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ABSTRACT
The prevalence of obesity is high in the United States. One of the many concerns
with the high prevalence of obesity is its association with an increased risk of falls and
subsequent injury. Thus, it is important to understand factors affecting falls among
individuals who are obese, to help develop effective intervention solutions to mitigate falls
in this population. Obese individuals have been hypothesized to have an impaired plantar
sensitivity, and this may influence their balance control, thus lead to more falls. Executive
function deficits in individuals who are obese may affect their ability to allocate attentional
resources to dual tasks (walking while performing other tasks), and may put them at higher
risks of falls. Gait alterations and muscle strength deficits in individuals who are obese may
also increase their fall risks. Therefore, three studies were carried out to provide better
understanding into the factors affecting falls in individuals who are obese.
The first study investigated the effects of obesity on plantar sensitivity, and explored
the relationship between plantar sensitivity and postural sway during quiet standing. Plantar
sensitivity was measured as the force threshold at which an increasing force applied to the
plantar surface of the foot was first perceived, and the force threshold at which a decreasing
force was last perceived. Measurements were obtained while standing, and at two locations
on the plantar surface of the dominant foot. Postural sway during quiet standing was then
measured under three different sensory conditions. Results indicated less sensitive plantar
sensitivity and increased postural sway among individuals who are obese, and statistically
significant correlations between plantar sensitivity and postural sway that were
characterized as weak to moderate in strength. As such, impaired plantar sensitivity among
individuals who are obese may be a mechanism by which obesity degrades standing
balance among these individuals.
The second study investigated the influence of obesity on executive function, and
determined whether there is a relationship between executive function and fall risk (as
estimated from selected gait parameters). Four major components of executive function
were assessed, including selective attention, divided attention, semantic memory and
working memory. Both single- and dual-task walking (walking-while-talking) were
completed to evaluate fall risk during gait. Less effective selective attention, semantic
memory, and working memory were found among young obese adults. Participants
exhibited higher fall risks during dual-task walking, and executive function scores were
associated with gait during dual-task walking. In conclusion, obese individuals exhibited
less effective executive function, which may be associated with their increased fall risk.
The third study explored differences in gait, plantar sensitivity, executive function,
lower extremity muscle strength, and body size between fallers and non-fallers, and the
strength of the association between the same factors and slip severity. Participants’ gait,
plantar sensitivity, executive function, lower extremity muscle strength, and body size
measures were obtained. An unexpected slip was introduced in a laboratory setting to

obtain slip severity related measures and slip outcome. Results indicated obese fallers
exhibited better executive function (selective attention), stronger lower extremity muscle
strength, lower BMI and smaller waist circumference. Results also indicated increased slip
severity was associated with faster walking speed, longer step length, higher RCOF, worse
executive function (working memory), and lower BMI. Slower reactive recovery response
was also associated with lower BMI. As such, better selective attention and stronger muscle
strength exhibited limited benefit in slip recovery among individuals who are obese.
Altered gait pattern, and working memory may be factors by which obesity increased slip
severity, and lower BMI among individuals who are obese may increase slip-induced fall
risks.
In conclusion, reduced plantar sensitivity, impairments in executive function, altered
gait pattern were associated with deficits in standing and walking balance control, and
increased slip severity among individuals who are obese. Therefore, appropriate fall
prevention/intervention program targeting at some or all of these factors may be considered
as solutions to decrease fall risks for obese individuals.
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Specific Aims
The prevalence of obesity is high in the United States. Costs attributed to obesity in the
U.S. rose from $99.2 billion in 1995 to $147 billion in 2008. One of the many concerns
with the high prevalence of obesity is its association with an increased risk of falls and
subsequent injury. In the occupational domain, obese workers slip and fall more frequently,
and file more workers’ compensation claims due to slip and fall accidents than their normal
weight counterparts. Thus, it is important to understand factors affecting falls among
individuals who are obese, to help develop effective intervention programs to mitigate falls
in the obese population.
In general, the ability to walk safely and preserve balance is dependent upon intact sensory
and musculoskeletal systems as well as appropriate internal models and gait characteristics.
Obesity can affect the functions of these systems and may place these individuals at a
higher risk for fall accidents. For example, obese individuals have been hypothesized to
have an impaired plantar sensitivity, and this may influence their balance control, and thus
lead to more falls. Executive function deficits in individuals who are obese may affect their
ability to allocate attentional resources to dual tasks (walking while performing other tasks),
and may put them at higher risks of falls. Gait alterations and muscle strength deficits in
individuals who are obese may also increase their fall risks. However, to date, no study has
investigated whether these factors influence the increased fall risks in individuals who are
obese.
The primary objective of the proposed work was to investigate how gait, plantar
sensitivity, executive function, and muscle strength contribute to the increased fall
risks in the obese. Three studies were designed for the proposed work and addressed the
following specific aims.
Specific Aim 1: Investigate the effects of obesity on plantar sensitivity, and the relationship
between plantar sensitivity and postural sway during quiet standing. Plantar sensitivity was
measured at two locations on the plantar surface of the dominant foot for obese and nonobese individuals. It was hypothesized that 1) obesity would impair plantar sensitivity; and
2) impaired plantar sensitivity would be associated with increased postural sway.
Specific Aim 2: Evaluate the effects of obesity on executive function and the relationship
between executive function and fall risk among obese individuals. Executive function was
assessed by the Stroop test, Verbal Fluency test, Trail Making Tests and Digit Span tests.
Fall risk was assessed by participants’ gait characteristics under single- and dual-task
walking. Four hypotheses were tested: 1) executive function would be lower among
individuals who are obese versus. normal weight; 2) adding a dual-task to walking would
increase fall risk; 3) this increase in fall risk would be more substantial among individuals
who are obese; and 4) executive function would have an inverse association with fall risk,
especially under the more challenging dual-task condition.
Specific Aim 3: Explore the differences in biomechanical and physiological factors such as,
gait, plantar sensitivity, executive funcion, lower extremity muscle strength, and body size
between fallers and non-fallers, and investigate the strength of association between these
same factors and measurements related to slip severity. Slip-induced fall risk was assessed
using slip severity and slip outcome measures. It was hypothesized that 1) fallers would
exhibit altered gait, worse plantar sensitivity, executive function, lower extremity muscle
strength, and larger body size compared to non-fallers; and 2) altered gait, worse plantar
sensitivity, executive function, lower extremity muscle strength, and larger body size would
be associated with increased slip severity.
1

Chapter 1 Background and Literature Review

1.1 Significance of obesity and its related fall risks
The global burden of obesity is rising at an alarming rate (Anandacoomarasamy et
al., 2008). The World Health Organization estimates that in 2008, worldwide, more than 1.4
billion people were overweight or obese, 500 million were obese, and the number of obese
individuals had doubled since 1980 (WHO, 2013). Over the past four decades, the
prevalence of obesity in the United States among adults aged 20-74 has more than doubled
from 15% to 35.7% (Flegal et al., 1998; Kuczmarski et al., 1994; Flegal et al. 2002; Flegal
et al., 2010), while overweight prevalence among children and adolescents aged 2-19 has
more than tripled from about 5% to 17.1% (CDC, 2014). This high prevalence is
problematic because obesity is associated with numerous health problems including heart
disease, diabetes, cancer, and breathing problems as well as increased mortality (US
Department of Health and Human Services). Obesity is also associated with anatomical and
functional impairments (Hills et al., 2002). A few of these include low back pain,
osteoporosis, fibromyalgia, gait disturbance, and osteoarthritis (Anandacoomarasamy et al.,
2008; Sturmer et al., 2000). Due to the high prevalence of obesity and its associated
debilitating conditions, obesity poses a major threat to the health care system in the US
(Colditz 1999; Flegal et al., 2010). Costs attributed to obesity in the United States rose from
$99.2 billion in 1995 to $147 billion in 2008 (Colditz 1999; Flegal et al., 2010).

Another concern with the high prevalence of obesity is its association with an
increased risk of falls and subsequent injury. Individuals who are obese fall almost twice as
often (27% vs. 15%) compared to non-obese individuals (Fjeldstad et al. 2008), and falls
2

have been identified as the most common (~36%) cause of injuries in individuals who are
obese (Matter et al. 2007). In the occupational domain, according to study carried out by
researchers from the Duke University, obese workers slipped and fell more frequently, and
filed more workers’ compensation claims than their normal weight counterparts due to slips
and fall accidents (Ostbye et al., 2007). Thus, it is important to understand the factors
affecting falls in individuals who are obese to help develop effective intervention solutions
to mitigate falls among these individuals.

1.2 Factors which may influence falls in individuals who are obese
A fall event model during walking can be divided into five distinct stages (Initiation,
Detection, Perception, Action Selection and Action Execution) (Figure 1-1). Initiation is the
triggering event that may lead to a fall accident. A fall can be initiated by a slip, trip or
other postural perturbation. Gait and postural alterations may increase fall initiation risks
(Wu et al., 2012). Detection is the initial process that information of a fall initiation event
from the environment gain access to the brain (Wickens and Hollands, 2000). During the
detection phase of a fall event, if a potential fall is imminent, proprioceptive, visual, and
vestibular sensory inputs must be detected and sent into the central nerve system (CNS). As
such, at the detection stage, any sensory deteriorations may increase the likelihood of falls.
Perception is the interpretation process that decodes the raw sensory information (Wickens
and Hollands, 2000). Action selection is the translation process that transfers the perceived
information about the environment into action (Wickens and Hollands, 2000). Both
perception and action selection phases are dependent largely upon cognitive process.
During a potential fall event, an inappropriate control scheme (Horak, 1996) (using the
internal model) may alter the motor command generation (perception and action selection
3

phases), leading to inappropriate recovery response to a perturbation, and increase the risk
of falls. Adequate attentional resources are also required to generate appropriate motor
command. Executive function deficits may contribute to inappropriate attentional resources
allocation during complex situations (i.e. slip or trip), leading to improper perception and
action selection, and resulting in greater chances of falls. Action execution is the muscle
coordination process for motion generations. Thus, muscular weakness can make it difficult
to properly adjust (action execution) the whole body center-of-mass to prevent falls
(Lockhart et al., 2005), leading to increased fall propensity.

Figure 1-1 Fall event model (Adapted from Wickens and Hollands, 2000)

Obesity can contribute to falls by influencing several components of the model
(Figure 1-1). Gait and postural changes in individuals who are obese may elevate their fall
initiation risks (DeVita and Hortobagyi 2003; Fabris de Souza et al. 2006; Lai et al. 2008;
Spyropoulos et al. 1991; Wu et al., 2012). Plantar sensitivity and proprioception
deteriorations in individuals who are obesemay increase their detection time and elevate
their fall risks (Dowling and Steel 2001; Wang et al., 2008). Executive function alterations
in individuals who are obese may also affect the attentional resources allocation during
perception and action selection processes, leading to higher fall propensity (Mingardot et
4

al., 2010). Muscular weakness in individulas who are obese may influence their action
execution and ability to recover from a fall initiation event, resulting in increased fall risks
(Anandacoomarasamy et al., 2008). Therefore, it can be hypothesized that obese individuals
have an increased tendency to a fall initiation event (i.e. slip), and an impaired ability to
recover their balance after the onset of a perturbation. Although numerous studies have
been conducted on normal weight individuals, the knowledge regarding factors affecting
falls in individuals who are obese is limited, which may make it difficult to design and
implement effective fall prevention programs for this cohort. Studies are therefore
warranted to provide better understanding of factors affecting falls in individuals who are
obese.

1.3 Existing literature gap
Gait
Generally, gait changes influence fall initiation risks (Lockhart et al., 2003). For
example, it is believed that slip-induced falls occur when the available coefficient of
friction (ACOF) is less than the required coefficient of friction (RCOF) at the foot during
the heel contact phase of the gait cycle (Hanson et al., 1999, and Lockhart et al., 2003). The
increased number of slips and falls is directly associated with the greater differences
between ACOF and RCOF (Hanson et al., 1999). Slowed walking velocity, longer step
length and decreased cadence are also associated with increased slip-induced falls as they
may influence the required ratio between horizontal and vertical forces (RCOF) (Espy et
al., 2010; Moyer et al., 2006). Obesity alters several gait characteristics (Browning and
Kram 2007; Corbeil et al. 2001; DeVita and Hortobagyi 2003; Hue et al. 2008; Lai et al.
2008) that may influence slip initiation risks. Obese individuals exhibit significantly lower
5

preferred walking speed and increased RCOF, shorter step length and slower cadence
compared to non-obese individuals (DeVita and Hortobagyi 2003; Fabris de Souza et al.
2006; Kejonen et al., 2003; Lai et al. 2008; Spyropoulos et al. 1991). However, the exact
mechanism by which obesity alters gait and influences their fall risks remains unclear.
Therefore, studies are needed to directly assess the effects of gait adaptations due to the
obesity on fall risks.

Sensory function
Sensory function degradation may influence the fall detection risks. Evidence
suggests that obesity may influence their foot sensitivity. The high incidence of foot pain
(Riddle et al., 2003) and impaired foot structure and function found in individuals who are
obese (Hills et al., 2002; Prichasuk 1994) are possible contributors to impaired plantar
sensitivity. In particular, plantar heel pain is five times more likely to develop in individuals
who are obese than their lean counterparts (Riddle et al. 2003), possibly relating to their
significantly higher contact area and greater plantar pressure (Dowling and Steel 2001;
Fabris et al. 2006; Hennig et al., 1993; Nass et al., 1999; Riddiford-Harland et al. 2000). A
greater pressure and contact area may lead to continuous stimulation over the footpad and
resulting in reduced sensitivity of the foot mechanoreceptors and, consequently, impaired
balance (Kavounoudias et al. 2001; Meyer et al. 2004). However, no study has directly
investigated the effect of obesity on plantar sensitivity and its subsequent effects on their
balance control.

6

Cognition
Cognition alteration may influence the fall perception and action selection risks. The
ability to control gait and balance requires complex sensory-motor and cognitive processes
(i.e. executive function) (Brown et al., 2002). Executive function is defined as “a product of
the coordinated operation of various processes to accomplish a particular goal in a flexible
manner” (Funahashi, 2001). Neuropsychological studies suggested that executive function
is critically dependent on frontal lobe functions (Luria, 2002; Stuss and Benson, 1984).
Emerging evidences also suggested that executive processes are also mediated by
prefrontal, posterior cortical and, subcortical regions of the brain (Chafee and GoldmanRakic, 1998; Mesulam, 1998). The cerebellum (subcortical region) is conventionally
believed to serve motor control (Leiner et al., 1989; Thach, 1998). Recently, there is
increasing recognition that the cerebellum contributes to cognitive processing (Ito, 1993;
Keele and Ivry, 1990; Schmahmannm 1991), emotion (Schmahmann and Caplan, 2006),
memory (Andersen et al., 1999), speech (Ackermann et al., 2007), affect (Cutting, 1976)
and attention (Limperopoulos et al., 2007). The cerebral cortex (posterior cortical region)
plays a key role in memory, attention, perceptual awareness, thought, language, and
consciousness (Kandel et al., 2000). Obesity is associated with compromised cerebellar
development in the children (Miller et al., 2009) and cerebral atrophy in adults (Gustafson
et al., 2004), both of which may influence their executive functions (Elliott, 2003). In fact, a
study conducted by Mingardot et al., (2010) found that obese (young, middle age and old)
individuals allocated more attentional resources to control postural stability than non-obese
participants, which may implicate their compromised executive functions (Mingardot et al.,
2010). An altered executive function in individuals who are obese may contribute to their
increased fall risks during challenging situations (Springer et al., 2006). However, the effect
7

of obesity on executive function and subsequent influence on their fall risks is not clear.
Therefore, studies evaluating the effect of executive functions in individuals who are obese
on fall risks are also warranted.

Musculoskeletal function
Muscular weakness may influence the action execution risks during a fall. Obesity
is highly associated with impaired musculoskeletal function, particularly in the lower limbs
(Anandacoomarasamy et al., 2008). Obese adults are able to generate higher absolute
strength and power with the lower extremity compared to non-obese adults. However,
strength and power are lower in obese adults when normalized to their body weight
(Handrigan et al. 2010; Hulens et al. 2001; Lafortuna et al., 2005; Maffiuletti et al. 2007).
Impaired muscle strength along with increased body size may be associated with an
increased risk of falls (Close et al. 2005). In particular, the recovery from a fall depends
largely on the strength of the lower extremity and proximal muscles (Diener et al., 1988;
Takazawa et al. 2003; Tang and Woollacott, 1998; Whipple et al. 1987). The inability to
generate the greater joint torques during recovery, either in magnitude or in the rate of
development, to control the body’s center-of-mass can result in falls (Lockhart et al., 2005).

1.4 Summary
In general, the ability to walk safely and not fall is dependent upon intact gait,
sensory function, cognition and musculoskeletal function (Figure 1-1). Obesity affects the
functions of these systems and may place these individuals at a higher risk for fall accidents
(Anandacoomarasamy et al., 2008). The goal of the proposed study was to investigate the

8

contribution of gait alterations, plantar sensitivity, executive function, and lower extremity
muscle strength on risk of falls among individuals who are obese.
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Chapter 2 Impaired Plantar Sensitivity among the Obese is Associated
with Increased Postural Sway
Abstract
Impaired foot plantar sensitivity has been hypothesized among individuals who are obese,
and may contribute to their impaired balance during quiet standing. The objective of this
study was to investigate the effects of obesity on plantar sensitivity, and explore the
relationship between plantar sensitivity and balance during quiet standing. Thirty-nine
young adults from the university population participated in the study including 19 obese
and 20 non-obese adults. Plantar sensitivity was measured as the force threshold at which
an increasing force applied to the plantar surface of the foot was first perceived, and the
force threshold at which a decreasing force was last perceived. Measurements were
obtained while standing, and at two locations on the plantar surface of the dominant foot.
Postural sway during quiet standing was then measured under three different sensory
conditions. Results indicated less sensitive plantar sensitivity and increased postural sway
among the obese, and statistically significant correlations between plantar sensitivity and
postural sway that were characterized as weak to moderate in strength. As such, impaired
plantar sensitivity among individuals who are obese may be a mechanism by which obesity
degrades standing balance among these individuals.

Keywords: Obesity, Plantar sensitivity, Postural sway, Postural balance
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2.1 Introduction
An estimated 500 million people worldwide were obese in 2008, and the prevalence
of obesity has nearly doubled since 1980 (WHO, 2011). One of the concerns with the high
prevalence of obesity is its association with an increased risk of falls. Each year, obese
adults fall almost twice as frequently (27%) as their non-obese counterparts (15%)
(Fjeldstad et al. 2008). This is problematic because falls can be injurious. The
biomechanical and/or physiological mechanisms leading to the higher rate of falls among
individuals who are obese are unclear. Understanding these mechanisms could lead to more
effective fall prevention programs.
One mechanism by which obesity could contribute to falls is by degrading balance
due to impaired plantar sensitivity on the bottom of the feet. Human standing balance
control relies on feedback from the proprioceptive system (Lee, 1989; Zhang & Li, 2013).
This system includes cutaneous mechanoreceptors which detect pressure and deformation
in the skin (Winter et al., 1990). Studies have demonstrated that impairments in plantar
sensitivity influence balance control among older adults and individuals with chronicle
ankle instability (Bretan et al., 2010; Magnusson et al., 1990 A & B ; Menz et al., 2005;
Powell et al., 2014). Obesity increases postural sway during quiet standing (Teasdale et al.,
2013), and may do so, at least in part, due to impaired plantar sensitivity. Higher plantar
pressures have been reported among individuals who are obese (Hills et al., 2001), but no
studies to our knowledge have investigated the effect of obesity on plantar sensitivity, or
the association between plantar sensitivity and balance as a mechanism by which
individuals who are obese exhibit impaired balance.
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The objective of this study was to investigate the effect of obesity on plantar
sensitivity, and explore the relationship between plantar sensitivity and postural sway. Our
first hypothesis was that obesity would adversely affect plantar sensitivity. Our second
hypothesis was that impaired plantar sensitivity would be associated with increased postural
sway. The results from this study will provide insight to the mechanisms by which obesity
impairs balance, and potentially guide future efforts aimed at developing interventions to
mitigate the delirious effects of obesity on balance.

2.2 Materials and Methods
Thirty-nine young (age=21.3±2.6 years) adults recruited from the university
population participated in the study. Participants included 19 obese (body mass index or
BMI = 33.0±2.9kg/m2; 14 females and 5 males) and 20 non-obese (BMI = 22.2±2.2 kg/m2;
14 females and 6 males) adults. Body fat percentage was also measured using skinfold
caliper measurements at the front of the upper arm, back of the upper arm, below the
scapula, and on the abdomen (1cm to the right of the navel). Obese participants were
required to have a body fat percentage above 35% for women and above 25% for men from
these caliper measurements (WHO, 1995), as well as a BMI above 30 kg/m2. Participants’
body fat percentage was summaried in Table 2-1. No difference in height between obese
and non-obese groups of participants. All participants were free from any self-reported foot
pain or known neurological conditions that might affect their performance in this test.
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Table 2-1 Summary of participants’ estimated body fat percentage, presented as means
(standard deviation), range for obese and gender groups
Obese
Non-obese
Women
Men
Women
Men
Mean (SD) (%)
38.9(2.7)
27.4(1.2)
29.1(4.1)
19.3(9.0)
Range (%)
[34.8, 43.2]
[25.6, 28.8]
[22, 35]
[5.5, 25]

Participants completed one experimental session, during which multiple
measurements of plantar sensitivity were obtained while standing. Plantar sensitivity was
operationalized as the force threshold at which an increasing force applied to the plantar
surface was first perceived, and the force threshold at which a decreasing force was last
perceived. Measurements were obtained immediately upon standing, and at two locations
on the plantar surface of the dominant foot including the calcaneus and the head of the third
metatarsal. Postural sway was then evaluated under three different conditions. Participants
wore a T-shirt, tight-fitting pants, no shoes, and no socks during testing. Room temperature
was controlled at 74ºF.

The setup and methodology was based upon a recent study investigating the effects
of added weight on plantar sensitivity while upright standing (Handrigan et al., 2012).
Plantar sensitivity was assessed using a custom-designed platform (Figure 2-1) and a digital
force gauge (Extech, Model 475040, Nashua, NH, USA). The aluminum platform (40 × 81
cm) was covered in vinyl floor tile and included a 1.5mm diameter hole so that a small
stainless steel probe tip (diameter = 1mm) attached to the force gauge could pass through
and come into contact with participants’ foot sole while weight bearing. The position of the
probe tip was controlled from beneath the platform via a manual lab jack (LJ750, Thorlabs
Inc, Newton, New Jersey, USA) (Figure 2-2).
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Figure 2-1 Custom-designed platform to assess plantar sensitivity while standing
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Figure 2-2 Digital force gauge setup was mounted on lab jack under the platform. The investigators
adjusted the vertical position of the probe by manipulating the lab jack, and read off the force
threshold from the digital readout when indicated by the participants.

Two practice trials were performed on each participant at the beginning of the
experiment. Practice trials were performed at a random site on the plantar surface of the
foot not including the two testing sites. Participants were then asked to sit for 10 minutes.
To start testing, participants were asked to stand on the platform while the investigator
positioned their foot so that the testing site was aligned with the hole in the platform.
Participants were instructed to stand as still as possible, look straight forward, hold onto the
bars in front of them to help standstill, and give verbal indication when they were able to
feel the force by saying “Now”. At the start of each trial, the probe tip was initially below
the surface of the platform and not in contact with the plantar surface of the foot. After a
random delay of up to 10 seconds, the investigator began manually rotating a dial on the lab
22

jack (Figure 2-2) in increments of approximately 60 degrees every half second until given a
verbal indication by the participant. Once the probe tip translated upward far enough to
contact the plantar surface of the foot, this rotating pattern increased the force applied to the
foot in a step-wise manner at a rate of ~5 grams every half second. After the participant
detected the force, this force threshold was recorded, and the investigator continued to raise
the probe tip until the force reached 180 grams (a value well above all participants’ force
threshold). The lab jack was then used to translate the force probe tip downward, resulting
in the force applied to the foot decreasing in a step-wise manner at a rate of ~5 grams every
half second. Participants were instructed to give verbal indication when they were no longer
able to feel the force by saying “Now”. A total of four trials were performed at each site,
with each trial involving the force increasing and decreasing one time. The order of the two
sites was counterbalanced within each group. The experimenter also randomly picked one
of the four increasing trials to check whether the participant was giving false verbal
indication on their foot sensitivity, or experiencing phantom sensation, by delaying the
initiation of the trial for 30 seconds after indicating the start of the trial. None of the
participants gave indication before the start of the trial during the experiment.

Postural sway was then evaluated while participants attempted to stand as still as
possible with bare feet, arms at sides and feet pointed forward and 7.5cm apart (to mitigate
the effect of stance on postural sway, distance between feet was kept constant (Kim et al.,
2014)). The trials were collected under three different sensory conditions: eyes-open
(baseline), eyes-closed (impaired visual feedback), and eyes-closed with the head tilted
backward (impaired visual, and vestibular feedback). Tilting the head backward is thought
to render balance-related vestibular information unreliable by placing the otolith organs
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outside their normal working range. (Brandt et al., 1998; Mientjes & Frank 1999; Vuillerme
et al., 2008). These conditions were imposed because impairing the visual, and vestibular
systems makes the balance control system more dependent upon the somatosensory system
(e.g. plantar sensitivity), and may strengthen the relationship between plantar sensitivity
and balance. Participants were required to tilt their head backwards at least 30º, as
measured by investigator observation. Three trials of 75 s were collected under each
condition, and two minutes of rest were allowed in between consecutive trials. The order of
the trials was randomized within each group.

During standing trials, ground reaction forces were sampled at 1000 Hz using a
force platform (Bertec Corporation, Columbus, OH, USA), and low-pass filtered at 7 Hz
using a 4th order Butterworth zero-lag filter (Oliveira et al., 2009). Dependent variables
during standing included center of pressure (COP) mean velocity, and COP root mean
square (RMS) distance from the mean position in the radial direction. Mean velocity was
defined as the total COP distance traveled divided by collection time. The RMS distance
was defined as the standard deviation about the mean COP position in radial direction (Lin
et al., 2008). For each standing trial, the initial and final 5 seconds of the data was removed
to avoid initial transients and termination anticipation effects, respectively (Lin et al.,
2008).

A four-way mixed-model analysis of variance was performed on force threshold
measurements with independent variables including group (obese or non-obese), location
(head of the third metatarsal or calcaneus), force direction (increasing or decreasing), and
trial. A two-way mixed-model ANOVA was performed on postural sway measures with
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independent variables including group (obese or non-obese) and condition (baseline,
impaired vision, or impaired visual, and vestibular feedback) (Kunter et al., 2001). Tukey’s
Honestly Significant Difference procedure was used to perform pair-wise comparisons of
interest in the event of significant interactions. A log transform on force threshold
measurements and postural sway measures was performed prior to the analyses to achieve a
normal distribution of residuals.

Bivariate correlation analysis was performed between plantar sensitivity and
postural sway measures, and the strength of the correlation was quantified using the
Pearson product-moment correlation coefficient. Mean of the four plantar sensitivity trials
under each testing location and force direction was correlated with the mean of the three
postural sway trials under each condition. Two data points were identified as influential
points as they were associated with larger Cook’s distance values (Montgomery et al.,
2008), and thus were excluded from the bivariate analyses to avoid a disproportionate
influence on the correlation. The strength of correlations was characterized using the
correlation coefficient (r) as strong (0.6-0.8), moderate (0.4-0.6), and weak (0.2-0.4)
(Kunter et al., 2001). JMP 10 (SAS Institute Inc., Cary, NC, USA) was used to carry out the
statistical analyses, and statistical significance was concluded if p≤0.05.

2.3 Results
Force threshold measurements exhibited a mean value of 29.8 grams and a range of
2 to 156 grams across all groups (Figure 2-3). It exhibited a group by location by force
direction interaction (p = 0.040; Figure 2-4). Under the third metatarsal, the obese group
exhibited a 56% higher force threshold when force was increasing (p < 0.001), and a 22%
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higher force threshold when force was decreasing (p = 0.008). Under the calcaneus, the
obese group exhibited a 30% higher force threshold when force was increasing (p = 0.019),
and a 22% higher force threshold when force was decreasing (p < 0.001). The force
threshold across both groups was 79% higher at the calcaneus compared to the third
metatarsal when force was increasing (p < 0.001), but not significantly different between
these locations when force was decreasing. Lastly, the force threshold across both groups
was 183% higher when force was increasing compared to decreasing under the calcaneus (p
< 0.001), and 91% higher when force was increasing under the third metatarsal (p < 0.001).

Figure 2-3 Force threshold measurements separated by group, location, and force direction. Dots
indicate individual measurements, and brackets indicate 95% confidence intervals of the mean
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Figure 2-4 Group by location by force direction interaction plot illustrating differences between
groups and conditions * indicates p ≤ 0.05, **indicates p ≤ 0.01. B indicates statistical significance
when combining across both groups.

Both mean velocity and RMS distance exhibited no group by condition interaction
(p = 0.344 for mean velocity and p = 0.179 for RMS distance), but did exhibit main effects
of group (p = 0.008 for mean velocity and p = 0.016 for RMS distance) and condition
(p<0.001 for mean velocity and RMS distance) (Table 2-2 and 2-3). The obese group
exhibited 5% higher mean velocity and 7% higher RMS distance compared to the nonobese group.

Table 2-2 Median(IQR) of postural sway measures by condition
Baseline
Impaired vision
Impaired vision and
vestibular
Mean Velocity (cm/s)
1.0(0.4)
0.9(0.4)
1.2(0.8)
RMS distance (cm)
1.3(0.5)
1.0(0.4)
1.5(0.9)
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Table 2-3 Median(IQR) of postural sway measures by group
Non-obese
Obese
Mean Velocity (cm/s)
1.0(0.5)
1.1(0.5)
RMS distance (cm)
1.2(0.6)
1.4(0.7)

Bivariate analyses revealed positive correlations of weak to moderate strength
between two plantar sensitivity measurements (calcaneus/decreasing force, and 3rd
metatarsal/increasing force), and both postural sway measurements under the three different
conditions (Figure 2-5). No other correlations were significant.

Figure 2-5 Scatter plots of correlation between plantar sensitivity (calcaneus/immediately upon
standing/decreasing force and 3rd metatarsal/immediately upon standing/increasing force) and
postural sway measures (mean velocity and RMS distance) with r and p values. Each dot
represented each participant’s mean across four plantar sensitivity trials and three postrual sway
trials.
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2.4 Discussion
The objective of this study was to investigate the effect of obesity on plantar
sensitivity, and explore the relationship between plantar sensitivity and postural sway. We
hypothesized obesity would adversely affect plantar sensitivity. The threshold to detect
force onset and offset were both higher among obese participants at both locations tested.
These results indicated obese participants were unable to sense plantar forces as small as
non-obese participants while standing. As such, this hypothesis was accepted. We also
hypothesized that impaired plantar sensitivity would be associated with increased postural
sway. This hypothesis was accepted because weak to moderate correlations were found
between the postural sway and plantar sensitivity measures.

The mean force thresholds, and the effects of obesity on force thresholds, measured
here are comparable to a prior study that investigated the effects of adding body mass on
plantar sensitivity (Handrigan et al., 2012). Handrigan et al. (2012) measured the minimum
force threshold while standing, and compared these measurements before and after adding
23 kg of body mass with a weighted vest. This added body mass corresponded to an
increase in BMI from 24.7 to 31.9 kg/m2. The mean force threshold reported by Handrigan
et al. (2012) was 20.0 g before adding weight, which was comparable to the 25.6 g
threshold measured among non-obese participants in the current study across all conditions.
Handrigan et al. (2012) also reported a 30% increase in force threshold after adding 23 kg
of body mass, which was comparable to the 29.3% higher threshold among the obese group
in the current study across all conditions. Together, these studies provide evidence for the
added body mass associated with obesity eliciting impaired plantar sensitivity.

29

Two characteristics of mechanoreceptors may help to explain the impaired plantar
sensitivity among obese participants found here. First, the relationship between mechanical
stimulus intensity and internal mechanoreceptor voltage potential is nonlinear, and suggests
less sensitivity at higher intensities (Guyton & Hall, 2006). At lower stimulus intensities,
only slight changes in stimulus intensity are needed to markedly increase the
mechanoreceptor potential. At higher stimulus intensities, however, an equivalent increase
in stimulus intensity only results in a slight increase in mechanoreceptor potential. The
higher plantar pressure associated with obesity (Hills et al., 2001) may result in the
operating range of the plantar mechanoreceptor to be closer to the range over which
changes in stimulus intensity only result in slight changes in mechanoreceptor potential.
Second, the Weber-Fechner Principle states that the amount of change in mechanical
stimulus intensity necessary for detection is proportional to the stimulus intensity (Boff et
al., 1986; Guyton & Hall, 2006; Lanzara, 1994). As such, the higher plantar pressure
associated with obesity would require a larger change in plantar mechanical stimulus to be
detected, and result in reduced sensitivity on the plantar surface of the foot.

Force thresholds were lower when force was decreasing than increasing. We have
two possible explanations for these results. First, Meissner’s corpuscles and Pacinian
corpuscles are two rapidly adapting mechanoreceptors responsible for detecting the onset
and offset of a mechanical stimulus (Fleming & Luo, 2013). Meissner’s corpuscles are
thought to be more amenable to detecting light touch due to their relatively superficial
distribution within the skin, and Pacinian corpuscles are thought to be more amenable to
detecting deep pressure due to their deeper distribution within the skin (Fleming & Luo,
2013). Given these differences, detecting the onset of an initially zero force that increased
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may be mostly dependent upon Meissner’s corpuscles, whereas detecting the offset of an
initially high force (that stimulated deeper Pacinian corpuscles) and decreased may have
involved both Meissner’s and Pacinian corpuscles. Involvement of Pacinian corpuscles may
have offered more sensitivity while force was decreasing because Pacinian corpuscles have
a lower response threshold than Meissner’s corpuscles (Kenndy & Inglis, 2002). Our
second possible explanation is related to the mechanical properties of the skin (Pubols,
1982). Skin is viscoelastic, which means its mechanical response to force depends upon
time. Measurements as force increased were made shortly (less than 18 seconds, on
average) after the force was applied, and measurements as force decreased were made after
the force was applied for at least 30 seconds. Therefore, the viscoelastic stress relaxation
that would have occurred during testing likely resulted in differences in the mechanical
state (i.e. tissue strain) at the testing site that may have contributed to differences in force
thresholds.

Our results indicated that plantar sensitivity was weakly to moderately correlated
with postural sway. Mechanoreceptors are preferentially distributed in the anterior, lateral
border and heel regions of the plantar surface (Kenndy & Inglis, 2002), which could
correspond to the critical regions of the foot that support the majority weight of the body
under the weight-bearing condition (Perry et al., 2002). Similarly, mechanoreceptors under
the anterior and posterior regions of the feet provide feedback that regulates the body to tilt
posteriorly and anteriorly (Kavounoudias et al., 2001). The central nervous system may be
able to extract a spatial distribution cue according to the plantar pressure which could be
transformed into a body position cue indicating the direction and the amplitude of the
whole-body inclination (Kavounoudias et al., 2001; Meyer et al., 2004). Therefore, deficits
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in plantar sensitivity could have a direct influence on balance control (Bretan et al., 2010;
Menz et al., 2005; Powell et al., 2014). However, the mechanism of why only
calcaneus/decreasing force and 3rd metatarsal/increasing force were correlated with
postural sway measurements under the three different conditions is not clear.

The postural sway condition with eyes closed and head tilted backward was
included based upon the expectation that any impairment in plantar sensitivity among obese
participants would have a greater effect on postural sway when input from the visual, and
vestibular systems were eliminated or altered. Based upon the lack of a group by condition
interaction in sway measures, this expectation was not met. This may have been due to not
tilting participants head backward sufficiently far, or input from other components of the
proprioceptive system (e.g. receptors in skin/tissues of ankles) offsetting the altered input
from the plantar surface among the obese participants. Nevertheless, postural sway
exhibited weak to moderate correlation with plantar sensitivity despite not adequately
impairing vestibular input during sway measurements.

Several limitations are to be noted for this study. First, changes in force were
stepwise and in increments of ~5 gram per half second, rather than at a steady rate. This
may have limited our force threshold resolution 5 grams, but this amount of force was
ostensibly sufficiently small to identify the effects of interest. Second, the results may be
dependent upon the nature and duration of activities performed before testing (someone
may have been standing for hours while another may have been laying down). However,
these data were not obtained. Third, plantar sensitivity was only obtained from the
dominant foot, and it is unclear if any left/right asymmetry in plantar sensitivity is common.
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Fourth, the amplitude of head tilting was not controlled in the current study, and may have
contributed to some inter-subject variability in the vestibular feedback during this
condition.

In conclusion, obesity impaired plantar sensitivity among a cohort of young adults.
This impairment was associated with increased postural sway during quiet standing, and
may be a contributing factor to the increased fall risks among individuals who are obese.
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Chapter 3 Executive Function and Measures of Fall Risk among
Individuals who are Obese

Abstract
Obesity may be associated with deficits in executive function, specifically effective
attention allocation to balance maintenance during multi-task conditions, and potentially
lead to gait and postural control changes and higher fall risk. The purpose of this study was
to investigate the influence of obesity on executive function, and to determine whether there
is a relationship between executive function and fall risk (as estimated from selected gait
parameters). Thirty-nine young adults participated, including 19 obese and 20 non-obese
adults. Four major components of executive function were assessed, including selective
attention, divided attention, semantic memory and working memory. Both single- and dualtask walking (walking-while-talking) were completed to evaluate fall risk during gait. Less
effective selective attention, semantic memory, and working memory were found among
young obese adults. Participants exhibited higher fall risks during dual-task walking (e.g.
lower minimum toe clearance, longer stance time, and increased stance time variability),
and executive function scores were associated with gait during dual-task walking. In
conclusion, obese individuals exhibited less effective executive function, which may be
associated with their increased fall risk.

Keywords: Obesity, Executive function, Dual-task walking, Falls
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3.1 Introduction
The ability to control gait and balance requires complex sensory-motor and
cognitive processes (Brown et al., 2002; Nagamatsu, et al., 2011; Woollacott & ShumwayCook, 2002). Executive function is an umbrella term for cognitive processes that regulate,
control, and manage other cognitive processes (Elliott, 2003), such as planning, memory,
attention, problem solving, concentration, strategizing, and task-switching (Monsell, 2003).
Growing evidence indicates that even in healthy young adults, balance control requires
attentional resources (Brauer et al., 2002; Camicioli et al., 1997; Woollacott & ShumwayCook, 2002). As such, executive function plays an essential role in the ability to
simultaneously walk and perform another task (Adams & Parsons, 2003; Anstery, et al.,
2006; Fuster, 1999; Goethals et al., 2004; Lezak et al., 2004; Persad et al., 1995), and to
ensure that the appropriate amount of attention is allocated to balance control (Springer et
al., 2006).

Both the cerebellum and cerebral cortex play key roles in executive function
(Golfman-Rakic, 1998; Mesulam, 1998). Because obesity is associated with compromised
cerebellar development among children (Miller et al., 2009) and cerebral atrophy among
adults (Gustafson et al., 2004), obesity may affect executive function (Elliott, 2003). In fact,
a recent review of 31 previous studies indicated that obesity in children and adolescents is
associated with compromised development of executive function (Reinert et al., 2013).
Deficits in executive function may impact the ability of an individual who is obese to
control balance efficiently and safely during multi-tasking situations (Yogev et al., 2008).
This is of particular relevance since fall rates appear to be higher with obesity (Fjeldstad et
al., 2008). These higher rates could partly result from a relative inability, related to obesity,
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to effectively allocate attention to balance maintenance during multi-task conditions,
leading to gait and postural control changes. However, to our knowledge, no study to date
has investigated the effect of obesity on executive function among young adults.

Dual-tasking paradigm has been used in several prior studies to assess attentional
allocation toward gait and postural control during complex situations. Dual tasking relies
upon executive function and the ability to divide attention (Della et al., 1995). According to
the capacity theory (Abernethy, 1988; Fraizer & Mitra, 2008; Tombu & Jolicoæur, 2003),
and if both balance control and a secondary task are attentionally-demanding, performance
of at least one of the tasks deteriorate when they are performed simultaneously (Seidler et
al., 2010; Woollacott & Shumway-Cook, 2002). The extent to which performance on either
task declines indicates interference between the processes controlling the two tasks, and
thus the extent to which the two tasks share attentional resources (Kerr, et al., 1985). The
walking-while-talking paradigm has been studied as a realistic test of divided attention to
examine cognitive-motor interactions, especially in the context of identifying fall risks
(Bootsma-van der Wiel et al., 2003; Caimicioli et al., 1997; De Hoon et al., 2003; Hyndam
& Ashburn, 2004; Lundin-Olsson et al., 1997; Sheridan et al., 2003; Verghese et al., 2002).
Therefore, this study employed the walking-while-talking paradigm to examine whether
executive function is a contributing factor in increased fall risks among individuals who are
obese.

The purpose of this study was to investigate the influence of obesity on executive
function, and to determine whether there is a relationship between executive function and
fall risk (as estimated from selected gait parameters). Four hypotheses were tested: 1)
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executive function would be lower among individuals who are obese versus. normal
weight; 2) adding a dual-task to walking would increase fall risk; 3) this increase in fall risk
would be more substantial among individuals who are obese; and 4) executive function
would have an inverse association with fall risk, especially under the more challenging
dual-task condition. Results from this study were intended to help identify potential factors
increasing fall risk among those who are obese, and to contribute to the development of fall
intervention/prevention programs for this population.

3.2 Methods
A total of 39 young (age=21.3±2.6 years, education=15.1±1.6 years) adults
completed the study, and were recruited from the local university population. Participants
included 19 who were obese (body mass index or BMI = 33.0±2.9 kg/m2; 14 females and 5
males) and 20 who were normal weight (BMI = 22.2±2.2 kg/m2; 14 females and 6 males).
Body fat percentage was also estimated, using skinfold calipers, at the front of the upper
arm, back of the upper arm, below the scapula, and on the abdomen (1cm to the right of the
navel). Participants were included in the obese group only if they had a body fat percentage
above 35% for women and above 25% for men from these caliper measurements (WHO,
1995), and a BMI ≥ 30 kg/m2. All participants were free from any self-reported foot pain or
known neurological conditions that might have affected their performance in this study.
This study was approved by Virginia Tech Institutional Review Board, and all participants
provided written informed consent prior to testing.

Participants completed one experimental session involving three tasks. Initially, the
four major components of executive function were assessed as described below.
41

Subsequently, both single-task walking (so all attentional resources could be dedicated to
walking) and dual-task walking (walking while talking to divide attentional resources) were
completed.

Four tests of executive function were performed (Lezak et al., 2004), including the
Stroop test (for selective attention), Trail Making test (for divided attention, visuomotor
tracking, and cognitive flexibility), Verbal Fluency test (for semantic memory) and Digit
Span test (for working memory). Measures from these are related to balance control, as
reported previously (Yogev, et al., 2008). The Stroop test included the color-word naming
subtest. Performance was assessed by the time required to name 100 items, with a shorter
time indicating better performance. The Trail Making test consisted of 25 circles on a piece
of paper, and the circles included both numbers (1-13) and letters (A-L) (Reitan, 1958).
Participants were asked to draw lines to connect the circles in an ascending pattern, with
alternating letters between the numbers (i.e. 1-A-2-B-3-C). Performance was assessed by
the time required to complete the test, with a shorter time indicating better performance
(Three participants (1 obese and 2 non-obese) made mistakes during the task, so they were
excluded from further analyses). The Verbal Fluency test involved two subtests, with
participants asked to name as many words as possible that start with a given letter (i.e.
words starts with letter ‘p’) and in a given category domain (i.e., fruit), each for 60 seconds
(Benton et al., 1976; Rosen, 1980). A higher number of correct words indicated better
performance. The Digit Span test involved two subtests, including forward and backward
tests (Wechsler, 1981). For both subtests, participants were presented with a series of digits,
and they were required to immediately repeat them back. The series of digits were
presented verbally to participants at a rate of one per second. For the forward subtest, the
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participant’s task was to repeat each sequence exactly as it was given. For the backward
subtest, the participant was asked to repeat each sequence in reverse order. Both subtests
began with three digits and increased by one at a time up to nine. Each subtest was
performed twice using different series of digits. The number of successful sequences was
considered the score, and ranged from 0 to 14. The difference between the forward and
backward subtest scores was used as an indicator of working memory function, with
smaller differences indicated better working memory (Wechsler, 1981).

Single-task and dual-task walking were then performed with the order
counterbalanced within groups (partially in the case of obese group, given the odd number
of participants). All participants wore a T-shirt, tight-fitting shorts, and identical dress shoes
(hard PVC soles) to minimize shoe-sole differences. For single-task walking, participants
were instructed to walk at a self-selected speed along a 9-m walkway. For dual-task
walking, participants were instructed to walk at a self-selected speed along the walkway,
but while also reciting every other letter of the alphabet (Verghese et al., 2006). Participants
were instructed to “pay equal attention to both walking and talking” and “if the first 13
letters are finished, continue with the second 13 letters, starting with a letter “B” if starting
with letter “A” the first time and vice versa, and continue this process until instructed to
stop.” The initial letter on the reciting task was randomly varied between “A” (A-C-E) and
“B” (B-D-F) between participants. To reduce learning effects, participants were given 3
minutes to practice reciting alternate letters of alphabet, and 10 trials to practice the dualtask walking, prior to data collection. Practice walking trials also allowed participants to
acclimate to the experimental setup, and allowed for determining the appropriate starting
point along the walkway (so that participants naturally and consistently stepped on a force
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platform embedded within the walkway). Five walking trials were collected under each task
condition.

During walking trials, ground reaction forces were sampled at 1000 Hz using a six
degree-of-freedom force platform (Advanced Mechanical Technology Inc., Watertown,
MA, USA) in the center of the walkway. The position of five reflective markers on the left
and right calcaneus, top of the foot, and right upper back were sampled at 100 Hz, using a
six-camera motion analysis system (VICON 460, VICON Motion Systems Inc., Lake
Forest, CA, USA). Both the force plate and markers data were low-pass filtered (4th order
Butterworth, zero-lag filter), using 40 and 6 Hz cutoffs, respectively.

Several dependent variables were calculated from data in each walking trial, and
were selected because they are related to balance control and fall risks among the elderly
and obese individuals (Montero-Odasso, et al., 2012; Wu, et al., 2012). Minimum toe
clearance (MTC) is associated with the likelihood of tripping while walking, and was
calculated as the minimum vertical distance between the toe marker and the ground during
mid-swing phase of the gait cycle (Khandoker, et al., 2010). The required coefficient of
friction (RCOF) is associated with the likelihood of slipping while walking, and was
determined as the maximum ratio of resultant shear ground reaction force to the vertical
ground reaction force (Wu et al., 2012). Heel contact and toe off were identified from heel
and toe kinematics (Mickelborough et al., 2000), and stance time was the period between
these two events for a single limb (Uustal and Baerga, 2004). The interquartile range (IQR)
of stance time was the difference between upper and lower quartiles (Upton and Cook,
1996), and was computed to represent the variability of gait under each condition.
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To address hypothesis 1, two-way analyses of variance (ANOVAs) were performed
on completion times from the Stroop and Trail Making tests, the number of words named in
the Verbal Fluency tests (both letter and category conditions), and Digit Span test scores. In
each of these ANOVAs, independent variables were group (obese or non-obese), gender,
and their interaction, and with age and years of education included as covariates.

To address hypotheses 2 and 3, three-way, mixed-factor ANOVAs were performed
on gait parameters, with independent variables of group, gender, task (single or dual-task
walking), and all interactions. Significant interaction effects were explored using simple
effects testing. Normal quantile plots were used to detect outliers (three data points from
distinct participants were removed prior to analyses based on visual inspection).

To address hypothesis 4, Pearson bivariate correlation coefficients were used to
quantify the associations between each executive function score and each gait parameter;
this was done separately for the single- and dual-task data. The strengths of these were
characterized as strong (0.6-0.8), moderate (0.4-0.6), or weak (0.2-0.4) (Kunter et al.,
2001). JMP 10 (SAS Institute Inc., Cary, NC, USA) was used to carry out statistical
analyses, with statistical significance indicated by p≤0.05.

3.3 Results
None of the executive function tests were affected by an obesity group × gender
interaction (p > 0.256), but two were affected by a main effect of obesity group (Table 3-1).
Time to complete the Stroop test was 12.7% (10.5 s) longer (i.e. worse) among the obese
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group, and performance on the Digit Span test was 35.1% (0.8 points) worse among the
obese group. In addition, the number of words named during the Verbal Fluency letter
subtest was 17.1% (3 words) lower among the obese group, but this result only approached
statistical significance. No effects of gender (p > 0.169), age (p > 0.346) or years of
education (p > 0.402) were found for any executive function tests.

Table 3-1 Group differences in tests of executive function, with summary results presented as means
(standard deviation) and p-values for the main effects of group. The symbol * indicates a significant
difference between groups.
Stroop Test (s)
Trail Making Test (s)
Verbal Fluency (letter)
Verbal Fluency (category)
Digit Span

Obese
93.2 (17.0)
48.8 (12.5)
16.7 (5.0)
16.6 (4.2)
2.2 (1.3)

Non-obese
82.7 (13.8)
44.2 (11.6)
20.0 (4.2)
15.8 (3.7)
1.4 (1.4)

p-value for group
0.028*
0.222
0.098
0.940
0.043*

None of the gait parameters were affected by a three-way (p > 0.075), gender × task
(p > 0.089), or obesity group × task (p > 0.327) interactions. Stance time (p = 0.041) and
stance time IQR (p = 0.006) both exhibited an obesity group × gender interaction (Figure 31). In particular, stance time was 15.7% (0.11 s) longer among obese males compared to
obese females, and was 12.7% (0.091 s) longer among obese males compared to non-obese
males. Moreover, stance time IQR was 49.8% (0.016 s) more variable among obese females
compared to non-obese females, and was 40.1% (0.014 s) more variable among non-obese
females compared to non-obese males. Several gait parameters also exhibited an effect of
task (Table 3-2). During dual-task versus single-task walking, MTC was 33% (0.46 cm)
lower, and RCOF was 5% (0.01) smaller. Also during dual-task walking, participants spent
13% (0.08 s) more time during the stance phase, and IQR was 33% (0.01 s) higher. Only
RCOF differed between obesity groups across both tasks, with obese participants exhibiting
11.9% (0.03) higher RCOF (p = 0.011).
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Figure 3-1 Group × gender interaction effects on stance time (top) and stance time IQR (bottom).
Error bars indicate standard deviations, and significant paired differences (from simple-effects tests,
p<0.05) are indicated by the symbol *.

Table 3-2 Task differences in gait parameters, with summary results presented as means (standard
deviation), and p-values for the main effect of task. The symbol * indicates a significant difference
between tasks.
MTC (cm)
RCOF
Walking speed (m/s)
Stance time (s)
Stance time IQR (s)

Single-task
1.42(0.85)
0.21(0.03)
1.28(0.14)
0.68(0.06)
0.04(0.02)
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Dual-task
0.94(0.62)
0.20(0.03)
1.13(0.16)
0.76(0.10)
0.05(0.03)

p-value
0.003*
0.019*
<0.001*
<0.001*
0.045*

During dual-task walking, RCOF was negatively correlated with the number of
words named in Verbal Fluency category subtest (r = -0.32, p = 0.044), and stance time
IQR was positively correlated with Stroop test completion time (r = 0.38, p = 0.020). The
strength of both correlations was considered weak. No other correlations were significant.

3.4 Discussion
The purpose of this study was to investigate the influence of obesity on executive
function, and to determine whether there is a relationship between executive function and
fall risk (as estimated from selected gait parameters). Our first hypothesis was that
executive function would be lower among obese individuals versus non-obese individuals.
This hypothesis was supported because the obese group required a longer time to complete
the Stroop test, and scored worse in the Digit Span test. Although not significant, obese
individuals also named fewer words during the Verbal Fluency test. Our second hypothesis
was that adding a dual-task to walking would increase fall risk as estimated by selected gait
parameters. This hypothesis was also supported because dual-task walking exhibited lower
MTC, longer stance time, and greater stance time variability compared to single-task
walking, all three of which are suggestive of a higher fall risk (Beauchet et al., 2005; Kim
and Brunt, 2003; Learmonth et al., 2014; Lindenberger, et al., 2000). Our third hypothesis
was that adding a dual-task to walking would affect gait parameters associated with fall risk
to a greater extent among individuals who are obese. This hypothesis was not supported
because no group × task interaction effects were found for any of the gait parameters. Our
fourth hypothesis was that executive function would have an inverse association with fall
risk, especially under the more challenging dual-task condition. This hypothesis was
accepted because statistically significant (although weak) correlations were found between
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executive function measures and gait parameters during dual-task walking. Considering all
results, executive function may increase fall risk among individuals who are obese.
Therefore, improvements in executive function through intervention may have a secondary
effect of reducing fall risk.

Scores from executive function tests and gait parameters found here were
comparable to other studies. The mean Stroop test completion time of 87.8 s in the current
study was similar, yet slightly shorter, than 100.4 s reported by Jensen (1965) across 436
young adults. The mean Trail Making test completion time of 46.5 s in the current study,
again similar and slightly shorter than the value of ~55 s reported by Tombaugh (2004)
among young adults. The mean Digit Span score of 2 in the current study was slightly
larger than the mean score of ~1.5 reported by Foster et al (1998) among a control group of
young healthy adults. The mean MTC was 1.4 cm in the current study during single-task
walking, and was comparable to a mean of ~1.5 cm reported for young adults (Khandoker,
et al., 2010; Mills et al., 2008). The current mean RCOF of 0.21 was similarly comparable
to a mean of 0.20 reported by Yamaguchi et al. (2012) among young adults. Finally, the
mean stance time during single-task walking of 0.67 s was similar to the mean of 0.70 s
reported by Oh-Park et al. (2010).

Introducing a dual task to walking in the current study decreased MTC, and
increased gait (stance time) variability, which was similar to earlier reports among healthy
young and older adults (Aldridge, 2009; Beauchet et al., 2005; Kim and Brunt, 2003;
Learmonth et al., 2014; Lindenberger, et al., 2000). In particular, the current study found
MTC to decrease 33% when adding the dual task to walking, whereas Aldridge (2009)
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reported it to decrease 4% when adding talking task over the phone to walking. A decrease
in MTC is directly associated with an increased likelihood of tripping (Aldridge, 2009). The
current study also found stance time variability to increase 33% when adding the dual task
to walking, whereas Beauchet et al. (2005) reported it to increase 5.9% when adding
backward counting to walking. Increases in stance time variability may also suggest an
increase fall risk, because greater gait variability is indicative of impairments in stability
(Hausdorff et al., 2001; Hausdorff, 2009; Plotnik et al., 2011), and thus impaired balance
control. A longer stance time may suggest a more cautious walking strategy while
simultaneously performing the dual tasks. However, a longer stance time is associated with
increased fall risk, and is also considered to reflect alterations in sensorimotor function
(Maki, 1997; Taylor et al., 2013), and deficits in balance control. Different effect sizes
found between the current study and previous studies may have been due to differences
between study protocols and/or participant characteristics.

The current study is the first to our knowledge to demonstrate an adverse effect of
obesity on executive function among young adults. Young obese adults performed worse in
Stroop test, Verbal Fluency, and Digit Span test indicating possible impairments in
selective attention, semantic memory and working memory. Memory and attention are two
major components of executive function (Elliott, 2003). And, as noted earlier, obesity is
associated with compromised cerebellar development among children (Miller et al., 2009)
and cerebral atrophy among adults (Gustafson et al., 2004), both of which may influence
executive function (Elliott, 2003). In particular, Willette and Kapogiannis (2014) recently
reported a positive association between body fat and frontal grey matter atrophy. Smaller
grey matter volume was found earlier to be associated with worse semantic memory (Taki
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et al., 2011). Therefore, obesity may influence executive function as a consequence of
alterations in brain structure, although, the exact mechanism is still unclear.

Executive function plays an essential role in the ability to simultaneously walk and
perform another task (Adams & Parsons, 2003; Anstery, et al., 2006; Fuster, 1999; Goethals
et al., 2004; Lezak et al., 2004; Persad et al., 1995). Changes in gait due to the simultaneous
performance of dual tasks result from a competition for attention resources between the two
tasks (Woollacoot and Shumway-Cook, 2002). Similar to the correlations between the
executive function tests and gait found here, Holtzer et al. (2006) found executive function
(measured by cognitive battery) can explain 15% variance in gait speed during dual-task
walking among elderly participants. Springer et al. (2006) reported strong associations
(0.61) between executive function (performance on Stroop test) and gait variability during
dual-task walking among elderly fallers. As a whole, the current study and prior work
indicated that gait is a complex task requiring higher-level control of executive processing,
attention, and memory, even among young adults. There is also evidence, albeit not strong,
that deficits in executive function may increase their fall risk during dual-task conditions.

Three limitations warrant mentioning. First, we were not able to detect any
significant group × task interaction effects. One reason for this could be that the walkingwhile-talking task was too challenging, as indicated by almost all participants, and
precluded identifying a differential effect of the dual task between the two obesity groups.
Future work should consider incorporating different levels of task difficulty in the dual task
condition. Second, the manner in which attention is divided between two tasks depends on
the priority given to each task. Here, participants were instructed to pay equal attention to
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both tasks, to create a condition in which attention was divided (Beauchet et al., 2005).
However, participants may still have prioritized one task over the other, and which could
influence their performance during dual-task walking, though this was not accounted for in
the current study. Third, our sample had fewer male than female participants, and thus
group × gender interaction effects found here may be biased and should be treated with
caution.

In conclusion, young adults who are obese exhibited less effective executive
function compared to their non-obese counterparts, suggesting altered selective attention,
semantic memory, and working memory. Adding a talking task to walking increased the
risk of tripping. Executive function was also weakly correlated with gait during dual-task
walking, suggesting it may contribute to a higher risk of falling.
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Chapter 4 Differences between Obese Fallers and Non-fallers after a
Laboratory-Induced Slip
Abstract
Biomechanical and physiological factors such as gait, plantar sensitivity, executive
function, lower extremity muscle strength, and body size may influence fall risks among
individuals who are obese. The goal of this study was to investigate differences in these
factors between obese fallers and non-fallers after a laboratory-induced slip, and to
investigate the strength of association between these same factors and measurements related
to slip severity and slip outcome. Nineteen obese young adults from the university
population participated in the study. Participants’ gait, plantar sensitivity, executive
function, lower extremity muscle strength, and body size measures were obtained. An
unexpected slip was introduced in a laboratory setting to obtain slip severity related
measures and slip outcome. Results indicated obese fallers exhibited better selective
attention, stronger lower extremity muscle strength, lower BMI and smaller waist
circumference. Results also indicated increased slip severity was associated with faster
walking speed, longer step length, higher RCOF, worse working memory, and lower BMI.
Slower reactive recovery response was also associated with lower BMI. As such, better
selective attention and stronger muscle strength exhibited limited benefit in slip recovery
among individuals who are obese. Altered gait pattern, and working memory may be
factors by which obesity increased slip severity, and lower BMI among individuals who are
obese may increase slip-induced fall risks.

Keywords: Obesity, slip-induced falls, BMI, gait, executive function
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4.1 Introduction
Over the past four decades, the prevalence of obesity in the United States has more
than doubled from 15% to 35.7% (Flegal et al., 1998; Kuczmarski et al., 1994; Flegal et al.
2002; Flegal et al., 2010). Individuals who are obese fall almost twice as often (27% vs.
15%) as non-obese individuals (Fjeldstad et al. 2008), and falls have been identified as the
most common (~36%) cause of injuries among individuals who are obese (Matter et al.
2007). In the occupational domain, from 1997 to 2004, obese workers slipped and fell more
frequently, and filed more workers’ compensation claims subsequently than non-obese
workers (Ostbye et al., 2007). The high and increasing prevalence of obesity, coupled with
the elevated risk of falls and subsequent injury associated with obesity, results in a major
health concerns.

An attempt to recover balance to avert a fall after a postural perturbation can be
considered as five distinct stages (Wu and Yeoh, 2014): initiation, detection, perception,
action selection, and action execution. Initiation is the triggering event (i.e. slip, trip, or loss
of balance) that may lead to a fall accident. Detection is the process whereby sensory inputs
(from the proprioceptive, visual, and vestibular systems) that indicate a triggering event are
transmitted to central nervous system. Perception is the interpretation process within the
central nervous system that decodes the raw sensory information (Wickens and Hollands,
2000). Action selection is the process that transfers the perceived information about the
environment into action (Wickens and Hollands, 2000). Action execution is the muscle
coordination process for motion generations. A breakdown or impairment in any of these
stages can increase the likelihood of a fall.
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Biomechanical and physiological changes associated with obesity can have an
adverse effect on these stages, and therefore increase the likelihood of falling. For example,
changes in gait and posture may increase fall initiation risk by increasing the likelihood of
slipping or tripping (DeVita and Hortobagyi 2003; Fabris de Souza et al. 2006; Lai et al.
2008; Spyropoulos et al. 1991; Wu et al., 2012). Deteriorations in plantar sensitivity and
proprioception may delay detection (Dowling and Steel 2001; Wang et al., 2008; Wu and
Madigan, 2014). Deficits in executive function (an umbrella term for cognitive processes
that regulate, control, and manage other cognitive processes (Elliott, 2003)) may contribute
to inappropriate attentional resources allocation during complex situations (i.e. slip),
leading to improper perception and action selection. Lower relative muscle strength and
increased body size may limit physical capabilities and the effectiveness of action execution
to recover balance and avert a fall. (Anandacoomarasamy et al., 2008; Hita-Contreras et al.,
2012).

The primary goal of this study was to investigate differences in biomechanical and
physiological factors between obese fallers and non-fallers after a laboratory-induced slip.
The specific factors investigated included gait, plantar sensitivity, executive function, lower
extremity muscle strength, and body size. The secondary goal of this study was to
investigate the strength of association between these same factors and measurements related
to slip severity. It was hypothesized that 1) fallers would exhibit altered gait pattern, worse
plantar sensitivity, executive function, lower extremity muscle strength, and larger body
size compared to non-fallers; 2) altered gait pattern, worse plantar sensitivity, executive
function, lower extremity muscle strength, and larger body size would be associated with
increased slip severity. Results from this study can help focus future studies investigating
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the specific mechanisms by which obese individuals fall, and possibly intervention studies
aimed at modifying these factors and reduce fall risk.

4.2 Methods
Nineteen young adults (age=21.4±3.0 years; BMI = 33.0±2.9 kg/m2; 14 females and
5 males) from the university population completed this study. Participants were required to
have a BMI above 30 kg/m2. All participants were free from any self-reported foot pain or
known neurological or musculoskeletal condition that affected their performance in this
study. This study was approved by Virginia Tech Institutional Review Board, and all
participants provided written informed consent prior to testing.

Participants completed three experimental sessions, one per day on three separate
days, and the order of presentation of these sessions was randomized across participants.
During session one, body size, plantar sensitivity, and executive function were measured.
During session two, strength was measured at hip, knee, and ankle. During session three,
gait characteristics were measured, and an unexpected slip was introduced to assess slip
severity and whether each participant was able to recover balance and avert a fall.

Body size measurements included minimum waist circumference, body mass, and
body height (for calculating BMI). Plantar sensitivity was assessed using a custom platform
and procedure described elsewhere (Wu & Madigan, 2014). Plantar sensitivity was
operationalized as the force threshold at which an increasing force applied to the plantar
surface was first perceived, and the force threshold at which a decreasing force was last
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perceived. Measurements were obtained immediately upon standing, and at two locations
on the plantar surface of the dominant foot (calcaneus and the head of the third metatarsal).

Executive function was assessed using four separate tests. The Trail Making Test
was used for divided attention, visuomotor tracking, and cognitive flexibility, and consisted
of two parts (A and B) (Reitan, 1958). Both parts of the test consist of 25 circles on a piece
of paper. In part A, the circles are numbered from 1 to 25, and the participants were asked
to draw lines to connect the numbers in ascending order. In part B, the circles include both
numbers (1-13) and letters (A-L). Participants were asked to draw lines to connect the
circles in an ascending pattern, but with the added task of alternating letters between the
numbers (i.e. 1-A-2-B-3-C). Performance was assessed by the time spent to complete the
task, and a shorter time indicated better performance. The Digit Span test was used to
assess working memory, and consisted of two subtests (forward and backward) (Wechsler,
1981). Performance was assessed by the difference between the forward and backward
subtest scores, and a smaller difference indicated better working memory. The Stroop test
was used for selective attention, and consisted of three subtests of the card-based version of
the color–word test (Jensen, 1965): the color naming subtest (A), the word naming subtest
(B), and the color-word naming subtest (C). Performance was assessed by the time required
to name 100 items in each trial, and a shorter time indicated better performance. The Verbal
Fluency test was used to assess semantic memory, and involved asking participants to name
as many words as possible that start with a given letter (A) (i.e. words starts with letter ‘p’)
and as many words as possible in a given category domain (B) (i.e. fruit), each for 60
seconds (Benton et al., 1976 and Rosen, 1980). Performance was assessed by the number of
correct words named, and a higher number of correct words indicated better performance.
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Strength tests included the maximum isometric joint torques, and were measured at
the ankle (plantar flexion and dorsiflexion), knee (extension and flexion), and hip
(extension and flexion) (Anderson et al., 2007). Testing was performed on the right lower
extremity, and using a Biodex System 3 dynamometer (Biodex Medical Systems, Inc.,
Shirley, New York, USA). Ankle and knee testing was performed with the standard
manufacturer attachment, while hip testing was performed in an upright position with the
body stabilized in a custom frame and the knee immobilized at roughly full extension
(Anderson and Madigan, 2014). Isometric muscle strength was measured at four different
angles equally spaced throughout the respective range of motion of each joint. Maximum
isometric joint torque was determined as the largest of three maximum voluntary exertions
performed at the approximate joint angles (Anderson et al., 2007). Joint torque and angle
were recorded at 200 Hz from the dynamometer and low-pass filtered in software using a 5
Hz, fourth order, Butterworth filter (Anderson et al., 2007). Prior to strength testing, each
joint was passively moved through two full cycles of joint motion at 5°/s while participants
remained relaxed, and data obtained during these cycles were used to correct strength
measurements for gravitational moments and to model passive elastic joint torques
(Anderson et al., 2010). All strength measures were normalized to a percentage of body
mass (yielding relative strengths).

Gait and slip measurements were performed while participants walked along a 9-mlong walkway at a self-selected speed. Participants wore a T-shirt, tight-fitting pants, and
dress shoes (hard PVC soles). Participants were instructed that “you may or may not be
slipped depending on which group you are assigned to”, in order for participants to not be
sure whether or not they would be slipped (in reality, all participants were slipped). Practice
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walking trials were first performed, to allow participants to acclimate to the experimental
setup, and to determine the appropriate start point along the walkway so that they naturally
and consistently stepped on a force platform embedded within the walkway. After each trial
(walking from one end of the walkway to the other), participants were asked to stop at the
end of the walkway and not turn around until instructed to do so (to provide the investigator
time to prepare for the next trial). Five trials were collected, in which participants’ feet
landed on the platform in the desired sequence (non-dominant foot before the force
platform and dominant foot on the force platform). After another one to five walking trials,
an unexpected slip was induced by covering the force platform (0.9×0.9 m) integrated in the
walkway with vegetable oil, which reduced the coefficient of friction to ~0.12 (Lockhart et
al., 2005, Troy et al., 2008). A full-body harness system was used throughout all walking
and slipping trials to prevent a fall to the floor in the event of an unsuccessful balance
recovery after slipping. A load cell (Cooper Instruments and Systems, Warrenton, VA) in
series with the harness connection to an overhead rail was used to determine whether or not
balance was successfully recovered (see below). A six degree-of-freedom force platform
(Advanced Mechanical Technology Inc., Watertown, MA, USA) was embedded in the
center of the walkway. Ground reaction forces were sampled at 1000 Hz from the force
platform, and low-pass filtered at 40Hz. Three reflective markers were attached, over the
left and right calcaneus and the right side of the upper back. The positions of the three
reflective markers were sampled at 100 Hz using a six-camera VICON MX motion analysis
system (VICON Motion Systems Inc., Lake Forest, CA, USA), and low-pass filtered with
at 6 Hz. Both force platform and marker data were filtered using a 4th order Butterworth
zero-lag filter.
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Gait measurements obtained from the walking trials included walking speed, step
length, and peak required coefficient of friction (RCOF). Walking speed was obtained as
the mean horizontal speed of the back marker. Step length was derived as the anteriorposterior distance between consecutive heel strikes. RCOF was the peak value of timevarying ratio of resultant shear ground reaction force (including both anterior-posterior and
medial-lateral components) to the vertical ground reaction force (Wu et al., 2012). Heel
strike was identified from ground reaction forces—when the vertical ground reaction forces
exceeded 10N (Lockhart et al., 2003).

Slip measurements included three slip severity related measures (slip distance, peak
slip speed, and non-slipping foot reaction time), and slip outcome (fall or recovery). Slip
severity related measures are direactly related to slip outcomes, with more severe slips
associated with higher chances of fall. Slip distance was the distance travelled by the
slipping foot from the time of heel strike to the time that either the heel came to a stop or
the heel displaced vertically from the force platform (Troy et al., 2008). Peak slip speed was
the highest horizontal heel sliding speed during the slip event. Non-slipping foot reaction
time was the duration from the time of slipping foot heel strike to the time of non-slipping
foot heel strike. A longer non-slipping foot reaction time is associated with increased slip
distance (Marigold et al., 2003), and was used to quantify the reactive recovery response.
Participants were characterized as fallers if the peak load cell force exceeded 50% of the
participants’ body weight, or non-fallers if the peak load cell force was less than 30% of the
participants’ body weight (Yang and Pai, 2011). Participants were excluded from
subsequent analysis if the peak load cell force was between 30% and 50% of his/her body
weight. None of the participants were excluded based upon this criterion.
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To address hypothesis one, a one-way between-subject analyses of variance was
used to investigate differences between fallers and non-fallers. Gait speed was used as
covariate in the analyses. Dependent variables included three measures of gait
characteristics (gait speed, step length, and RCOF), four measures of plantar sensitivity
(plantar sensitivity under calcaneus and head of the 3rd metatarsal while force was
increasing and decreasing), eight measures of executive function (Trail Making test A and
B completion times, Digit Span score, Stroop A, B and C completion time, Verbal Fluency
test scores A and B), six measures of muscle strength (ankle dorsiflexion, ankle plantar
flexion, knee extension, knee flexion, hip flexion, and hip extension relative muscle
strength), two measures of body size (BMI, and waist circumference), and three measures
of slip characteristics (slip distance, peak slip speed, and non-slipping foot reaction time). A
log transform on plantar sensitivity and lower extremity relative muscle strength measures
was performed prior to the analyses to achieve a normal distribution of residuals.

To address hypothesis two, bivariate correlation analysis was performed between
three slip severity related measures, and measures of gait characteristics, plantar sensitivity,
executive function, muscle strength, and body size. The strength of correlations was
characterized using the Pearson product-moment correlation coefficient (r) as strong (0.60.8), moderate (0.4-0.6), and weak (0.2-0.4) (Kunter et al., 2001). JMP Pro 10 (SAS
Institute Inc., Cary, NC, USA) was used to carry out all statistical analyses with a
significance level of significance of p ≤ 0.05, and comparisons that approached significance
(0.05<p<0.10) were also noted.
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4.3 Results
All 19 participants were successfully slipped, nine (7 females and 2 males) fell after
slipping and ten (7 females and 3 males) did not fall. Slip severity related measures did not
differ between fallers and non-fallers, including slip distance, peak slip speed and nonslipping foot reaction time. Gait characteristics did not differ between fallers and nonfallers, including gait speed, step length, and RCOF. Plantar sensitivity did not differ
between fallers and non-fallers. However, several differences in biomechanical and
physiological factors were found (Table 4-1, Table 4-2). Fallers exhibited 16.7% shorter
Stroop test A completion time. Fallers also exhibited 11.0% shorter Stroop test B
completion time, but this result only approached statistical significance. Fallers exhibited
50.0% higher relative plantar flexion strength, and 31.6% higher relative hip extension
strength. Fallers also exhibited 10.0% lower BMI, and 11.1% smaller waist circumference
(Figure 4-1).

Bivariate analyses revealed several significant correlations with slip severity related
measures (Figure 4-2 & Figure 4-3). Walking speed, and step length were both positively
correlated with slip distance and peak slip speed, while RCOF was positively correlated
with peak slip speed, and all these correlations were characterized as moderate in strength.
Digit Span test score and BMI were negatively correlated with slip distance and peak slip
speed, and these correlations were characterized as moderate to strong in strength. Negative
correlation of moderate strength between BMI and non-slipping foot reaction time was also
found. No other correlations were significant.
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(a)

(b)

Figure 4-1 Differences in body size measures between fallers and non-fallers with p-values,
horizontal bars representing the means, and * indicated p ≤ 0.05 (a: BMI, b: waist circumference)

Table 4-1 Mean (standard deviation), and p-values of gait characteristics, executive function, body
size and slip severity related measures for fallers and non-fallers, with * indicates p ≤ 0.05
Measures
Gait characteristics
Gait speed(m/s)
Step length(cm)
RCOF

Fallers (N = 9)

Non-fallers (N = 10)

p-value

1.3(0.2)
72.3(7.4)
0.22(0.02)

1.2(0.1)
69.4(7.0)
0.22(0.02)

0.420
0.387
0.447

Executive function
TMT_A (s)1
TMT_B (s)
Digit Span
Stroop _A (s)
Stroop_B (s)
Stroop_C (s)
VF (category)2
VF (letter)

23.9 (7.4)
48.3 (13.6)
1.9 (1.5)
46.9 (4.9)
35.1 (3.0)
87.1 (10.2)
16.5 (5.8)
16.5 (5.0)

22.7 (6.5)
49.3 (11.3)
2.4 (1.1)
56.3 (9.7)
39.4 (6.9)
93.4 (13.0)
17.1 (4.8)
16.8 (3.9)

0.720
0.864
0.409
0.019*
0.055
0.146
0.814
0.888

Body size
BMI
WC (cm)3

31.2(1.6)
94.7(6.4)

34.6(2.9)
106.5(10.1)

0.007*
0.008*

Slip severity related measures
Slip distance (cm)
50.6(36.2)
41.2(32.3)
0.560
Peak slip speed (m/s)
1.1(0.6)
0.8(0.5)
0.338
NS reaction time (s)4
0.2(0.1)
0.4(0.2)
0.103
Note: 1. TMT: Trail Making Test; 2. VF: Verbal Fluency; 3. WC: waist circumference; 4. NS reaction time:
non-slipping foot reaction.
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Table 4-2 Median (interquartile range), and p-values of plantar sensitivity and lower extremity
muscle strength for fallers and non-fallers, with * indicates p ≤ 0.05
Measures
Plantar sensitivity
Calcaneus_increasing (g)1
Calcaneus_decreasing (g)2
3rd_increasing (g)3
3rd_decreasing (g)4

Fallers (N = 9)

Non-fallers (N = 10)

p-value

32.5(78.8)
17.5(13.8)
27.0(18.0)
13.5(11.0)

35.1(40.0)
13.0(21.6)
25.5(25.9)
10.6(10.5)

0.550
0.137
0.972
0.769

Muscle strength
DF (Nm/kg)5
0.4(0.1)
0.3(0.2)
0.603
PF (Nm/kg)6
1.5(0.3)
0.9(0.5)
0.016*
KE (Nm/kg)7
2.0(0.5)
2.0(0.8)
0.914
KF (Nm/kg)8
1.1(0.4)
1.1(0.4)
0.528
HF (Nm/kg)9
1.4(0.6)
1.4(0.5)
0.670
HE (Nm/kg)10
2.4(0.5)
1.9(0.9)
0.025*
Note: 1. Calcaneus_increasing: plantar sensitivity measured at calcaneus when force was increasing; 2.
Calcaneus_decreasing: plantar sensitivity measured at calcaneus when force was decreasing; 3. 3 rd_increasing:
plantar sensitivity measured at the head of the third metatarsal when force was increasing; 4. 3rd_decreasing:
plantar sensitivity measured at the head of the third metatarsal when force was decreasing; 5. DF:
Dorsiflexion; 6. PF: Plantar flexion; 7. KE: knee extension; 8. KF: knee flexion; 9. HF: hip flexion; 10. HE:
hip extension.
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Figure 4-2 Scatter plots of correlations between slip severity (slip distance and peak slip speed) and
gait measures (walking speed, step length, and RCOF), Digit Span test score, and BMI with r and p
values, and * indicated p ≤ 0.05
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Figure 4-3 Scatter plots of correlation between BMI and non-slipping foot reaction time, with r and
p values, and * indicated p ≤ 0.05.

4.4 Discussion
The primary goal of this study was to investigate differences in biomechanical and
physiological factors between obese fallers and non-fallers after a laboratory-induced slip.
The specific factors investigated included gait, plantar sensitivity, executive function, lower
extremity muscle strength, and body size. It was hypothesized that fallers would exhibit
altered gait, worse plantar sensitivity, executive function, lower extremity muscle strength,
and larger body size compared to non-fallers. Our results indicated that fallers exhibited
shorter Stroop A and B completion time, stronger ankle plantar flexion, and hip extension
relative muscle strength, and lower BMI. Therefore, the first hypothesis was rejected. The
secondary goal of this study was to investigate the strength of association between these
same factors and slip measurements that related to slip severity. It was hypothesized that
altered gait, worse plantar sensitivity, executive function, lower extremity muscle strength,
and larger body size would be associated with increased slip severity. Bivariate analyses
indicated that increased slip severity related measures were associated with faster walking
speed, longer step length, higher RCOF, lower Digit Span test score, and lower BMI, and
the strength of the correlations were characterized as moderate to strong. Therefore, our
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second hypothesis was partially supported. Considering all results, altered gait pattern, and
working memory among individuals who are obese may be factors by which obesity
increased slip severity among obese participants.

Our measurements exhibited comparable values to other studies. The mean slip
distance of 45.6 cm across all participants in the current study was comparable, although
slightly higher to the mean value of 40 cm reported by Tsai and Powers (2013). The mean
peak slip speed of 0.94 m/s across all participants from the current study was also
comparable to mean of 0.65 m/s and 1.12 m/s reported earlier by Cham & Redfern (2001)
and Wyszomierski et al. (2009), respectively. Gait parameters, scores from executive
function tests, and relative muscle strength found here were also comparable to other
studies. The current mean RCOF and walking speed of 0.22 and 1.3 m/s was comparable to
a mean of 0.20 and 1.3m/s reported previously (Kim & Kim, 2014; Yamaguchi et al., 2012)
among young adults. Our mean Trail Making A completion time of 24.1 s and Trail Making
B completion time of 46.5 s agreed with previous study of ~21 s and ~55 s for a group of
young participants aged 18-34 (Tombaugh, 2004). Our mean digit span score of 2.2 agreed
with, although slightly higher than previous study of 1.5, among young healthy adults
(Foster et al., 1998). Our mean Stroop A, B and C completion time of 54.1 s, 38.4 s and
87.8 s agreed with previous study of 58.2 s, 38.1 s and 100.4 s, respectively (Jensen, 1965).
Our mean knee extension relative muscle strength of 2.2 Nm/kg also agreed with previous
study of 2.3 Nm/kg (Maffiuletti et al., 2007).

Interestingly, our results revealed that fallers exhibited lower BMI and smaller waist
circumference compared to non-fallers, and lower BMI was associated with increased slip
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severity. These results were unexpected given the higher rate of falls reported among obese
adults in an epidemiological study (Fjeldstad et al., 2008), and biomechanics study
involving induced slips (Allin, 2014). One possible explanation may be that individuals
with higher BMI had made some type of adaptation that reduced their risk of falling from
slip, whereas individuals with lower BMI had not. Possible adaptations could involve an
altered gait pattern that reduces the risk of slip initiation (Moyer et al., 2007; Redfern and
Bidanda, 1994). However, fallers and non-fallers exhibited no difference in selected gait
characteristics, and BMI was not significantly correlated with gait parameters (bivariate
correlation was performed between BMI and gait characteristics), suggesting 1) individuals
with higher BMI may not adapt proactively in the way they walk; 2) the differences
between fallers and non-fallers are not likely an artifact of our experimental setup.
Adaptations could also involve adaptive responses to slippery surface (Gordon, et al., 1995;
Lam et al., 2006; Tjemestrom et al., 2002; Weber et al., 1998). Previous studies reported
that after repeated exposure to simulated slip-perturbation, young adults were able to
improve their response to slippery surface (Bhatt et al., 2006), and such improvement was
caused by modulation of feedforward and feedback motor control systems (Tjemestrom et
al., 2002). Therefore, individuals with higher BMI may improve their recovery response
through their prior experience of falling, exhibiting as reduced slip distance and peak slip
speed and quicker non-slipping foot reaction. In fact, a quicker stepping response of the
non-slipping foot aids the recovery process by widening the base-of-support, and thus
reduced slip distance (Marigold et al., 2003). Fallers also exhibited shorter Stroop A and B
completion time (indicating a better selective attention), and stronger lower extremity
relative muscle strength, which are considered beneficial in the perception, action selection
and action execution stages of slip recovery (Buracchino et al., 2011; Cham and Redfern,
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2001). However, fallers and non-fallers exhibited no difference in slip severity related
measures (slip distance, peak slip speed, and non-slipping foot reaction time), suggesting
that better selective attention and stronger muscle strength exhibited limited benefit in slip
recovery among obese participants.

In the current results, higher RCOF, and longer step length were associated with
increased slip severity. These findings are consistent with previous studies among healthy
young and older adults (Moyer et al., 2007; Redfern and Bidanda, 1994). Redfern and
Bidanda (1994) indicated that RCOF directly related to the biomechanics of slips and falls.
RCOF measures have been previously implicated as an important predictor related to slip
severity (Redfern and Bidanda, 1994). Moyer et al. (2007) studied how gait parameters
influenced slip-induced fall risk among 16 young and 11 older adults, and found that
greater step length was associated with hazardous slips, leading to higher chances of falls.
Longer step length was directly associated with increased slip-induced falls as they may
influence the RCOF (Espy et al., 2010; Moyer et al., 2007). Longer step length would also
decrease the center-of-mass to the margin of the base-of-support, and thus increase the
likelihood of slip-induced falls (Espy et al., 2010). Faster walking speed was also associated
with increased slip severity, as faster walking speed may influence the required ratio
between horizontal and vertical forces (RCOF) (Gray, 1989), thus increase the slip
initiation risks.

Lower Digit Span scores were associated with increased slip severity. This finding
agreed with a previous study, which reported significant difference in digit span scores
between fallers and non-fallers, who suffered Parkinson’s disease (Denny et al., 2014). The
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Digit Span task depends on working memory (Beauchet et al., 2005; Wechsler, 1981),
which is often considered as an important component of executive function (Anderson et
al., 2008; Baddeley, 1992). Studies suggest an independent association of executive
function with balance, mobility and risk of falls among chronic (Liu-Ambrose et al., 2006)
and subacute stroke patients (Rapport et al., 1993), and older adults (Buracchino et al.,
2011). Therefore, a greater slip severity may be related to alterations in executive function,
more specifically working memory.

Two limitations of the current study are to be noted. First, participants were
instructed that “you may or may not be slipped depending on which group you are assigned
to”. Therefore, anticipation effects may have existed. However, none of the participants
verbally indicated, after the slip trial, that they were aware of the slippery surface
beforehand. Second, and as with all cross-sectional studies, other differences between
fallers and non-fallers not assessed here could have also contributed to the results we found.
For example, subtle differences in gait speed or step length, although not statistically
significant, could have contributed to differences between fallers and non-fallers.

In conclusion, obese fallers exhibited better selective attention, stronger lower
extremity muscle strength, lower BMI and smaller waist circumference, suggesting that
better selective attention and stronger muscle strength exhibited limited benefit in slip
recovery among obese participants. Increased slip severity was associated with faster
walking speed, longer step length, higher RCOF, worse working memory, and lower BMI.
Slower reactive recovery response was also associated with lower BMI. As such, altered
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gait pattern, and working memory may be factors by which obesity increased slip severity,
and lower BMI among individuals who are obese may increase slip-induced fall risks.
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Chapter 5 Conclusion and Future Implications
Over the past four decades, the prevalence of obesity in the United States among
adults aged 20-74 has more than doubled from 15% to 35.7% (Flegal et al., 1998;
Kuczmarski et al., 1994; Flegal et al. 2002; Flegal et al., 2010). This high prevalence is
problematic because obesity is associated with numerous health problems including an
increased risk of falls and subsequent injury. Individuals who are obese fall almost twice as
often (27% vs. 15%) compared to non-obese individuals (Fjeldstad et al. 2008), and falls
have been identified as the most common (~36%) cause of injuries in individuals who are
obese (Matter et al. 2007). Thus, it is important to understand factors affecting falls in
individuals who are obese to help develop effective intervention solutions to mitigate falls
among these individuals.

Three studies were carried out to investigate the factors affecting fall risks among
individuals who are obese. The first study explored the relationship between plantar
sensitivity and postural sway among individuals who are obese. Obesity increases postural
sway during quiet standing (Teasdale et al., 2013), and may do so, at least in part, due to
impaired plantar sensitivity. Therefore, it is important to understand the relationship. The
second study was designed to understand the association between executive functions and
fall risks among individuals who are obese. The higher rates of falls among individuals who
are obese could partly result from a relative inability, related to obesity, to effectively
allocate attention to balance maintenance during multi-task conditions, leading to gait and
postural control changes, and resulting in higher fall risks. Therefore, it is important to
understand the association. The third study investigated differences in biomechanical and
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physiological factors between obese fallers and non-fallers after a laboratory-induced slip.
These studies are to our knowledge, the first investigated factors contributing to increased
fall risks among individuals who are obese. The results from these studies provided insight
to the factors through which obesity impairs balance, and provided useful insight for future
efforts aimed at developing interventions to mitigate the delirious effects of obesity on
balance.

Results from the first study (Chapter 2) indicated individuals who are obese
exhibited reduced plantar sensitivity and increased postural sway, and impaired plantar
sensitivity was associated with increased postural sway, characterized as weak to moderate
in strength. As such, impaired plantar sensitivity among individuals who are obese may be
one of factors, through which obesity degrades standing balance among these same
individuals. Therefore, improvements in plantar sensitivity may be able to help obese
individuals’ balance control. Results from the second study (Chapter 3) indicated that
obesity may impair semantic memory, selective attention, and working memory. These
impairments were associated with gait during dual-task walking, suggesting they may
contribute to a higher risk of falling. Results from the third study (Chapter 4) suggested that
altered gait pattern and working memory, lower BMI among individuals who are obese may
be factors by which obesity increased slip-induced fall risks.

5.1 Overall conclusion
Reduced plantar sensitivity, impairments in executive function, altered gait pattern
were associated with deficits in standing and walking balance control, and increased slip
severity among individuals who are obese. Therefore, appropriate fall
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prevention/intervention program targeting at some or all of these factors may be considered
as solutions to decrease fall risks for obese individuals.

5.2 Future studies
This dissertation work incorperated unbalanced sample size between genders, and
thus was not able to detect unbiased gender main effect or interactive effects involving
gender. Future study may be carried out with balanced sample size between genders to
study the gender differences that may influence falls in individuals who are obese. Our
study also found obese individuals with higher BMI associated with reduced slip severity
and faster non-slipping foot reaction time. However, the mechanism of such association
was not clear. Future study may be carried out to understand the mechanism.

5.3 Plan for publications
Study one is published on Neuroscience Letters in 2014. Study two was submitted
to Journal of Perceptual & Motor Skills, and is currently under revision. Study three will be
submitted to American Society of Biomechanics as a conference abstract.

5.4 Intervention implications
No study to date has provided an effective solution to reduce falls in individuals
who are obese, especially when they are exposed to large perturbations (i.e. slip).
Therefore, more appropriate interventions programs may be warranted to attenuate fall risks
in individuals who are obese. Several intervention programs could be used to prevent falls
in individuals who are obese based upon the results from this dissertation work.
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Excessive body fat are associated with a number of major cardiovascular diseases,
Alzheimer’s disease and metabolic diseases (Dobbelsteyn et al., 2001; Hsieh and Muto ,
2006; Shiwaku et al., 2005; Woo et al., 2002; Zimmet et al., 2005). Therefore, weight loss
is critical for improving the overall health in obese individuals (Pi-Sunyer 2002), and may
be considered as one of the appropriate approaches to mitigate fall risks in individuals who
are obese (Matrangola and Madigan 2009). Weight loss has the potential to improve
balance and reduce the risks of falls (Maffiuletti et al., 2005; Teasdale et al., 2007).
Maffiuletti et al. (2005) investigated the effects of weight loss as well as balance training on
balance during single limb stance. Balance training consisted of repeated exposures to the
balance task, i.e. single limb stance. This study found that weight loss by itself may not be
effective for improving balance, when combined with balance training, obese individuals’
single limb standing balance improved significantly. Strength training was also used in
conjunction with weight loss interventions to attenuate decreases in muscle mass and
strength from losing weight in another study (Matrangola and Madigan 2009). This study
showed that less weight loss was needed compared to increased strength for a unit
improvement in standing balance recovery ability, which suggested that weight loss may be
a more powerful intervention than strength training in improving balance recovery using an
ankle strategy. Therefore, the combination of weight loss and balance training/strength
training may be effective solutions for individuals who are obese to mitigate risk of falling.

Resistance training have the capability of improving body mass composition,
muscle strength, sensorimotor stability, functional mobility, gait speed and executive
functions, and improvements in any of these characteristics can reduce fall risks in the
elderly (Anderson and Behm, 2005; Bashiri, et al., 2011; Carroll, et al., 2001; Liu-Ambrose
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et al., 2010; Roberts et al., 2012). Therefore, it can be an effective fall intervention solution
(Gillespie et al., 2012) for individuals who are obese. Obese individuals, who are more
likely to be physically sedentary (Lakka and Bouchard, 2005), may respond favorably to
muscle strengthening training (Roberts et al., 2012). Therefore, resistance-training program
may be a good candidate for fall intervention in individuals who are obese.
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VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY
Informed Consent for Participants
In Research Projects Involving Human Subjects
Title of the Research Study
Improving safety guidelines for the construction industry
Principal Investigators
Maury Nussbaum, Ph.D. 231-6053
Industrial and Systems Engineering
Michael J. Agnew, Ph.D.
Industrial and Systems Engineering
Kevin Davy, Ph.D.
Human Nutrition, Foods, and Exercise
Michael L. Madigan, Ph.D.
Engineering Science and Mechanics
I. Purpose of this Study
Fall-related injuries are a major medical problem that costs billions of dollars annually in
treatment and care. The purpose of this study is to better understand situations where falls
can occur in the construction industry, and to use this knowledge to improve safety
guidelines.
II. Procedures
A. Participant Selection
Up to 396 subjects aged 20-30 or 50-80 will be recruited. Individuals will be required to
pass a screening questionnaire to exclude participants based on self-reported medical
conditions that may increase their risk of injuring themselves or affecting the experimental
results. Adults aged 65 and over will be required to have a minimum bone mineral density
of the femoral neck of 0.65 g/cm^2 as assessed by x-ray.
Exclusion criteria – if you have any of the following conditions, you will not be allowed to
participate:
1) Any of the following bone and joint problems: osteoporosis; knee or hip replacement;
moderate to
severe arthritis; chronic back or neck pain; surgery on the neck, spine, or knee.
2) Any of the following neurological problems: previous stroke resulting in weakness of
one or both legs;
Parkinson's disease; pinched spinal nerves causing pain or affecting gait; history of a
detached retina.
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3) Any of the following muscle problems: persistent muscle weakness; muscle wasting
conditions;
unrepaired inguinal hernia.
4) Any of the following cardiovascular problems: tire easily and have difficulty breathing
during normal
walking; congestive heart failure; cardiomyopathy; uncorrected aortic aneurysm;
circulatory
deficiencies in the feet associated with chronic diabetes; hemophilia; taking significant
doses of
anticoagulants.

B. Experimental Protocol
You will be asked to complete up to three experimental sessions.
Session 1 will be conducted in Dr. Madigan's lab (208 Norris Hall) and will take about 1.5
hours to complete. Upon arriving in the lab, the experimental protocol will be explained to
you, and you will have the opportunity to ask questions. During this session, you will be
asked to repeatedly walk along a walkway under 8 different experimental conditions, for a
total of 24 trials. Reflective markers placed on your body will allow researchers to measure
body movements during walking.
Session 2 will also be conducted in Dr. Madigan's lab (208 Norris Hall) and will take about
2 hours to complete. If your age is 65 or older, you will first be walked to another lab for a
low-energy x-ray to make sure your hip bone is strong. Upon arriving back in the lab, the
experimental protocol will be explained to you, and you will have the opportunity to ask
questions. During this session, you will first be asked to stand as still as possible to
evaluate your balance during quiet standing. Next, you will be asked to walk repeatedly
along a walkway. During a randomly selected walk down the walkway, the experimentors
may attempt to make you slip or trip. Should this happen, simply attempt to recover your
balance and continue to walk to the end of the walkway. You will wear a harness
suspended from an overhead support beam to prevent a fall in the event of a loss of balance.
Session 3 will be conducted in Dr. Madigan’s lab (208 Norris Hall) and will take about 1.5
hours to complete. Upon arriving in the lab, the experimental protocol will be explained to
you, and you will have the opportunity to ask questions. During this session, multiple
measurements of leg strength will be collected. You will be seated on a specialized chair in
our lab that measures muscle strength. When prompted by the investigator, you will be
asked to push as hard as you can against the chair using muscles at either your right ankle,
knee, or hip. These tests will be repeated multiple times while positioning your right ankle,
knee, or hip at various joint angles.
III. Risks
Although this study involves the use of safety equipment to prevent contact with the floor
during an experimentally induced fall, it does involve more than minimal risk for
individuals with bone, joint, or muscle problems. For that reason, individuals with any of
the exclusionary criteria have been excluded from the study. If you are aged 65 or older,
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you will be exposed to small levels of x-ray radiation during hip scans, similar to the
amount of radiation you are exposed to during a long-distance airline flight.
If you happen to fall and are “caught” by the safety harness, this could jolt you and as a
result you could experience minor muscle pain (similar to those encountered in regular
daily activities) or joint pain (neck, shoulder, knee, ankle). We have tested over 150
subjects in this and similar experiments to date. Out of these subjects, one experienced a
minor ankle when her foot was put down awkwardly after slipping.
In the event that you are injured while participating in the study, you will be responsible for
any expense associated with emergency medical treatment, as neither the researchers nor
the University have money set aside for medical treatment expenses.
IV. Benefits
The scientific community will benefit through the additional information that is expected to
result from the completion of this study. This information will improve our understanding
of situations where falls can occur in the construction industry, and contribute to the
improvement of safety guidelines.
No promise or guarantee of benefits has been made to encourage you to participate.
V. Extent of Anonymity and Confidentiality
The results of this research study may be presented in reports, publications, and
presentations. Subject identity will not be disclosed in any situation. Subjects will only be
identified using a unique identifying number assigned during your experiment.
Experiments will be videotaped to assist with our analysis, and possibly to show in a report,
publication, or presentation. The tapes will be maintained under the supervision of the
project PI’s, stored in a laboratory with restricted access, and kept for the foreseeable future
for documentation purposes.
It is possible that the Institutional Review Board (IRB) may view this study’s collected data
for auditing purposes. The IRB is responsible for the oversight of the protection of human
subjects involved in research.
VI. Compensation
You will be paid $20/session for your participation. If you complete all three sessions, you
will be paid a total of $60.
VII. Freedom to Withdraw
You are free to withdraw from the study at any time without penalty. If you choose to
withdraw, you will be paid $10/hour for the sessions completed before withdrawal (up to a
maximum of $20/session).
VIII. Subject's Responsibilities
I voluntarily agree to participate in this study. I have the following responsibilities:
accurately report my age, gender, and history of musculoskeletal injuries.
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IX. Subject’s Permission
I have read the Consent Form and conditions of this project. I have had all my questions
answered. I hereby acknowledge the above and give my voluntary consent:
_____________________________________________
Subject signature
Date

_______________

_____________________________________________
Witness
Date

_______________

Should I have any pertinent questions about this research or its conduct, and research
subjects’ rights, and whom to contact in the event of a research related injury to the subject,
I may contact:
Investigator:
Maury Nussbaum, PhD
nussbaum@vt.edu
ISE Head:
Don Taylor, PhD
don.taylor@vt.edu
Chair, IRB:
David M. Moore, DVM
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231-6053
231-9079
231-4991

moored@vt.edu
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