al., 2008). 

The association between stride time variability and fall risk was demonstrated in a 

one-year longitudinal study in which older adults with a history of falls exhibited higher 

levels of stride time variability than healthy older adults and younger individuals, even 

though walking speed and muscular strength were similar between older adult fallers and 

non-fallers (Hausdorff et al., 2001). Also, stride time variability was significantly higher 

in older adults who experienced multiple falls, suggesting that stride time variability 

could predict future falls in older adults. The relationship between fall risk and gait 

variability—specifically stride time variability—demonstrates a need for research to 

include the analysis of subtle stride-to-stride fluctuations in order to have a deeper 

understanding of gait dynamics and fall risk, which is not attainable by the analysis of 

mean spatiotemporal gait parameters alone. 
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In addition to identifying fall risk in healthy older adults, stride time variability 

has been shown to be a more sensitive marker of fall risk in individuals with a 

neurodegenerative disorder such as multiple sclerosis (MS). Using an accelerometer to 

capture numerous gait cycles, Moon et al. (2015) found a strong positive correlation 

between stride time variability and fall risk in healthy older adults and in adults with MS; 

whereas average stride time did not display a correlation to fall risk in either group. 

Consequently, the research suggests that increased stride time variability is an indicator 

of neuromuscular deficiency and may be a predictor of future falls in both older adults 

and in adults with neuromuscular dysfunction.  

2.3.2 Fractal Scaling Index and Falls 

Analyzing stride-to-stride fluctuations over time provides researchers and 

clinicians with an ability to quantify the age-related changes of gait, furthering their 

understanding of the neuromuscular control of gait (Hausdorff, 2007). Within the last 

couple of decades, researchers have suggested an association between the subtle stride-to-

stride fluctuations of the gait cycle and its relationship to fall risk in older adults. 

Analyzing the FSI may provide researchers and clinicians with an additional method to 

quantify gait dynamics in order to identify and potentially prevent falls by implementing 

preventative rehabilitation protocols to enhance independence, function, and overall well-

being in a person’s life. As such, the FSI of a stride time series has been suggested to be a 

sensitive marker of fall risk (Hausdorff, 2007). 

The minimal literature exhibits conflicting results regarding the correlation 

between the FSI and fall history. A study conducted by Herman et al. (2005) found the 

fractal-like properties of gait was the only quantifiable gait parameter to differentiate 
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between fallers (≥ 1 fall) and non-fallers. In this study, the fallers displayed a 

significantly lower and more random FSI than the non-faller group (α ≈ 0.65 ± 0.10 and α 

≈ 0.86 ± 0.11, respectively). Additionally, these results were similar between individuals 

who had experienced multiple falls (≥ 2 falls) compared to non-fallers. Whereas the study 

by Paterson et al., (2011) contested these findings and did not find a significant difference 

in stride time FSI between the fallers (α = 0.75 ± 0.11) and non-fallers (α = 0.72 ± 0.14). 

The discrepancies in stride dynamics between these studies may be a result of subtle 

differences in methodologies and research design (i.e., participant inclusion and number 

of stride cycles). As such, it is important for future research to determine if the study of 

temporal gait dynamics has the ability to differentiate between healthy older adults and 

those with a history of falls.  

In addition to differentiating between fallers and non-fallers, a related goal of 

clinical gait analysis is fall risk prevention. The FSI of stride time is indicative of 

dynamic gait stability and balance control (Warlop et al., 2016). Additionally, these gait 

dynamics are found to be negatively correlated with neurodegenerative progression in 

individuals with PD and positively correlated to balance and postural control (Warlop et 

al., 2016). These correlations highlight the potential of using the FSI as a quantifiable fall 

risk identification method to enable clinicians to implement rehabilitative techniques to 

prevent future falls. 

Analyzing mean temporal gait parameters only requires the capture of a few 

strides, whereas the analysis of within-subject stride-to-stride fluctuations requires a 

method that records hundreds of strides (Hausdorff, 2007). The use of body-fixed 

accelerometers presents researchers and clinicians with an advantageous method of 
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capturing a large amount of stride time intervals. Moreover, accelerometry allows for the 

assessment of mean temporal gait variables, gait variability, and the long-range fractal-

like correlations within the gait cycle. 

2.4 Accelerometry 

Traditional camera-based kinematic and kinetic gait analysis methods have been 

beneficial to gait research; however, they are cumbersome, expensive, and cannot be used 

outside of a formal gait laboratory setting. Additionally, traditional video-graphic 

methods are restricted to capturing data for a limited number of strides (based on the size 

of the lab), which may not be suitable for recording the continuous gait data required for 

more sensitive measures of gait assessment—such as gait variability and the FSI. 

Accelerometry is an alternative method of gait analysis that is gaining popularity amongst 

researchers due to its low cost, compact lightweight construction, and its unique wireless 

capability of collecting vast amounts of data from participants in real-world 

environments, making it more applicable in clinical settings (Byun et al., 2016).  

Accelerometers allow researchers to study changes in the acceleration of a 

particular object or person through the conversion of physical acceleration into electrical 

signals. Tri-axial accelerometers allow researchers to collect simultaneous gait data from 

three orthogonal directions: consisting of the vertical, anteroposterior, and mediolateral 

axes. Accelerometers utilize a mass-spring system of measurement which incorporates 

Newton’s second law of motion (F = ma) and Hooke's Law (F = kx) in order to quantify 

the acceleration of the body experienced during gait (Kavanagh & Menz, 2008). When 

the mass-spring system undergoes a tensile or a compressive force from movement 

within a gait cycle, a resultant proportional force is generated within the spring. Since 
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stiffness and mass of the spring can be regulated, acceleration can be calculated from 

manipulating the two previous formulas resulting in Equation 5 (Kavanagh & Menz, 

2008). 

a = 𝑘𝑘𝑥𝑥
𝑚𝑚

      (5) 

2.4.1 Spatiotemporal Gait Analysis 

As individuals walk, pelvic and lower trunk accelerations form patterns that can 

be observed in each of the three axes. From these accelerations, algorithms presented by 

Zijlstra and Hof (2003) allow researchers to identify the major events and spatiotemporal 

parameters within the gait cycle based on an inverted pendulum model of the body’s 

centre of mass (CoM). Previous research shows consistency in the algorithms devised by 

Zijlstra and Hof (2003) to analyze the acquired accelerometric gait data (Godfrey et al., 

2015; Kobsar, Olson, Paranjape, & Barden, 2014; Kobsar, Olson, Paranjape, 

Hadjistavropoulos, et al., 2014).  

The vertical acceleration pattern is a result of the rise and fall of the body’s CoM 

throughout the gait cycle. A series of three positive peaks and one negative peak can be 

identified for each step which relates to four gait events, as shown in Figure 4. The 

process of foot contact detection is determined at the instant the vertical acceleration 

signal changes from positive to negative. This change in direction of acceleration—

deceleration—is a result of the body moving into an upward motion as it transitions from 

single support to double support. The next positive peak corresponds with the foot flat 

action of the same foot. The final positive peak corresponds to mid-stance resulting from 

the rising motion of the body following toe-off of the contralateral foot. Following mid-

stance, the body CoM begins to fall which results in negative vertical acceleration. This 
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negative acceleration continues until it reaches a negative peak associating with the event 

of toe off (also known as initial push off, as seen in Figure 4). Subsequently, the vertical 

acceleration reaches a positive peak once again which relates to initial contact of the 

opposing foot, and the pattern repeats itself.  

 

Figure 4. Vertical Acceleration Gait Pattern. Reprinted with permission from Gait & 

Posture, 16, by Auvinet et al., 2002, p. 126. 

Throughout the gait cycle, the CoM in the vertical direction displays a 

semicircular pattern throughout each single support phase, which is also known as the 

inverted pendulum model (Godfrey et al., 2015). By knowing the changes in height (h) of 

the CoM and the height of the sensor to the ground (l), step length can be predicted by the 

formula in Equation 6. In addition to this formula for step length, walking speed is 

determined by dividing mean step length by mean step time.  

step length = 2√2𝑙𝑙ℎ − ℎ2   (6) 
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The anteroposterior acceleration pattern is a result of the braking and propulsion 

actions of the body throughout the gait cycle. Peak anteroposterior acceleration values are 

associated with initial contact followed by a deceleration period as the foot transitions to 

mid-stance. Following mid-stance, the body begins accelerating forward once again until 

initial contact and peak anteroposterior acceleration values are once again achieved with 

the subsequent foot.  

The mediolateral motion of the lower trunk can distinguish between left and right 

steps. During the right support phase, the CoM accelerates to the left in preparation for 

left initial contact which subsequently alternates to the right during the left support phase. 

Furthermore, single support can be discriminated for either leg based on the position of 

the CoM in the mediolateral plane. As the CoM reaches its highest position, the position 

corresponds to the mid-stance phase of the support limb, thereby providing an 

opportunity to differentiate between the left and right leg.   

Tri-axial accelerometers have recently been validated as a method to quantify 

mean temporal gait parameters (Byun et al., 2016; Hartmann, Luzi, et al., 2009; 

Hartmann, Murer, et al., 2009), gait variability (Kobsar, Olson, Paranjape, & Barden, 

2014) and the FSI of stride time (Kobsar, Olson, Paranjape, & Barden, 2014). Kobsar, 

Olson, Paranjape, and Barden (2014) found that an accelerometer displayed excellent 

agreement with a footswitch device for mean step time, mean stride time, step time SD, 

stride time SD, step time FSI, and stride time FSI in healthy young and older adults. This 

study not only validated the use of accelerometers but demonstrates their capacity to be 

used to identify individuals with neuromuscular deficiencies within a clinical setting. 
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In addition to validity, tri-axial accelerometers have also demonstrated high levels 

of reliability for the measurement of spatiotemporal gait parameters. One such study by 

Senden et al. (2009) investigated the inter-rater reliability by examining the intraclass 

correlation coefficients (ICC). The authors found excellent ICCs of 0.77 to 0.92 for mean 

values of gait speed, step length, step time, and step frequency. These results are similar 

to those of Hartmann, Murer, et al. (2009) who reported ICCs ranging from 0.91 to 0.94 

for walking speed, cadence, step duration, and step length. Additionally, the authors 

demonstrated moderate levels of reliability for both step duration and step length 

variability; however, their reported CVs (> 17%) were large and potentially erroneous 

due to the constrained walking length of 18 m. Byun et al. (2016) investigated the test-

retest within-day reliability in a group of 82 older adults on two 40 m walks. The authors 

demonstrated moderate to excellent ICCs of 0.69 to 0.90 for cadence, velocity, step time, 

step length, and step time variability. Henriksen et al. (2004) determined the test-retest 

between-day reliability (two consecutive days) of mean spatiotemporal values from a tri-

axial accelerometer in a group of 20 healthy young adults. The ICC values ranged from 

0.94 to 0.96, noting excellent reliability. These studies add to the growing body of 

evidence that demonstrates the clinical applicability of accelerometers.   

2.4.2 Fall Risk Identification and Prevention 

Accelerometry has recently been proposed as a tool to identify individuals with 

neuromuscular deficiencies, specifically with a history of falls. Auvinet et al. (2003), 

Schumacher et al., (2021), and Kojima et al. (2008) confirmed the spatiotemporal values 

obtained from a back-mounted accelerometer were able to differentiate between healthy 

older adults and those with a history of falls. Additionally, Weiss et al. (2013) found the 
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quantification of temporal gait data from accelerometers worn by a group of older adult 

fallers and non-fallers over the course of three days during each subject’s daily living 

routine was able to differentiate between the two groups, thereby suggesting that 

accelerometers have the potential to be used for fall-risk identification and assessment in 

real-life settings. Additionally, these findings provide clinicians with the data required to 

provide more relevant and worthwhile fall-risk interventions. With the growing need for 

fall prevention, it is important for future studies to employ accelerometer-based methods 

due to their ability to collect the large number of strides required for reliable 

understanding of neuromuscular control during gait. From a clinical perspective, 

accelerometers will aid clinicians in better identifying older adults with neuromuscular 

deficiencies so interventions can be put in place to reduce or prevent falls. One 

intervention that has shown promise in stimulating tactile proprioceptive feedback for 

reducing fall risk is the use of textured insoles.  

2.5 Textured Insoles 

The clinical application of gait analysis is thought to be the ultimate goal of 

applied gait research, as it provides opportunities to quantify improvements in gait 

through the use of various interventions (insoles/orthotics, physical and exercise therapy, 

prosthetics, joint implants, crutches, etc.). From a clinical perspective, improving stability 

and gait control through proprioceptive stimulation of the soles of the feet via textured 

insoles is a relatively recent concept gaining attention in the last decade; however, limited 

research is available due to the novelty of this concept. The use of textured insoles is 

currently being suggested as an intervention method to prevent falls as their textured 

surface is thought to provide tactile stimulation to the somatosensory system which could 
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make up for proprioceptive deficiencies due to the aging process. This increased 

stimulation has been suggested to improve gait and ultimately reduce fall risk. Textured 

insoles might provide researchers and clinicians with an easy and cost-effective method 

to improve dynamic balance control in order to prevent falls in older adults and improve 

their overall quality of life.  

There is no ‘agreed upon’ model of textured insoles as they are still a relatively 

new concept. Gait researchers have used different materials, textures, and patterns 

throughout the past decade (Dixon et al., 2014; Collins et al., 2020; Hatton et al., 2012; 

Kalron et al., 2015; Lirani-Silva et al., 2017). Hatton et al. (2012) and Dixon et al. (2014) 

utilized a 3 mm thick insole with 1.0 mm pyramidal peaks that were cut to standard shoe 

sizes. The distance between the centres of each pyramidal peak was 2.5 mm. Dixon et al. 

(2014) also used an additional textured insole within their research consisting of small 

nodules that were 1.0 mm in height and 2.0 mm in diameter. Kalron et al. (2015) used a 3 

mm thick elastic rubber and fabric insole with square pyramids organized throughout the 

insole which were cut to shoe size. Lirani-Silva et al. (2017) used a textured insole with 

half-sphere elevations (9 mm in diameter) located at the heel, and metatarsals, and the 

phalanx. Collins et al. (2020) utilized sandpaper (60 grit) custom fit to the participant’s 

shoe size. Textured insoles vary in design; however, they are all intended to stimulate the 

mechanoreceptors of the foot and improve tactile feedback. 

Initially, textured insoles were used in studies measuring static balance. Mixed 

findings resulted from studies that investigated the effect of textured insoles on 

somatosensory feedback and postural control, with some researchers finding a positive 

relationship (Barbosa et al., 2018; Corbin et al., 2007; Kalron et al., 2015; Qiu et al., 



37 
 

2013; Sakamoto et al., 2015), a negative relationship (Kiaghadi, Bahramizadeh, & 

Hadadi, 2020), and some finding no relationship at all (Hatton et al., 2012; Dixon et al., 

2014). Each of these studies utilized a different type of textured insole along with 

different methods, which was likely responsible for the conflicting results. The use of 

textured insoles for postural stability improvement was also of interest to gait researchers, 

thus resulting in several studies that measured the relationship between somatosensory 

feedback and spatiotemporal gait parameters while using textured insoles.  

Throughout the previous decade, mixed findings have also been reported 

regarding the ability of textured insoles to improve spatiotemporal parameters of gait. 

Research has shown that textured insoles improved gait variables in older adults (Barbosa 

et al., 2018), in people with MS (Dixon et al., 2014) and people with PD (Lirani-Silva et 

al., 2017), while other studies reported that spatiotemporal parameters did not change 

(Kalron et al., 2015) or were negatively affected by textured insoles (Hatton et al., 2012). 

The variation in results may be due to differences in research design. The studies that 

found improvements in gait incorporated a walking protocol where the participants were 

exposed to the textured insoles for a greater period of time (longer than a few strides), 

whereas studies that did not find benefits utilized data from a 5-m walking protocol with 

two force platforms located in the middle (Collins et al., 2020), a single start-stop 

walking protocol on an instrumented walkway (Hatton et al., 2012), or a treadmill 

walking protocol (Kalron et al., 2015). The limited data from the walking protocols by 

Collins et al. (2020) and Hatton et al. (2012) may have resulted in errors in the 

determination of the mean gait parameters. Additionally, the use of a treadmill may have 

artificially constrained the spatiotemporal parameters of gait along with the subtle 
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fluctuations of step length and step time. The discrepancy in significant findings suggests 

that a continuous overground walking protocol needs to be implemented in future 

research designs to allow for a larger collection of strides and for natural walking 

rhythms to develop. 

The effectiveness of textured insoles to improve gait performance through 

enhanced somatosensory feedback is still unknown. The literature suggests that textured 

insoles might improve gait when an overground walking protocol is used compared to a 

start-stop method or a treadmill protocol, in that a prolonged period of walking over 

multiple days or weeks may be required for the somatosensory system to obtain the 

benefits of textured insoles (Barbosa et al., 2018; Dixon et al., 2014; Lirani-Silva et al., 

2017). Research is needed to investigate the effect of insoles on gait variability of step- 

and stride time along with the FSI of stride time, given that both markers appear to be 

more sensitive measures of subtle differences in the neuromuscular control of gait. With 

the older adult population increasing, it is important to investigate new methods and 

treatment interventions. More research is needed that employs body-fixed sensors to 

measure continuous overground walking while wearing textured insoles, in the hope that 

this might result in significant improvements in gait and dynamic stability particularly in 

older adults with a history of falls.     
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CHAPTER THREE: Methods 

3.1 Participants 

Based on an a priori power analysis using G*Power (Faul et al., 2007) with the 

preferred statistical power = 0.8, alpha level = 0.05, and a two-way mixed ANOVA, an 

estimated sample size of 40 participants was recommended for this study. Recruitment 

occurred primarily through notices that were placed throughout the University of 

Regina’s Fitness and Lifestyle Centre, Centre on Aging and Health, Regina Senior 

Citizen’s Centre, along with numerous medical facilities and older adult housing 

complexes. Additionally, notices were distributed on two Facebook groups (Regina 

Community Events & Info Group and the What’s Happening Regina and Area Events & 

Social) along with the University of Regina’s newsgroups, research bulletin boards, and 

email. A total of 35 participants between the ages of 60-80 were selected and were placed 

either in the ‘faller’ group (i.e., experimental) or ‘non-faller’ (i.e., control) group. A fall, 

as defined by the Kellogg International Working Group on the Prevention of Falls by the 

Elderly (1987), is an “unintentional coming to the ground or some lower level and other 

than as a consequence of sustaining a violent blow, loss of consciousness, or a sudden 

onset of paralysis as in a stroke or an epileptic seizure” (p. 4). The fallers consisted of 17 

adults (female = 12; male = 5) with a self-reported history of ≥ 2 falls in the previous year 

(Weiss et al., 2013). The non-fallers consisted of 18 (female = 13; male = 5) age- and 

sex-matched healthy older adults with no history of falls.  

To meet the inclusion criteria of this study, participants were required to be 

physically capable to walk freely and continuously for two six-minute walking trials 



40 
 

without the assistance of the researchers or a walking aid. The participants also had to 

comprehend and execute all instructions received from the researchers. Participants were 

excluded if they had any pre-existing health conditions (e.g., vestibular conditions, 

cognitive impairment, diabetes, lower extremity disabilities, history of a stroke, low 

blood pressure, and inner ear problems), self-reported walking difficulties, contagious 

foot disease, a lower body joint prosthesis, an injury, and/or any prior surgeries that 

would affect their ability to participate in the walking trials. Due to the thorough 

screening of the participants, and the duration of the study, the final participant accrual 

was slightly below that of the a priori suggested sample size.  

All participants were contacted by the researcher to determine their interest to 

take part in the study. After meeting the inclusion criteria, the participants were made 

aware of the testing location, date, time, purpose, procedures, and any known associated 

risks of the study. Participants were also informed to bring a pair of shoes that they felt 

comfortable in performing both walking trials, as this attempted to replicate real life 

conditions as the participants would already have an awareness of the ‘feel’ of their shoes 

(Hatton et al., 2012; Terrier & Dériaz, 2011). Ethics approval was granted by the 

University of Regina Research Ethics Board (REB).  

3.2 Insole material 

The experimental insole condition that was utilized for this study consisted of a 

pair of Naboso® Technology textured insoles, as seen in Figure 5. This specific insole 

consisted of a 3.5 mm thickness with 1.5 mm firm raised pyramidal peak nodules 

(distance between the centres of each pyramidal peak was 1 mm) and arranged in a grid 
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pattern. The Naboso® Technology textured insoles were custom fit to the participant’s 

shoe sizes on the day of their walking trials.  

 

Figure 5. Naboso® Technology Textured Insoles  

 



42 
 

3.3 Procedures 

On the day of the experiment, participants completed a written consent form 

approved by the REB. Descriptive statistics were also collected including age, sex, 

height, mass, and body mass index (BMI). The primary researcher determined if the 

participants would like to receive a summary of the study once complete. Each 

participant was informed of the walking procedures and test protocol prior to 

participation. 

Two electronically randomized (www.randomizer.org), six-minute continuous 

overground walking trials for each participant took place on the same day. All 

participants were required to walk unassisted at their own self-selected pace around a 200 

m indoor elliptical track with two gradual 75 m curved sections and two 25 m straight 

sections. The effects of speed above or below a self-selected walking pace on a treadmill 

have been shown to influence the amount of gait variability (Jordan et al., 2007; Kang & 

Dingwell, 2008); therefore, a continuous overground walking protocol at the participant’s 

self-selected pace was chosen to prevent any effects that controlled speed might have on 

gait. The length of the walking trial is an important consideration when calculating valid 

measurements of gait variability and FSI. Five minutes has been suggested to be the 

recommended minimum time to capture the hundreds of stride intervals required for the 

assessment of FSI in an overground walking protocol (Hausdorff, Mitchell, et al., 1997). 

In addition, Pierrynowski et al., (2005) found high levels of test-retest within-day 

reliability for a walking duration of 5 minutes (ICC ~ 0.88). As such, a total of six 

minutes of continuous gait cycles was recorded, as the first and last 30 s were eliminated 

to remove any inconsistencies within the participant’s gait pattern at the start and end of 

each trial. At 1 stride per second (i.e., a cadence of 120 steps/min), approximately 300 
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strides per participant were analyzed. A handheld stopwatch was used to monitor the 

duration of the walking trials and to notify each participant when to start and stop 

walking. Upon immediate completion of each walking trial, both the researcher and 

participant returned to the start for a seated break. A seated recovery period of five 

minutes was given to the participants between walking trials (Terrier & Dériaz, 2011). 

The control walking trial required the participants to perform the six-minute walk 

wearing their regular insoles in their shoes with no textured insole. The experimental 

walking trial consisted of replacing their existing insoles with a Naboso® Technology 

textured insole. Participants were required to perform the experimental walking trial 

without socks or hosiery so that the textured insoles had direct contact with the skin 

(Dixon et al., 2014). During the recovery break, the walking conditions were switched. 

The use of textured insoles eliminates the possibility of blinding both the participants and 

researchers to the condition type. A familiarization period with the textured insoles was 

not provided to prevent any habituation effects on their gait (Hatton et al., 2012).  

A GENEActiv (Activinsights, Cambridgeshire, UK) tri-axial accelerometer was 

used to collect the mediolateral (x-axis), vertical (y-axis), and anteroposterior (z-axis) 

acceleration data of each walking trial. A 100 Hz sampling frequency was used for the 

study, which is the accepted frequency for accelerometer-based gait studies (Clermont & 

Barden, 2016; Hartmann, Luzi, et al., 2009; Kobsar, Olson, Paranjape, Hadjistavropoulos 

et al., 2014). This accelerometer was attached to a belt and firmly placed near the 3rd 

lumbar spinous process of the lower back of each participant. This placement is located 

close to the body’s centre of mass and is the common placement of other accelerometer-

based gait studies (Kobsar, Olson, Paranjape, & Barden, 2014; Kobsar, Olson, Paranjape, 
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Hadjistavropoulos, et al., 2014). Additionally, the lower back placement is suggested to 

be equal in its ability to identify mean spatiotemporal parameters compared to other 

locations on the body (shank and foot) (Kobsar et al., 2020). The researcher was vigilant 

to ensure that the accelerometer was placed in the correct position on each individual and 

tightly but comfortably secured to their lower back. The starting point of the data 

collection was signaled by having the participants stand still at the starting line for five 

seconds before they were instructed to begin walking. Upon completion of the walking 

trials, the GENEActiv tri-axial accelerometer was turned off to end the data recording 

period. 

3.4 Data Analysis 

Upon completion of the walking trials, GENEActiv software was used to extract 

the mediolateral (ML), vertical (V), and anteroposterior (AP) acceleration data from the 

accelerometer. Custom MATLAB (Natick, MA, USA) scripts were then used to filter and 

detect the peak accelerations in the AP direction (Kobsar, Olson, Paranjape, 

Hadjistavropoulos, et al., 2014). The raw AP acceleration signal was filtered using a 4th 

order Butterworth, low-pass, zero lag digital filter with a cut-off frequency of 10 Hz to 

remove existing noise. The local minimum of the AP acceleration for each cycle was then 

used to determine the step- and stride time intervals (Clermont & Barden, 2016; Kobsar, 

Olson, Paranjape, Hadjistavropoulos, et al., 2014; Terrier & Dériaz, 2011). If any outliers 

existed, they were removed using a median filter which detected step times greater than 

three SDs from the median (an average of 3 steps per walking trial were removed). Mean 

step- and stride times were computed by taking the average of all steps (of both limbs 

combined) and strides, respectively. Step time variability and stride time variability were 
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calculated by using the coefficient of variation (CV) of each time series. Detrended 

fluctuation analysis (DFA) was computed using a custom Excel spreadsheet to determine 

the FSI (α) of the stride time series for each walking trial (Arsac & Deschodt-Arsac, 

2018). 

3.5 Statistical Analysis 

Statistical analysis was conducted using SPSS (IBM, Armonk, USA) software 

version 26.0. Independent sample t-tests were performed to compare each of the subject 

demographics: age (years), height (m), mass (kg), and BMI (kg/m2). A two-way repeated 

measures analysis of variance (ANOVA) test was performed on each of the five 

dependent variables: mean step time (ms), mean stride time (ms), step time CV (%), 

stride time CV (%), and the FSI of stride time (α); with group (faller vs. non-faller [2 

levels]) as the between-subjects independent variable and insole (the Naboso® 

Technology textured insoles vs. smooth insoles [2 levels]) as the within-subjects 

independent variable. Additionally, the ANOVA also provided information regarding the 

interaction effect between group and insole. If a significant interaction was found, a 

pairwise comparison was conducted to analyze the simple effects of the mean difference 

between groups for each insole condition, as well as between insole conditions for each 

group. A probability value (p) of less than 0.05 was set as the level of significance. Effect 

sizes were calculated as partial eta squared values (ŋ2
p) according to the following 

benchmarks: small (ŋ2
p = 0.01), medium (ŋ2

p = 0.06) and large (ŋ2
p = 0.14) (Cohen, 

1988). 
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CHAPTER FOUR: Results 

The demographic comparisons consisting of age, height, mass, and BMI between 

groups are shown in Table 1. The independent samples t-test revealed that both the mass 

and BMI of the faller group was significantly greater than the non-faller group. Gait 

variability measures between groups for the two insole conditions (control vs. insole) are 

presented in Table 2. A comparison of the temporal parameters (step and stride time) for 

both groups and conditions is shown in Figure 6. 

A two-way repeated measures ANOVA was conducted to compare the effects of 

group (non-faller vs. faller) and insole (control vs. textured insole) on step time, stride 

time, step time CV, stride time CV, and stride time FSI (see Table 3). The results of this 

analysis revealed that both step- and stride time displayed a significant main effect for 

group (step time: F(1, 33) = 9.847,  p = 0.004, ŋp
2 = 0.230; stride time: F(1, 33) = 9.770, p 

= 0.004, ŋp
2 = 0.228), indicating that the faller group walked significantly slower in both 

conditions than the non-faller group (Figure 6). A significant interaction effect was also 

found between group and insole for both step- and stride time (step time: F(1, 33) = 

5.970, p = 0.020, ŋp
2 = 0.153; stride time: F(1, 33) = 6.398, p = 0.016, ŋp

2 = 0.162). Post-

hoc pairwise comparisons revealed significant differences in step time (p < 0.05) and 

stride time (p < 0.05) between insole and non-insole conditions for the faller group, but 

not for the non-faller group (p = .313 and p = .305, respectively). These findings indicate 

that the textured insoles affected the mean spatiotemporal values of fallers to a greater 

degree than non-fallers, causing them to walk significantly slower with the insoles 

(Figure 6). 
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For step time CV, stride time CV and stride time FSI, there were no significant 

main effects for group (step time CV: F(1,33) = 0.199, p = 0.658, ŋp
2 =  0.006; stride time 

CV: F(1,33) = 1.125, p =  0.297, ŋp
2 =  0.033; stride time FSI: F(1,33) =  0.126, p =  

0.725, ŋp
2 =  0.004) or insole condition (step time: F(1, 33) = 1.032, p = 0.317, ŋp

2 = 

0.030; stride time: F(1,33) = 1.162, p = 0.289, ŋp
2 = 0.034; step time CV: F(1,33) = 0.156, 

p = 0.695, ŋp
2 = 0.005; stride time CV: F(1,33) = 1.135, p = 0.295, ŋp

2 = 0.033; stride time 

FSI: F(1,33) = 0.539, p = 0.468, ŋp
2 = 0.016). In addition, there were no significant 

interaction effects found between group and insole condition for any of the gait 

variability dependent variables (step time CV: F(1,33) = 0.309, p = 0.582, ŋp
2 = 0.009; 

stride time CV: F(1,33) = 1.320, p = 0.259, ŋp
2 = 0.038; stride time FSI: F(1,33) = 0.486, 

p = 0.491, ŋp
2 = 0.015). 
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Table 1 
 
Participant Characteristics According to Group 

Note. Significant differences between groups (p < 0.05) are marked with an asterisk (*). 
 
  

Parameter  Non-Faller Group  Faller Group  p 

  (Mean ± SD)  (Mean ± SD)   

Age (years)  70.7 ± 6.3  69.7 ± 4.3  .584 

Height (m)  1.66 ± 0.07  1.69 ± 0.08  .246 

Mass (kg)  72.77 ± 10.36*  87.44 ± 17.21*  .005* 

BMI (kg/m2)  26.39 ± 2.91*  30.55 ± 5.15*  .006* 
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Table 2 
 
Mean gait variability measures for the non-faller (n = 18) and faller groups (n = 17) 
according to condition (insole vs. control). 
Parameter   Walking 

Condition 
 Non-Faller Group     Faller Group         

 (Mean ± SD) (Mean ± SD) 
Step Time CV (%)  Control 

Insole 
 4.82 (1.57) 

4.78 (1.86) 
 4.88 (1.34) 

4.68 (1.46) 
Stride Time CV (%)  Control 

Insole 
 2.61 (0.55) 

2.62 (0.61) 
 2.96 (0.99) 

2.73 (0.65) 
Stride Time FSI (α)  Control 

Insole 
 0.73 (0.15) 

0.77 (0.16) 
 0.73 (0.17) 

0.73 (0.14) 
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Table 3  
 
ANOVA results for all gait and gait variability measures. 
Factor Step Time (ms)  Stride Time (ms)  Step Time CV (%)  Stride Time CV (%)  Stride Time FSI (α) 

    p  ŋ2
p   p   ŋ2

p   p   ŋ2
p   p   ŋ2

p  p   ŋ2
p 

Group  <.01* .23  <.01* .228  .658 .006  .297 .033  .725 .004 

Insole  .317 .03  .289 .034  .695 .005  .295 .033  .468 .016 

Group*Insole <.05* .15  <.05* .162  .582 .009  .259 .038  .491 .015 

*Significant differences (p < 0.05 and p < 0.01) are indicated in bold.
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Figure 6. Step time and stride time (ms) according to group and insole condition. Error 
bars indicate ± 1SD. * = significant group main effect (p < 0.01). The interaction effects 
for both step time and stride time were also significant (p < 0.05). 
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CHAPTER FIVE: Discussion 

The purpose of this study was to investigate the immediate effect of textured 

insoles on step time and stride time variability, along with the FSI of stride time during 

continuous overground walking in a group of older adult fallers and to compare these 

results to a control group of healthy older adults using a body fixed tri-axial 

accelerometer. It was hypothesized that the older adult fallers would have a greater step 

and stride time variability and a lower FSI than healthy older adults in the control group 

(non-fallers). It was further hypothesized that the effect of the textured insoles would be 

greater for the older adult fallers vs. the non-fallers (i.e., older adult fallers would 

experience a greater decrease in step and stride time variability along with a greater 

increase in the FSI of stride time).  

The older adult non-fallers and fallers were matched for age, which was 

demonstrated by the non-significant difference between groups. Both groups did not 

significantly differ with respect to height; however, the fallers had a greater mass (87.44 

± 17.21 kg, p = 0.005) and BMI (30.55 ± 5.15 kg/m2, p = 0.006) than participants in the 

non-faller group (mass = 72.77 ± 10.36 kg; BMI = 26.39 ± 2.91 kg/m2). According to the 

World Health Organization’s definition of BMI (underweight ≤ 18.5 kg/m2; normal 

weight 18.6 – 24.9 kg/m2; overweight 25 – 29.9 kg/m2; obese ≥ 30 kg/m2), the faller 

group had 2 participants who were classified as normal weight, 7 considered overweight, 

and 8 obese (12%, 41%, and 47%, respectively). In the non-faller group, it was found that 

5 participants were classified as normal weight, 11 considered overweight, and 2 obese 

(28%, 61%, and 11%, respectively). While there is some evidence to suggest that obesity 

may alter one’s gait pattern, a relationship between BMI, fall status, and gait variability 
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has not been determined (Callisaya et al., 2011; del Porto et al., 2012; Galica et al., 2009; 

Hausdorff, Edelberg, et al., 1997; Hausdorff et al., 2001; Paterson et al., 2011). 

Consequently, BMI was not controlled for in terms of participant recruitment for this 

study.  

Significant group main effects were found for mean step time (p < 0.01) and 

stride time (p < 0.01), demonstrating that the older adult fallers had lower step and stride 

rates (which is consistent with slower walking speeds) than the non-fallers, regardless of 

walking condition (i.e., with or without the textured insoles). The magnitude of the effect 

size was large in both cases, suggesting that the presence of a fall history explains a 

significant amount of the variance in step/stride time. Our results are consistent with 

previous studies which have shown that the mean values of step- and stride time in older 

adult fallers are significantly greater (Barrett et al., 2008; Hausdorff, Edelberg, et al., 

1997), or have a tendency towards larger values, compared to healthy older adults 

(Patterson et al., 2011; Toulette et al., 2006). As such, our findings support the growing 

body of evidence that suggests that differences in step- and stride time (and by extension, 

gait speed) may provide an identifiable marker in assessing the more conservative gait 

pattern of an individual with a history of falls. Going forward, further research is needed 

to determine the exact matrix of gait parameters required to differentiate between older 

adult fallers and non-fallers as numerous differences in methodologies still exist. 

Previous studies have shown that stride time variability has the capacity to 

differentiate between older adult fallers and non-fallers and is also a predictive marker of 

future falls (Barrett et al., 2008; Callisaya et al., 2011; Hausdorff, Edelberg, et al., 1997; 

Hausdorff et al., 2001). As such, step time and stride time variability were hypothesized 
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to be greater in the faller group compared to the non-faller group. However, no 

statistically significant differences were found between the faller and non-faller groups in 

step time CV (4.88 ± 1.34 and 4.82 ± 1.57, respectively) or stride time CV (2.96 ± 0.99 

and 2.61 ± 0.55, respectively). However, while the differences were small and not 

significant, the effect for the non-insole condition was consistent with the hypothesis that 

step- and stride time CV would be higher in the faller group. The lack of significant 

between-group differences in step and stride time CV suggest that the original sample 

size estimate may have been too low. The low statistical power for both step and stride 

time CV (0.07 and 0.18, respectively) identified by the post-hoc power analysis supports 

this idea. Consequently, it is possible that a substantially larger sample size (of 

approximately 200 participants) might have resulted in sufficient power to detect a 

significant difference if one was present. However, it is more likely that there were no 

differences in step or stride time variability between this particular group of fallers and 

their age and sex-matched counterparts. It is also possible that the 6-minute walk test 

(which was reduced to 5 minutes) contained an insufficient number of strides to identify 

significant differences in temporal gait variability. While this is unlikely, it is important 

to note that the test duration was chosen as a compromise to minimize the potential risk 

of instability to the faller group. 

The FSI was hypothesized to be lower in the faller group compared to the non-

faller group. As was the case with step and stride time CV, the present study was unable 

to detect a significant main effect for group with respect to stride time FSI, as the faller 

group displayed the same level of α (0.73 ± 0.17) as the non-faller group (α = 0.73 ± 

0.15). These results are comparable to stride time FSIs found in the literature ranging 
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from approximately 0.65 to 0.75 for the faller group and 0.68 to 0.86 for the non-faller 

group (Hausdorff, Mitchell et al., 1997; Herman et al., 2005; Patterson et al., 2011).  

Previous studies have found that gait dynamics represent different constructs of 

the neuromuscular control system compared to mean spatiotemporal values and gait 

variability (Hausdorff, Mitchell et al., 1997). Additionally, stride time FSI appears to be a 

sensitive marker of central nervous system function, aging gait, and specific 

neurodegenerative diseases such as ALS, PD, and Huntington’s, in which the suspected 

neural mechanisms responsible for long-range correlations and gait stability have been 

compromised. Although stride time FSI has been suggested to predict future fallers, our 

results are consistent with those of Paterson et al. (2011) who found no relationship 

between FSI and the incidence of falls. In contrast to Herman et al. (2005) who included 

participants with a self-reported history of walking difficulties, our participants (along 

with those of Paterson et al. (2011)), were thoroughly screened to exclude individuals 

with a history of gait dysfunction. Therefore, it is possible that the lack of significant 

differences between groups with respect to stride time FSI in our study, and that of 

Paterson et al. (2011), occurred because the underlying CNS impairment in the study of 

Herman et al. (2005) was absent. 

Additionally, the lack of a significant difference between groups with respect to 

stride time FSI might be explained by the number of gait cycles collected, as a challenge 

of this study resided in determining an appropriate balance between the older adult 

faller’s ability to safely perform the walking trials for both conditions, and for the trial 

duration to contain a sufficient number of steps to complete the analysis. A time period of 

6 minutes was chosen for this study as it appears to be the preferred duration for analysis 
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based on previous studies of older adults with a history of falls (Galica et al., 2009; 

Hausdorff, Edelberg, et al., 1997; Hausdorff et al., 2001; Paterson et al., 2011). However, 

gait studies of healthy old and young adults have typically selected minimum walking 

durations of approximately 8-10 minutes (Damouras et al., 2010; Hausdorff et al., 1994; 

Kobsar, Olson, Paranjape, Hadjistavropoulos, et al., 2014). It is important to note that the 

study by Herman et al. (2005), which documented stride time FSI as a significant marker 

of fall risk, utilized a two-minute overground walking protocol which is unlikely to have 

provided a sufficient number of strides for a reliable DFA calculation. Even though a 

longer series of strides provides a more robust assessment of the FSI (Hausdorff, 2007), a 

continuous time series of ~ 5 minutes (256 data points) has been shown to provide a valid 

assessment of the scaling properties of stride time and has been recommended as the 

appropriate minimum duration when evaluating FSI in participants with a history of falls 

(Warlop et al., 2017). Therefore, the two 6-minute walking trials performed in this study 

may not have been a factor to explain the lack of a significant difference between groups.  

In relation to the second hypothesis, it was expected that the effect of the textured 

insoles would be greater for the older adult fallers compared to the non-fallers based on 

enhanced sensory (proprioceptive) feedback that would facilitate consistency in the motor 

control of gait. A significant interaction effect was observed between group and insole on 

step- and stride time, demonstrating that the textured insoles caused the fallers to walk 

with a significantly higher step- and stride time than the non-fallers, which is consistent 

with a slower walking speed. Slower gait speeds have been suggested to be a 

compensatory measure to improve dynamic stability in older adults (Kang & Dingwell, 

2008; Manor et al., 2008). Additionally, Roos and Dingwell (2013) proposed a 
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relationship between slower gait speed and reduced fall risk in older adults with a history 

of falls. Therefore, it is possible that the textured insoles may have provided enhanced 

sensory feedback in the older adult fallers which facilitated an adaptation for improved 

dynamic stability. Additionally, it is possible that such an adaptation may have affected 

the non-significant differences in gait variability and stride-time FSI.  

To my knowledge, this is the first study to examine the effects of textured insoles 

on the stride-to-stride fluctuations of overground walking in older adult fallers and non-

fallers. Our results demonstrate that the fallers did experience a greater improvement 

(decrease) in stride time CV during the textured insole walking condition than the non-

fallers; however, this difference did not approach significance. Previous studies that 

found improvements in stride time variability with textured insoles used an insole with a 

different sensory stimulus: a sub-threshold stochastic resonance vibration (i.e., 

continuous random vibrations that were undetected by the participants) (Lipsitz et al., 

2015; Galica et al., 2009). The differences in findings between these studies and ours 

could be due to the firing capabilities and rates of the two types of plantar glabrous 

mechanoreceptors, fast adapting (FA) and slow adapting (SA), which have been shown to 

respond differently to varying stimuli, intensities, and duration (Kennedy & Inglis, 2002). 

Vibrating insoles deliver a subsensory stimulus which can be adjusted for intensity and 

duration. As such, it is believed that these insoles effect the FA afferents which respond 

to the onset and removal of the stimulus as opposed to the SA afferents. In this study, the 

textured insoles may have stimulated the SA afferents which respond to continuously 

maintained indentations (Kennedy & Inglis, 2002). Due to the greater number of FA 

afferents (~ 70%) and their different activation properties compared to the SA afferents 
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(Kennedy & Inglis, 2002), it is reasonable that differences in insole stimuli may have 

produced varying immediate effects on the intrinsic proprioceptive system of the foot. 

Other studies have shown that prolonged wear (1 week +) of the textured insoles 

can improve Timed Up and Go performance in older adults (Barbosa et al., 2018) and 

mean spatiotemporal values of gait (Dixon et al., 2014; Lirani-Silva et al., 2017). Dixon 

et al. (2014) found that textured insoles significantly increased step- and stride length in a 

group of individuals (N = 46) with a history of MS. Additionally, Lirani-Silva et al. 

(2017) found that textured insoles significantly increased stride length in addition to a 

non-significant decrease in stride time, increased velocity, and increased cadence in a 

group of adults (N = 19) with a history of PD. These findings may be a result of the 

stimulating properties of the SA afferents and their ability to respond to prolonged skin 

indentation (Kennedy & Inglis, 2002; Strzalkowski et al., 2017). However, the exact 

duration of wear required for beneficial therapeutic effects to the proprioceptive system is 

unknown. As such, it is possible that continued use might result in significantly improved 

spatiotemporal parameters and stride-to-stride fluctuations in older adults with a history 

of falls, as they become more accustomed to the plantar stimulation. 

It is also important to note that the firing rates of SA cutaneous afferents have 

been found to respond in proportion to the magnitude of deformation (Strzalkowski et al., 

2017). Given the lack of a consistent or ‘gold standard’ textured insole, it is likely that 

significant improvements to one’s gait from the use of textured insoles might be based on 

the hardness and type of material utilized along with the potential weight of the 

participants. Future research should attempt to determine what the sufficient level of 
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tactile stimulation from a textured insole needs to be, to appropriately discharge the 

plantar mechanoreceptors to provide enhanced sensory feedback.  

It is also notable that healthy older adult non-fallers experienced a greater increase 

in their stride time FSI than the fallers, during the textured insole walking condition; 

however, this difference was small and did not approach significance. While previous 

studies have demonstrated a relationship between stride time FSI and CNS function, 

peripheral neuropathy has not been found to alter the fractal-scaling of gait, thereby 

suggesting that the long-range correlations of the stride interval are not affected by 

peripheral sensory changes (Gates & Dingwell, 2007). Based on this evidence, it appears 

that the peripheral effects of tactile stimulation do not affect the CNS in the same manner 

as situations in which central mechanisms are compromised. Going forward, it is 

important to analyze a variety of gait parameters in future research of fall-risk 

interventions in order to improve our understanding of gait dynamics. 

 

  



60 
 

CHAPTER SIX: Study Limitations 

This research has several limitations which may have affected the results and 

should be considered for future work.  

1. The participant’s footwear was not controlled for in this study, and the fact that 

different participants wore different footwear could have affected the results. As 

individuals were required to bring their own comfortable footwear, the effect of 

an additional variable (i.e., walking shoe) might have interfered with the acute 

response of the textured insoles. Participants were allowed to wear their own 

footwear so that they would be accustomed to the physical properties of the shoe 

during the test. In addition, only one type of insole was tested, and it’s possible 

that different results could have been obtained with a different insole(s). 

2. A plantar surface sensory threshold test was not performed prior to the gait 

analysis, as previous studies have found a lack of agreement between sensitivity 

thresholds and group differences for textured insole effectiveness (Kalron et al., 

2015; Kelleher et al, 2010; Lirani-Silva et al., 2017). Future research might 

benefit from the inclusion of this analysis in a sample of older adult fallers and 

non-fallers, as it is unknown whether a link exists between sensitivity threshold 

and the effectiveness of textured insoles. 

3. This study investigated the immediate (i.e., acute) effects of textured insoles on 

gait variability in a group of older adult fallers and healthy older adult non-fallers. 

However, it did not investigate the effects of long-term textured insole use (i.e., 

multiple days or weeks) on gait variability, as this was deemed to be the next 

logical and necessary follow-up to this study. Consequently, while it was 
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important to first analyze the immediate effects, the results do not generalize to 

longer periods of wear. Future research is needed to determine the prolonged 

effects of textured insole use on gait variability in older adults with and without a 

history of falls. 

4. While participants in the faller group satisfied the inclusion criteria for the 

number of falls (which is consistent with the literature), it is possible that they 

experienced a lower number of falls (and less degradation of balance and postural 

control) than participants in other studies. Consequently, this may have affected 

the results. 

5. The test-retest reliability of continuous overground walking protocols has not 

been well-established. Pierrynowski et al. (2005) found high levels of test-retest 

within-day reliability (ICC ~ 0.88) for a duration of 5 minutes. However, their 

walking protocol was conducted on a treadmill, and the reliability of treadmill 

walking may be different from that of overground walking. Future research is 

needed to determine the within-day reliability of stride time CV and stride time 

FSI during a continuous overground walking protocol in both healthy older adults 

and those with a history of falls.  
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CHAPTER SEVEN: Conclusions 

The findings of this study add to the growing body of literature on differences in 

temporal gait parameters and gait variability between healthy older adults and those with 

a history of falls. It was found that participants in the faller group displayed greater step 

and stride times than healthy older adult non-fallers, which was likely due to slower 

walking speeds. These findings are consistent with other studies who have shown that 

mean spatiotemporal parameters have the ability to differentiate between healthy older 

adults and those with a history of falls. In contrast, no group differences were found with 

respect to gait variability parameters. This supports the idea that stride-to-stride 

fluctuations represent different constructs of the neuromuscular control system compared 

to mean spatiotemporal parameters, and future work needs to determine the gait 

parameters required to best identify fall risk in older adults.  

The results also demonstrate that textured insoles have an immediate effect on the 

step and stride times of older adult fallers, such that these times increase. This result is 

notable as the slowing of gait has been found to be a strategy adopted by older adults to 

reduce gait instability and fall risk. Currently, the underlying mechanisms responsible for 

improving plantar sensory feedback through textured insole use are poorly understood. 

As such, further research is necessary to gain a deeper understanding of improving gait 

dynamics through immediate and prolonged textured insole interventions.  
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