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ABSTRACT
Background: Slips and falls account for large rates of injury and mortality in multiple
populations. During an unexpected slip, sensory mechanisms are responsible for signaling the
slip to the central nervous system, and a series of corrective responses is generated to arrest the
slip and prevent a fall. While previous research has examined the corrective responses elicited,
the answer of how these systems break down during a fall remains elusive.
Purpose: To examine differences in postural control (slip detection), lower extremity corrective
responses (slip recovery), and cortical control of the slip recovery response between individuals
who fall and those who recover.
Methods: One hundred participants were recruited for this study (50 males & 50 females).
Participant’s gait kinematics and kinetics were collected during normal gait (NG) and an
unexpected slip (US). The slip was classified as a fall or recovery, and by slip severity. Once
classified, postural control, reaction times, corrective moments, and cortical contribution were
examined between groups using ANOVAs and independent t-tests. Additionally, prediction
equations for slip outcome, and slip severity were created using a binary logistic regression
model.
Slip Detection Results: Postural sway when the proprioceptive (OR = 0.02, CI: 0.01-1.34) and
vestibular (OR = 0.60, CI: 0.26-1.39) systems are stressed were negatively associated with odds
of falling. While postural sway when the visual system was stressed (OR = 3.18, CI: 0.88711.445) was positively associated with odds of falling. Slip Recovery Results: Increased time to
peak hip extension (OR = 1.006, CI: 1.00-1.01) and ankle dorsiflexion (OR = 1.005, CI: 1.001.01) moments increased the odds of falling. While the average ankle moment was negatively
associated with falling (OR = 0.001, CI: 0.001-0.005). Cortical Contribution Results: Spectral
power in the Piper frequency band was increased in US trials compared to NG. Further, fallers
exhibited an increase in cortical activity compared to those who recovered.
Conclusions: Rapid lower extremity corrective responses appear critical in arresting the slip and
preventing a fall, and the temporal nature of this response may depend on slip detection and
subsequent response selection. Moreover, our results suggest that more severe slips may require
increased activation of higher centers of the motor cortex.
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CHAPTER I:
INTRODUCTION

1

Walking is special. In science, literature, art, and religion, walking upright separates
child from infant, man from beast, freedom from slavery, and moral righteousness from
turpitude. It is no accident that so much of our developmental iconography depicts
locomotion as the exalted endpoint on the road of developmental progress.
(Adolph & Robinson, 2013)
Disruptions to balance are alarmingly regular occurrences on a daily basis. Whether it is being
bumped walking down a busy street, traversing an icy sidewalk, tripping over an unexpected
obstacle, or encountering a slippery surface, there are countless situations that can result in a loss
of balance, and a subsequent fall. Thus, it is no surprise that falls account for large rates of injury
in multiple populations. One of the most studied cohorts of fall risks are older adults (Liu &
Lockhart, 2009; Lockhart & Kim, 2006; Lockhart, Smith, & Woldstad, 2005; Lockhart,
Woldstad, & Smith, 2003; Lord, Sambrook, et al., 1994; Menant, Steele, Menz, Munro, & Lord,
2008; Merrill, Chambers, & Cham, 2017; Parijat & Lockhart, 2012; Spink et al., 2011; S. J.
Wilson, Garner, & Loprinzi, 2016). People over the age of 65 contribute to over 80% of all fall
related deaths in the United States (Control & Prevention, 2014), and within this older
population, fall-related injuries account for approximately $19 billion in annual medical costs
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(Merrill et al., 2017). Falls are also a major hazard in occupational settings, and represent
another robustly studied area of fall research (Chander, Garner, & Wade, 2014, 2015a, 2015b,
2016; Chander, Wade, & Garner, 2015; Garner, Wade, Garten, Chander, & Acevedo, 2013;
Wade & Davis, 2009; Wade, Davis, & Weimar, 2014; Wade, Garner, Redfern, & Andres, 2014).
About 30% of “fall on the same level” injuries contributed to losing 31 or more workdays in
2009 (Nazifi, Yoon, Beschorner, & Hur, 2017), and in 2012, occupational injuries related to
slips, trips, and falls resulted in a direct cost of over $16 billion in the United States (Nazifi et al.,
2017). Moreover, these “fall on the same level” injuries have been primarily attributed to
slipping (Layne & Pollack, 2004), and others have reported that slipping is a main contributor to
fall initiation (Courtney, Sorock, Manning, Collins, & Holbein-Jenny, 2001). Furthermore,
despite efforts being made to mitigate fall related injuries through Occupational Safety and
Health Administration (OSHA) guidelines (Chang, Leclercq, Lockhart, & Haslam, 2016), or
protective efforts to decrease slip propensity such as footwear (Chander, Garner, et al., 2015b,
2016), costs of fall related injuries are still increasing. The total cost stated above for fall related
injuries in 2012 was approximately $16.48 billion, which increased in 2013 to approximately
$17.92 billion, and increased further in 2014 to about $18.42 billion (Liberty Mutual Research
Institute for Safety, 2014; Liberty Mutual Research Institute for Safety, 2016; Liberty Mutual
Research Institute for Safety, 2017). Considering this obvious increasing trend in fall related
injuries, along with the evidence to suggest slipping is a main cause of falls despite increased
safety mandates, the need for further understanding the slip recovery process itself is immense.
Researchers have commonly classified slips in a severity range based on the magnitude of this
heel slip distance, as well as the velocity of the heel slip (Cham & Redfern, 2001; Chander,
Garner, et al., 2015b; Redfern et al., 2001). A common set of cut-off values was provided by
3

Strandberg and colleagues (1981) and classified slips into mini slips, where participants did not
detect the slipping motion. Midi-slips, where the slip resulted in a recovery without major gait
disturbances, and maxi-slips, in which there was a recovery but with large corrective responses
(Strandberg & Lanshammar, 1981). Though, more recent work has attempted to quantify the slip
response as a fall or recovery through the use of a force criterion in the fall arrest harness system
(Sawers, Pai, Bhatt, & Ting, 2017; F. Yang & Pai, 2011).
The process of an unexpected slip is divided into four distinct phases (environment, initiation,
detection, and recovery) (Lockhart et al., 2005). The environmental phase considers extrinsic
factors of contamination, and states that any fluid contaminant between two sliding surfaces will
provide lubrication and thereby lower the dynamic coefficient of friction (COF) values (Chaffin,
Woldstad, & Trujillo, 1992). Thus, presence of a contamination will reduce the available
dynamic COF of the floor surface. Indeed, slip initiation is dictated by a combination of low
dynamic coefficients of friction and higher required coefficients of friction (RCOF). Slip
initiation is further explained by initial gait characteristics, such as stride length and heel velocity
because of their effects on the RCOF (Lockhart et al., 2005). A variety of factors can lead to
alterations in gait mechanics and a subsequent change in RCOF, such as footwear (Chander,
Garner, et al., 2015a, 2015b), fatigue (Chander, Garner, et al., 2016), and knowledge of the
potential slip (Cham & Redfern, 2002a).
In the detection and recovery phases of a slip, the CNS must undergo certain processing
stages (detection of a slip) and elicit compensatory responses (recovery phase). During the
detection phase, a potential slip induced fall must be signaled by afferent input in order to trigger
a recovery response selection. This alerting process may be initiated by one or more of the
following afferent inputs: proprioception, vision, and vestibular function. Finally, if the slip is
4

properly detected by the sensory systems, the recovery response must be produced, and be
efficacious enough to rescue the fall (Lockhart et al., 2005).
During a human slip response, an ensemble of muscular activations appear in an attempt to
rescue the slip and prevent a fall. The kinetic analysis during slip events has generally focused its
attention on the ground reaction forces (GRFs) and the corrective joint moments during the slip
response (Cham & Redfern, 2001, 2002b; Chander, Garner, et al., 2015a, 2015b, 2016; Redfern
et al., 2001). While these parameters appear much more variable than kinematic responses, there
are important characteristics to be identified. First, the peak shear and normal forces are reduced
during slip events (Strandberg & Lanshammar, 1981). Next, the transfer of body weight to the
supporting leg does not seem to be completed in fall trials, as evidenced by the change in shape
of the normal forces (Strandberg & Lanshammar, 1981), as well as the center of pressure
progression which tended to remain close to the ankle in fall trials (Cham & Redfern, 2001).
Finally, after a slip has been initiated, a series of corrective responses attempt to rescue the fall
and maintain locomotion. The primary response identified during a slip is an increased flexion
knee moment, and extension moment about the hip (Cham & Redfern, 2001). This is followed by
a secondary response consisting of a knee extension moment and hip flexion moment. This
temporal pattern of muscle activations has been observed in response to a fluid contaminant
(Cham & Redfern, 2001), as well as using rollers to elicit a slip response (Marigold & Patla,
2002). The primary response is thought to bring the slipping foot back near the body, while the
secondary response is thought to be a compensatory reaction to avoid the knee buckling and
allowing locomotion to continue (Cham & Redfern, 2001). The ankle, however, acted as a
passive joint during fall trials. This was thought to be due to the COP’s proximity to the heel
throughout stance in the fall cases, indicating an incomplete full body weight transfer to the
5

leading foot (Cham & Redfern, 2001). During the slip perturbations initiated at heel contact, the
onset of corrective actions taken was recorded at about 25% into the stance phase and continued
until about 45% of stance. These portions on average, represented approximately 190ms to
350ms after heel contact (Cham & Redfern, 2001).
The temporo-spatial nature of the slip response has several key events that appear reflexive in
nature. However, there is little information regarding corticospinal contribution to the slip
response. There is limited information to suggest a transcortical reflex pathway during a trip
response (Christensen, Morita, Petersen, & Nielsen, 1999). The facilitative response of the ankle
dorsiflexors to lift the foot over the obstacle appears approximately 70-95ms after the trip
(Christensen et al., 1999). Interestingly, the forward slip begins approximately 50-100ms after
heel strike, and the corrective responses to a slip are observed around 190-350ms after heel strike
(Cham & Redfern, 2001; Chambers & Cham, 2007). The temporal nature of this response could
suggest involvement of a cortical pathway in the slip response. These observations, taken in
conjunction with findings of corticospinal involvement in voluntary gait modifications (Clark,
Kautz, Bauer, Chen, & Christou, 2013) lend to the need to examine the possibility of
corticospinal involvement in a slip response.
While it is generally agreed upon that a successful slip recovery must include efficient
detection, and activation of recovery synergies. The answer of how these systems break down
during a fall remains elusive. This is, at least in part, due to the lack of falls in the laboratory
based research, possibly due to shortcomings in the methodologies employed to define a fall.
The purpose of this study is to examine differences in slip detection and slip recovery
between individuals who fall and those who recovery. Specifically, postural sway parameters,
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lower body kinetic variables, and muscle activity measures will be examined between falls and
recoveries. These findings will hopefully provide information about how the slip recovery
process breaks down and leads to a subsequent fall. If so, findings herein could help provide new
insights into treatment and prevention of falls.
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Hypotheses
Slip Detection Hypothesis
Specific Aim 1:
To investigate the contribution of sensory system integrity on slip detection, and slip
recoveries between falls and recoveries.
H01: There will be no differences in AP/ML sway RMS, and AP/ML sway velocity between
individuals who fall or recover.
HA1: There will be significant increases in AP/ML sway RMS, and AP/ML velocity between
individuals who fall or recover.
Previous research using equilibrium scores during sensory organization tests have suggested
that individuals with decreased EQ scores slipped longer when exposed to unexpected slips
(Lockhart, 2008). We suggest using specific classification of slip severity, as well as an objective
assessment of fall/recover, along with more detailed postural control measures. These measures
may provide more insight into the contribution of individual sensory systems to slip detection
and recovery. We hypothesize that those who experience a more hazardous slip (Midi and macro
slips) will have increased postural sway parameters (indicating decreased balance) relative to
those who had non hazardous slips (micro slips). Similarly, we hypothesize that those classified
as “fallers” during the slip trial will have increased postural sway parameters compared to those
who were classified as “recoveries”.

8

Slip Recovery Hypotheses
Specific Aim 2:
H02: There will be no differences in reaction time latencies between individuals who fall or
recover.
HA2: There will be significant increases in reaction time latencies between individuals who
fall or recover.
H03: There will be no differences in lower extremity corrective moments during a slip
response between individuals who fall or recover.
HA3: There will be significant decreases in lower extremity corrective moments during a slip
response between individuals who fall or recover.
Previous research using latencies alone from the MCT has suggested that individuals with
slower reaction times slip longer than those with faster latencies (Lockhart, 2008). While
literature examining corrective kinetic responses has suggested a stereotyped reflexive response
that involves flexion of the knee, and extension of the hip in the leading leg (Cham, 2001). These
responses have been reported to be scaled to the severity of the slip, but have yet to be analyzed
between groups of fallers and non fallers, or specifically between groups of slip types. We
suggest using specific classification of slip severity, as well as an objective assessment of
fall/recover. These measures may provide more insight into the role of reaction time responses to
a slip, as well as the contribution of individual neuromuscular responses between people who
experience more severe slips. We hypothesize that those who experience a more hazardous slip
(Midi and macro slips) will have decreased reaction time latencies of the postural control system,
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as well as decreased muscle activation during these perturbations. Moreover, we hypothesize that
those who experience more hazardous slips will exhibit slower corrective responses of the
slipping leg. Similarly, we hypothesize that those classified as “fallers” during the slip trial will
have decreased reactions times and response measures compared to those who were classified as
“recoverers”.
Cortical Contribution Hypotheses
Specific Aim 3:
H04: There will be no differences between corticospinal contribution during the slipping period
between individuals who fall or recover.
HA4: There will be significant decreases in corticospinal contribution during the slipping period
between individuals who fall or recover.
There is limited information to suggest a transcortical reflex pathway during a trip response
(Christensen et al., 1999). The facilitative response of the ankle dorsiflexors to lift the foot over
the obstacle appears approximately 70-95ms after the trip (Christensen et al., 1999).
Interestingly, the forward slip begins approximately 50-100ms after heel strike, and the
corrective responses to a slip are observed around 190-350ms after heel strike (Cham & Redfern,
2001; Chambers & Cham, 2007). The temporal nature of this response could suggest
involvement of a cortical pathway in the slip response. These observations, taken in conjunction
with the aforementioned findings of corticospinal involvement in voluntary gait modifications
(Clark et al., 2013) lend to the need to examine the possibility of corticospinal involvement in a
slip response.
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Operational Definitions
Posture:
Posture is the relative position of the various parts of the body with respect to one another (the
egocentric coordinate system) and to the environment (the exocentric coordinate system). A
third frame of reference is that of the gravitational field (the geocentric coordinate system). The
orientation of the body part can be described in terms of each of these frameworks (Kandel,
Schwartz, & Jessell, 2000).
Postural Equilibrium:
Regulation of posture with respect to gravity is important in maintaining postural equilibrium,
which can be defined as the state in which all forces acting on the body are balanced so that the
body rests in an intended position (static equilibrium) or is able to progress through an intended
movement without losing balance (dynamic equilibrium) (Kandel et al., 2000).
Balance:
The ability to maintain the vertical projection of the center of mass within the base of support.
While balance and postural stability are often used synonymously, postural stability depends on
the intentional action, the choice of movement strategy and the underlying neuromotor process
(Levangie & Norkin, 2011). The maintenance of the center of gravity within the base of support
(Winter et al., 1990).
Fatigue:
Muscular fatigue may be defined as an inability of the muscle to maintain a reasonably
expected force output (Gribble & Hertel, 2004). A decline in the capacity to generate force
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(Corbeil, Blouin, Bégin, Nougier, & Teasdale, 2003). A cognitive perception of tiredness (Cham
& Redfern, 2001).
Center of Mass (CoM):
Center of Mass is defined as the point where the three mid-cardinal planes of the body meet,
not necessarily located in the body (Rodgers & Cavanagh, 1984).
Center of Gravity (CoG):
Center of Gravity is defined as the point at which the weight force (mg) of a body or system
should be applied to a rigid body or system to balance exactly the translational and rotational
effects of gravitational forces acting on the components of the body or system. Also known as,
the point at which the weight of the body or system can be considered to act (Rodgers &
Cavanagh, 1984).
Line of Gravity (LoG):
Line of Gravity is defined as the perpendicular line towards the ground from the center of
gravity of that particular body (Levangie & Norkin, 2011).
Base of Support (BoS):
Human being’s base of support is defined by the area bounded posteriorly by the tips of the
heels and anteriorly by a line jointing the tips of the toes, and is considerably smaller than the
quadruped base of support (Levangie & Norkin, 2011).
Center of Pressure (CoP):
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Center of Pressure is defined as a quantity, collected by a force platform that describes the
centroid of the pressure distribution over a given area (Rodgers & Cavanagh, 1984).
Dynamic Posturography/Sensory Organization Test (NeuroCom):
A testing system which isolates inputs of the vestibular, visual, and somatosensory systems;
isolates neuromuscular outputs; and isolates mechanisms of center integration used for postural
control and balance (Guskiewicz & Perrin, 1996).
Proprioceptive System:
Sensory system which provides body/limb position and contributes to the maintenance of
balance; includes input from the musculoskeletal system (muscles, tendons, and joints); sensory
receptors such as muscle spindles and golgi tendon organs that supply information for changes in
muscle length and rate of change of muscle length (Kandel et al., 2000).
Visual System:
Sensory system which provides environmental information via the eyes as well as input about
movements and position of the body (Kandel et al., 2000; Winter, 1995).
Vestibular System:
Sensory system composed of the structures of the inner ear that detect linear and angular
accelerations of the head. Regulates body alignment and head position in the presence of
gravity, as well as regulating eye movement (Iurato & Flock, 1967; Kandel et al., 2000).
Friction:
Friction is the force resisting the relative motion of objects against each other. Types
13

include, dry friction, fluid friction, lubricated friction, skin friction and internal friction.
Coefficient of Friction:
The coefficient of friction (COF, μ) is a dimensionless scalar quantity which is the ratio of the
force of friction between two objects and the normal force, which is perpendicular to the moving
surface.
Tribology:
Tribology is the science and engineering of interacting surfaces in relative motion.
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CHAPTER II:
REVIEW OF LITERATURE:

15

The purpose of this investigation is to examine the biomechanical differences between
people who slip during gait and experience a subsequent fall, and those who slip, but recover
prior to falling. Throughout this chapter, we will examine the established literature on normal
human gait biomechanics, including kinematics, kinetics, and muscle activation of the lower
extremities during normal locomotion. Additionally, this section will describe the major sensory
systems involved in maintaining stable human gait, as well as the neural strategies proposed that
allow humans to ambulate with little to no cognitive attention given to the task of walking. The
second section, will examine how the human neuromuscular system potentially breaks down
during a slip event. This section will include the different phases of a slip, and the associated
kinematics, kinetics, and muscle activation measures during each phase of the slip event. Finally,
the possible differences between fallers and those who recover will be discussed. This section
will focus on possible sensory, and reactionary deficits. As well as neural control over normal
human locomotion, and how cortical input could play a role in slip recovery
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Gait Biomechanics
Kinematics of Normal Gait
Human gait is a complex bipedal movement with many subtasks that must be simultaneously
satisfied and that are continuously changing over the stride period (Winter, 1995). But before we
can discuss how the neuromuscular control of locomotion may fail and result in a fall, we must
discuss human gait under normal conditions. David Winter (Winter, 1990) originally proposed
five main tasks for walking gait: 1) To maintain support of the head, arms, and trunk, preventing
collapse of the lower limbs. 2) Maintenance of upright posture and balance of the body. 3)
Control of the foot trajectory to achieve safe ground clearance and a gentle heel or toe landing. 4)
Generation of mechanical energy to maintain the present forward velocity or to increase the
forward velocity. 5) Absorption of mechanical energy for shock absorption and stability or to
decrease the forward velocity of the body (Winter, 1989).
Gait has been subdivided into several phases that allow us to describe what events are
occurring during a gait cycle. A gait cycle spans two successive events of the same limb,
typically initial contact of the lower extremity with the supporting surface. During one gait cycle,
each extremity passes through two major phases, a stance phase, and a swing phase. In the stance
phase, some part of the foot is in contact with the floor, which makes up about 60% of the gait
cycle (Lamoreux, 1970). While the swing phase consists of any time the foot is not in contact
with the floor, and makes up the remaining 40% (Lamoreux, 1970; M Pat Murray, 1967). In the
time between one limb making initial contact and the other leaving the ground at toe off, there
are two periods of double support. At normal walking speeds, each period of double support
accounts for about 11% of the gait cycle, which makes a total of approximately 22% for a full
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cycle (M Pat Murray, Drought, & Kory, 1964). The stance and swing phases are further
subdivided into a sequence of events. In the stance phase, these events include; Initial contact,
foot flat, mid-stance, heel off, and toe off. While the swing phase includes early swing phase,
midswing, and late swing. Using these events, terminology was developed in the Ranchos Los
Amigos National Rehabilitation Center to further describe subphases of stance and swing (Los
Amigos, 2001). The heel strike phase begins with initial contact and ends with foot flat and
occupies only a small percentage of the gait cycle. Included within this phase are weight
acceptance, which begins at initial contact and ends when the contralateral extremity lifts off the
ground at the end of the double support phase and occupies about 11% of the gait cycle. The
midstance phase begins with foot flat at 7% of the gait cycle and ends with heel off at about
40%. While the push off phase begins with heel off and ends with toe off around 60% of the full
gait cycle.
The swing phase subphases begin with the early swing phase once the toe leaves the ground
and continues until midswing, or the point at which the swing leg is directly under the body.
Midswing occurs approximately when the extremity passes directly beneath the body, or from
the end of acceleration to the beginning of deceleration. Late swing occurs after midswing when
the limb is decelerating in preparation for heel strike. This phase is also known as the terminal
swing, or deceleration phase. The temporal and spatial parameters of the gait cycle provide a
kinematic description of the human locomotion. The temporal parameters include stance time,
single-support time and double support time, swing time, stride and step time, cadence and speed
of walking. The spatial parameters include stride length, step length and width, and degree of toe
out (Levangie & Norkin, 2011). Stance time is the time spent by one extremity during the stance
phase, while swing time is during swing phase. Single support time is time during the gait cycle
18

where only one extremity is in contact with the ground, while double support time is when both
extremities are in contact with the ground. Stride length is the linear distance between two
successive events of the gait cycle, while step length is the linear distance between two
successive points of contact of the opposite extremities (Enoka, 2008; Levangie & Norkin,
2011). Cadence is the number of steps per minute and walking velocity is the rate of linear
forward motion of the body, which is derived from the product of the cadence and step length
(Enoka, 2008; Levangie & Norkin, 2011).
The motion of the heel as it comes into contact with the ground is thought to play a role in slip
propensity (Redfern & Bidanda, 1994). Movement of the heel has shown that the heel rapidly
negatively accelerates just prior to heel contact, then there is a slight sliding motion along the
surface at impact (Perkins & Wilson, 1983; Redfern et al., 2001; Strandberg & Lanshammar,
1981). The sliding of the heel upon ground contact is quite variable, but in general previous
literature suggests that the heel velocity is forward immediately upon impact, then it either
comes to a stop or reverses sliding direction before coming to a stop. However, it is worth noting
that others have reported walking trials where the heel’s impact velocity in the anterior posterior
direction was negative, indicating the heel was moving in the backwards direction at heel contact
(Cham & Redfern, 2002a). In all these reported cases, this rapid heel motion ended shortly after
heel contact and the heel came to a complete stop, while the foot continued to rotate down on
the floor (Redfern et al., 2001). With respect to joint angles, at heel contact the ankle is in slight
dorsiflexion but rapidly reaches peak plantarflexion as the foot rotates towards the ground and
into midstance.
During the toe off phase the ankle again goes into plantarflexion. At the knee, in the first 30%
of stance there is an increased knee flexion, caused by the forward rotation of the shank. While
19

in the latter portion of the stance phase, as the center of gravity is passing the single leg base of
support, the knee flexes again as the individual prepares for the heel contact of the contralateral
foot, and toe off of the ipsilateral foot (M Patricia Murray, Kory, Clarkson, & Sepic, 1966;
Redfern & DiPasquale, 1997; Winter, 1995). The hip angles reflect changes in the orientation of
the upper leg, and for most of the stance phase the hip is in extension due to the continuous
forward rotation of the upper leg. Until the end of the stance phase when the subject begins to
flex the hip and knee in preparation for the start of the swing phase (Winter, 1995).
Kinetics of Normal Gait
The force interactions between the foot and the ground have been posed to be possibly the
most critical biomechanical parameter in slips and falls. The propensity of a slip is driven by the
shear forces generated during a step, and when these shear forces exceed the friction required for
proper transition into and through the stance phase, the chances of a slip will increase (Chander,
Garner, et al., 2015a, 2015b; Redfern et al., 2001). Thus, it is a requisite to discuss the forces
between the foot-floor interface in normal walking conditions before relating them to slips.
These forces between the foot and ground, commonly referred to as ground reaction forces
(GRF) have been examined previously by a number of groups (Chambers & Cham, 2007;
Chander, Garner, et al., 2015a; Lockhart et al., 2005; Perkins & Wilson, 1983; Redfern et al.,
2001; Redfern & DiPasquale, 1997; Strandberg & Lanshammar, 1981; Winter, 1989, 1995).
During normal locomotion, the vertical forces are characterized by two peaks. The first peak
occurs at the end of the loading phase, approximately 25% into the stance phase as full body
weight is transferred to the supporting foot. The second peak occurs later in stance just before the
beginning of the toe-off phase. The anterior-posterior shear forces also exhibit two major peaks.
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The first is in the forward direction which is attributed to the loading response. This first peak
has been suggested to play a critical role in slip outcomes, it occurs at approximately 19% of the
stance phase, or about 90-150ms after heel contact. The second peak is in the posterior direction
due to the propulsive forces into the ground during toe-off (Redfern et al., 2001). A closer
examination of heel contact dynamics has revealed other forces thought to play a role in slips and
falls. The first appears immediately after heel strike and is in the anterior direction (Strandberg &
Lanshammar, 1981; Whittle, 1999). While clear findings on this transient force at heel strike are
equivocal, those who have observed it attribute it to movement of the heel as it comes into
contact with the floor and transfers momentum to the ground (Redfern et al., 2001; Strandberg &
Lanshammar, 1981; Whittle, 1999).
Shortly after this initial peak is a second peak in the posterior direction. This peak represents
the backward movement of the heel during the early loading phase (Strandberg & Lanshammar,
1981). The propensity of a slip is highest near heel contact and toe off due to the increased shear
forces accompanying these events (Redfern et al., 2001; Redfern & DiPasquale, 1997). A
common method for quantifying slip potential is the required coefficient of friction (RCOF). The
RCOF is the ratio of shear to normal ground reaction forces (Chander, Garner, et al., 2015a,
2015b; Grönqvist et al., 2001; Redfern et al., 2001). Due to the results of normal and shear
forces, the RCOF has a peak value occurring at about the same time as the peak shear force.
During normal gait, this peak value is about 0.20, and this peak has been suggested to predict slip
potentials for multiple gait activities (Redfern et al., 2001).
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Muscle Activation during Normal Gait
In addition to classic kinematic and kinetic parameters used to assess human locomotion,
electromyography (EMG) has proved a valuable tool to examine the basic neural control of gait.
The two primary contributions of muscle activity during a gait cycle are to provide a stable
support moment during the stance phase and provide a propulsion moment to generate energy to
move during the end of the stance and throughout the swing phase (Levangie & Norkin, 2011).
In normal walking, the lower extremity acts as a beautiful orchestra fulfilling is ambulation goals
in an energy efficient manner, utilizing muscle actions that become primarily isometric or
eccentric as the gait cycle progresses (Boakes & Rab, 2006).
At heel contact the limb begins to negatively accelerate the body as it reaches the ground. This
is accomplished by concurrent activity of the knee extensor and flexor muscles to stabilize and
position the knee in space. Hip extensor contraction negatively accelerates the thigh and aids in
knee extension and foot placement. Simultaneously, the tibialis anterior begins to eccentrically
lower the foot down to the ground. Following initial contact, as the leg begins its loading
response, and weight acceptance, there is activation of the knee extensors. Next there is a
minimal amount of passive knee flexion, superseded by knee extension and eccentric
plantarflexion of the ankle. Contraction of the gluteus medius isometrically stabilizes the pelvis
in the frontal plane as the body approaches midstance of the gait cycle. At midstance, the center
of gravity has reached its highest point and is carried forward by momentum. While the knee
remains extended, this process is very energy efficient, allowing the body mass to fall forward.
At terminal stance, the plantarflexors begin to concentrically contract, accelerating the body
forward. The pre-swing and initial swing is characterized by concentric muscle actions from the
hip flexors and knee extensors followed by the passive pendulum like action of the lower leg
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during mid-swing that further advances the body during gait. Finally, the eccentric action of the
knee flexors, especially the hamstrings serves to slow the hip flexion and knee extension as the
knee extensors and ankle dorsiflexors act to prepare the lower leg to accept weight during heel
strike.
Previous literature has suggested that there may be pronounced variability in EMG data during
a gait cycle, and data should be averaged from five to ten gait cycles in order to obtain a
representative sample (Boakes & Rab, 2006). Accordingly, the neuromuscular orchestra of the
lower extremities during gait functions predominately isometrically and eccentrically in order to
store and transfer energy between limb segments. While brief periods of higher energy
concentric muscle actions aid in propelling the body forward and continuing the gait cycles
(Boakes & Rab, 2006; Winter, 1995).
Afferent Contributions to Normal Gait & Slip Implications
Locomotion results from intricate dynamic interactions between a central “program” and
feedback mechanism. The central program relies fundamentally on a genetically determined
spinal circuit capable of generating basic locomotion patterns, as well as neural drive through
various descending pathways that can trigger, stop, and steer locomotion. Sensory feedback from
muscle and skin afferents, as well as vision, auditory, and vestibular, dynamically adapt the
locomotion pattern to the requirements of the environment (Frost, Skidmore, Santello, &
Artemiadis, 2015). Previous literature has suggested that a decrement to any one, or multiple
sensory systems significantly increases the odds having dysfunctional balance, and fear of falling
(F. B. Horak, 2006; F. B. Horak, Shupert, & Mirka, 1989; S. J. Wilson et al., 2016).
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Proprioceptive Information
Sensory information is integrated into the motor commands at all levels of the central nervous
system (CNS). The CNS makes use of this sensory information in two fundamentally different
ways: One is that sensory activity helps internal commands in driving output neurons during all
normal volitional movement. Another is that sensory information may be used to inform the
CNS about errors in the execution of movement (Nielsen & Sinkjaer, 2002). Most of the early
work examining the afferent contributions to normal human gait has been done using either
mechanical stretching of the muscle of interest, or electrical stimulation of primary afferents
from the muscles (C Capaday & Stein, 1986; Nielsen & Sinkjaer, 2002; Sinkjaer, Andersen, &
Larsen, 1996; J. Yang, Stein, & James, 1991). The theoretical underpinning of these studies was
that when the perturbation was provided at a key phase of the gait cycle it would provide insight
into how the afferent feedback is used during normal gait at that point. However, it quickly
became clear that the complexity of the biomechanics and of the nervous system do not allow
those assumptions to be made. What these studies did provide, is that by increasing afferent
activity through a mechanical stretch or electrical stimulation, we are only revealing the effect of
the added afferent activity on top of the already ongoing natural baseline activity. Thus, this is
the effect of a sudden external perturbation being investigated rather than the contribution of the
afferent activity in the generation of the normal movement (Nielsen & Sinkjaer, 2002).
Instead of providing a stimulus, a more appropriate technique used to examine the afferent role
during the gait cycle is to remove the muscle afferent feedback generated by the movement.
Sinkjaer (2000) and colleagues examined this by unloading the ankle plantarflexors during the
stance phase of gait (Sinkjær, Andersen, Ladouceur, Christensen, & Nielsen, 2000). Their idea
was that if the muscle afferents contributed significantly to the background EMG activity,
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unloading of these muscles would diminish firing of the muscle afferents and reduce EMG
activity. Indeed, during the stance phase, unloading of the plantarflexors reduced the soleus
activity significantly. In an attempt to explain the origin of this inhibition, the peroneal nerve was
blocked through lidocaine injections. However, the response persisted, suggesting that the effect
could not be caused by a peripherally driven reciprocal inhibition from afferents of the agonists.
Additionally, an ischemic response was elicited with a cuff around the thigh. This completely
abolished the Ia afferent stretch reflex, while the decrease in soleus activity persisted,
demonstrating that the Ia afferents are likely not responsible for the decrease in soleus activity
during unloading. The authors concluded that the sensory feedback important during the stance
phase of gait is likely from group II afferents, or group Ib afferents from the golgi tendon organs
(GTO) (Sinkjær et al., 2000). The proprioceptive system contributes to stability, particularly
during changes of position (Woollacott, Shumway-Cook, & Nashner, 1982). A study examining
the efficacy of ankle proprioception for balance retention in older adults demonstrated that
postural sway was increased more when proprioception was altered compared to alterations of
the visual field (Woollacott et al., 1982). Increases in postural sway have been thoroughly linked
to an increased risk of experiencing a fall (Chander et al., 2014; Chander, Morris, Wilson,
Garner, & Wade, 2016; Garner et al., 2013; Lockhart et al., 2005; Wade & Davis, 2009; Wade,
Davis, et al., 2014; Wade, Garner, et al., 2014; S. J. Wilson et al., 2016). As previously
mentioned, proprioception helps drive volitional movements. This is primarily seen in the
proprioceptive modifications to motor programs using feed-forward control mechanisms (Bard,
Fleury, Teasdale, Paillard, & Nougier, 1995; Sainburg, Ghilardi, Poizner, & Ghez, 1995).
During a slip response, motor programs have to be modified to maintain dynamic balance.
These modifications are substantially driven by visual input as well as proprioceptive input.
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However, previous literature has speculated that when visual cues conflict with environmental
cues, proprioceptive input may be the quickest and most accurate modality associated with
balance maintenance (Ghez & Sainburg, 1995). Therein, a deficit in proprioception will likely
hinder the slip recovery process after a slip perturbation.
Visual Information
The visual system is uniquely positioned to provide information on the static and dynamic
features of the near and far environment in which we as humans move. Vision is also the only
sensory system that can provide information about inanimate features at a distance (Patla, 1997).
Originally proposed by Patla (1996), the visual system has several requirements it must satisfy in
the regulation of locomotor control; 1) set up the initial body posture needed to initiate
locomotion, 2) initiate and terminate locomotion as and when needed, 3) produce and coordinate
the rhythmic activation patterns for the muscles of the limbs and the trunk to propel the body in
the intended direction 4), maintain dynamic stability of the moving body counteracting the force
of gravity and other forces, 5) modulate the patterns to maintain or alter the sped of locomotion,
to avoid obstacles, select appropriate stable foot placement, accommodate different terrains and
change the direction of locomotion, 6) guide locomotion towards endpoints that are not visible
from the start, 7) use minimal fuel to maximize distance covered before stopping for
replenishment of nutrients, 8) ensure the structural stability of the locomotor apparatus to
minimize downtime or permanent damage during the lifespan of the animal (Bronstein, Brandt,
Woollacott, & Nutt, 1996). Vision plays a major role in maintaining stability, both at stance and
while undergoing movement such as walking (Tinetti, Speechley, & Ginter, 1988). Older adults
tend to rely more on visual cues for the maintenance of balance, while younger adults rely more
on proprioceptive and vestibular cues (Lockhart et al., 2005; Redfern & DiPasquale, 1997).
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Redfern and colleagues (1997) have previously shown that postural stability of older adults,
compared to younger was more affected by a moving visual environment. Further, they
suggested that postural instability was most likely caused by a decrement in the older adults
pertaining to visual and proprioceptive inputs, and an inability to solve sensory conflicts
(Redfern & DiPasquale, 1997). Thus, visual deficits may result in an increase in the time taken
for the visual system to alert the CNS of a potential fall, therefore, increasing the likelihood of a
fall (Lockhart et al., 2005).
Vestibular Information
Within the inner ear is a vestibular labyrinth which comprises five receptor organs that,
complemented by the contralateral ear, can measure linear acceleration along any axis and
angular acceleration about any axis. The labyrinth is adjacent to and continuous with the
cochlear duct of the inner ear and also consists of three semicircular canals and two large
chambers known as the utricle and the saccule. Linear accelerations caused by bodily
movements or due to gravity are detected by the utricle and the saccule, while an angular
acceleration caused by a rotation of the head or body is detected and measured by the
semicircular canals. Information from the vestibular system can be used in three different ways.
First, the information is used to control eye musculature in order to keep the eyes fixed on a
point as the head changes position. Thus, when the head is suddenly tilted, signals from the
semicircular canals cause the eyes to rotate in an equal and opposite direction to the rotation of
the head. This is a function of the vestibule-ocular reflex. Second, vestibular information can be
used to maintain upright posture, and a third use of vestibular information involves conscious
awareness of the body’s position and acceleration after information has been relayed to the
cortex by the thalamus (Guskiewicz & Perrin, 1996). The vestibular system is the slowest of the
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afferent sensory systems and is often the last reference point the body will use to make postural
adjustments. As well as aiding the visual system with movement information, the vestibular
system also works as a reference whenever the visual system and/or somatosensory system
receives conflicting input (Iurato, 2013; Winter, 1995). In short, the vestibular system mainly
contributes to the maintenance of balance by maintaining reflexes associated with keeping the
head and neck in the vertical position and allowing the vestibule-ocular reflex to control eye
movement (Guskiewicz & Perrin, 1996).
As indicated, the vestibular system contributes to stabilizing the eyes and head in space but is
also important during fast postural movements (Petersen, Magnusson, Fransson, & Johansson,
1994), such as in eliciting a fall response (G. M. Jones & D. Watt, 1971; G. M. Jones & D. G. D.
Watt, 1971), and in resolving conflicting sensory information from the visual and proprioceptive
systems (Nashner, 1993). A decrement to the vestibular system may cause a subsequent inability
to properly respond to a slip, and increase the propensity of a subsequent slip induced fall.
Neural Control of Normal Gait
Human walking has three main gait characteristics: 1) humans walk erect on two legs, 2) at
the moment of contact with the ground, the leg is almost fully extended, and 3) the foot strikes
the ground initially with the heel. These characteristics are unique to human walking. As a
consequence, a mixture of extensor and flexor muscles are activated at heel contact, and the
activities of leg extensors are not in phase (Charles Capaday, 2002). Ankle extensor activity is
delayed by some 50 – 100 ms after heel contact, when the activity of most other leg extensors
has ceased (Figure 2). These observations suggest that the motor pattern cannot simply be
summarized as a reciprocal activation of flexors during the swing phase, and extensors during

28

the stance phase. The inverted pendulum model of human walking uses the exchange of
gravitational potential energy and forward kinetic energy during the step cycle, which conserves
total body energy. As a result, less new energy is needed at each step (Charles Capaday, 2002).
The visual display of EMG during human walking exhibits well documented individual burst
patterns in the lower extremities (Winter, 1995). The question arises, however, as to which part
of the central nervous system generates these locomotor bursts, a question which has no direct
answer. Much of what we know about the control of mammalian locomotion has been
extrapolated from animal research. In current reports on the neural control of terrestrial
locomotion, emphasis is placed on the capability of interneurons in the spinal segments
innervating the limbs to generate the main features of the locomotor rhythm, including its flexor
and extensor bursts of activity during a stride (Stuart & Hultborn, 2008). These networks of
interneurons are now commonly known as central pattern generators (CPGs). The term central
pattern generator is first noted in the literature in the 1960s by Wilson and colleagues (D. Wilson
& Wyman, 1965). The term CPG is currently used to describe the ensemble of interneurons in
the spinal cord responsible for eliciting the rhythmic, spatiotemporal patterns of locomotion, and
other rhythmic behaviors. Higher brain centers appear to initiate locomotion by activating the
CPGs, but once the CPGs are active, the control of healthy human gait seems relatively
automatic, controlled almost exclusively by the spinal cord (Clark, 2015; Clark et al., 2013;
Stuart & Hultborn, 2008). Evidence of this independent spinal control comes from literature
using stimulation techniques in the lumbar spine that elicited flexion and extension movements
similar to those of walking, even in the absence of input from the brain (Grillner, 2011). These
findings agree with early findings in decerebrate cat models, that showed basic stepping
movements can still be generated (T. G. Brown, 1911; Sherrington, 1910). Several areas of the
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brain have been suggested to play important roles in initiating, and modulating gait. These areas
include brainstem pathways, such as the mesencephalic locomotor region (MLR) (Gossard,
Dubuc, & Kolta, 2011), and subthalamic locomotor region (SLR) (Narita et al., 2002), as well as
cerebellar pathways (Mori et al., 1998), and cerebral pathways from the motor cortex (Clark et
al., 2013). The MLR provides excitatory input to the spinal cord that serves to initiate, scale, and
sustain the descending command for walking (Gossard et al., 2011). The SLR appears related to
the MLR, and may be particularly involved in changes of gait speed, and cadence (Narita et al.,
2002). The cerebellum plays an important role in the coordination, and balance maintenance
during walking. As well as detecting errors in the gait pattern, and aiding in corrective
adjustments (Mori et al., 1998). Descending drive from the cerebral motor pathway is thought to
activate the brainstem pathways and subsequent spinal circuitry which produces the rhythmic
gait pattern (Clark, 2015; Clark et al., 2013; J. F. Yang & Gorassini, 2006).
The corticospinal tract actively contributes to control of walking in humans, and its
importance is evident from the severe debilitating effects observed in stroke patients or those
with spinal cord injury (Nielsen, 2003). Gauging the corticospinal contribution to walking has
proven challenging. However, more recent work by Clark and colleagues (2013) has shown
promise in using electromyographic techniques to assess piper frequencies during gait (Clark et
al., 2013). The premise is that rhythmic firing from the cortical source of excitation will also
yield rhythmic firing of populations of motor units in the periphery. During dynamic muscular
contractions, there is an increased activity in the bandwidth of 30-60 Hz, which is known as the
Piper frequency band (P. Brown, Salenius, Rothwell, & Hari, 1998; Piper, 1907). Clark and
colleagues examined whether or not EMG synchrony is sensitive enough to differentiate the
corticospinal demand during different walking tasks. They examined a typical steady state gait,
30

steady state gait while performing a cognitive dual task, fast walking, and walking plus an
intermittent voluntary long step. It was hypothesized that piper frequency activity would be
decreased during the dual task, due to competition for cortical resources, the same during fast
walking, because pace of walking is mediated through brainstem pathways, and increased during
the voluntary long step because the voluntary modification to the gait pattern is controlled by the
corticospinal tract (Clark et al., 2013). This suggests an active role for corticospinal contribution
during walking, specifically during active modifications to the gait pattern.
During a human slip response, an ensemble of muscular activations appear in an attempt to
rescue the slip and prevent a fall. The temporo-spatial nature of the slip response has several key
events that appear reflexive in nature. However, there is little information regarding corticospinal
contribution to the slip response. There is limited information to suggest a transcortical reflex
pathway during a trip response (Christensen et al., 1999). The facilitative response of the ankle
dorsiflexors to lift the foot over the obstacle appears approximately 70-95ms after the trip
(Christensen et al., 1999). Interestingly, the forward slip begins approximately 50-100ms after
heel strike, and the corrective responses to a slip are observed around 190-350ms after heel strike
(Cham & Redfern, 2001; Chambers & Cham, 2007). The temporal nature of this response could
suggest involvement of a cortical pathway in the slip response. These observations, taken in
conjunction with the aforementioned findings of corticospinal involvement in voluntary gait
modifications (Clark et al., 2013) lend to the need to examine the possibility of corticospinal
involvement in a slip response.

31

Biomechanics of Slips
Definitions and Phases of Slips
During normal gait on dry surfaces, heel sliding along the floor surface has been observed at
and shortly after heel strike before quickly stopping. This heel motion is characterized as
“normal” (Cham & Redfern, 2001), as well as “grip” (Strandberg & Lanshammar, 1981), or
“microslip” (Leamon & Son, 1989). Researchers have commonly classified slips in a severity
range based on the magnitude of this heel slip distance, as well as the velocity of the heel slip
(Cham & Redfern, 2001; Chander, Garner, et al., 2015b; Redfern et al., 2001). A common set of
cut-off values was provided by Strandberg and colleagues (1981) and classified slips into mini
slips, where participants did not detect the slipping motion. Midi-slips, where the slip resulted in
a recovery without major gait disturbances, and maxi-slips, in which there was a recovery but
with large corrective responses (Strandberg & Lanshammar, 1981).
A hypothetical unexpected slip and fall situation, adopted from Lockhart (2005) is presented
in figure 1, with possible causes and effects. The process is divided into four distinct phases
(environment, initiation, detection, and recovery) (Lockhart et al., 2005). The environmental
phase considers extrinsic factors of contamination, and states that any fluid contaminant between
two sliding surfaces will provide lubrications and thereby lower the dynamic coefficient of
friction (COF) values (Chaffin et al., 1992). Thus, presence of a contamination will reduce the
available dynamic COF of the floor surface. Indeed, slip initiation is dictated by a combination
of low dynamic coefficients of friction and higher required coefficients of friction (RCOF). Slip
initiation is further explained by initial gait characteristics, such as stride length and heel velocity
because of their effects on the RCOF (Lockhart et al., 2005). A variety of factors can lead to
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alterations in gait mechanics and a subsequent change in RCOF, such as footwear (Chander,
Garner, et al., 2015a, 2015b), fatigue (Chander, Garner, et al., 2016), and knowledge of the
potential slip (Cham & Redfern, 2002a).
In the detection and recovery phases of a slip, the CNS must undergo certain processing
stages (detection of a slip) and elicit compensatory responses (recovery phase). During the
detection phase, a potential slip induced fall must be signaled by afferent input in order to trigger
a recovery response selection. This alerting process may be initiated by one or more of the
following afferent inputs: proprioception, vision, and vestibular function. Finally, if the slip is
properly detected by the sensory systems, the recovery response must be produced, and be
efficacious enough to rescue the fall (Lockhart et al., 2005).

Figure 1: The process of initiation, detection, and recovery of unexpected slips and falls with
possible causes and effects (Lockhart et al., 2005).
Kinematics of Slips
The interaction that occurs between the surface and lower extremity leading to and during a
slip, are as expected, complex and multifactorial. Kinematic analysis provides a window into the
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overall product of the neuromuscular system and has proven quite useful in understanding the
relationship between gait biomechanics and actual slips and falls incidence. Generally, the sliprecovery response appears consistent across studies (Cham & Redfern, 2001; Chander, Garner, et
al., 2015b, 2016; Lockhart et al., 2005; Lockhart et al., 2003; Perkins, 1978). Typically, trials
leading to a slip event are characterized by higher linear impact heel velocities, slower foot
angular velocities at heel contact and faster sliding heel movements after heel contact (Redfern et
al., 2001). Generally, participants are able to slow down the heel to very low velocity levels,
often even sliding backwards. Previous literature has suggested, that regardless of the slip
outcome the foot is able to rotate down onto the floor and reach the foot-flat position (Cham &
Redfern, 2001). Another consistency within the slip responses, are the time at which the slip
starts. A forward slip appears to start slightly after heel contact (about 50 – 100 ms) (Cham &
Redfern, 2001; Perkins, 1978; Strandberg & Lanshammar, 1981). As mentioned previously, it
has been proposed that a slip is likely to result in a fall if the slip distance is greater than 10 cm,
or the peak sliding velocity is higher than 0.5 cm/s (Redfern et al., 2001). Cham and Redfern
(2001) reported heel velocities of a slip trial that resulted in a fall reached a local maximum
velocity before the participants attempted to control the slipping motion, and thus, slowing the
heel’s motion, and in some cases, reversing the motion to a local minimum. At that time, the heel
accelerate again and eventually leads to a fall (Cham & Redfern, 2001).
Kinetics of Slips
The kinetic analysis during slip events has generally focused its attention on the GRFs and the
corrective joint moments during the slip response (Cham & Redfern, 2001, 2002b; Chander,
Garner, et al., 2015a, 2015b, 2016; Redfern et al., 2001). While these parameters appear much
more variable than kinematic responses, there are important characteristics to be identified. First,
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the peak shear and normal forces are reduced during slip events (Strandberg & Lanshammar,
1981). Next, the transfer of body weight to the supporting leg does not seem to be completed in
fall trials, as evidenced by the change in shape of the normal forces (Strandberg & Lanshammar,
1981), as well as the center of pressure progression which tended to remain close to the ankle in
fall trials (Cham & Redfern, 2001). Finally, after a slip has been initiated, a series of corrective
responses attempt to rescue the fall and maintain locomotion. The primary response identified
during a slip is an increased flexion knee moment, and extension moment about the hip (Cham &
Redfern, 2001). This is followed by a secondary response consisting of a knee extension moment
and hip flexion moment. This temporal pattern of muscle activations has been observed in
response to a fluid contaminant (Cham & Redfern, 2001), as well as using rollers to elicit a slip
response (Marigold & Patla, 2002). The primary response is thought to bring the slipping foot
back near the body, while the secondary response is thought to be a compensatory reaction to
avoid the knee buckling and allowing locomotion to continue (Cham & Redfern, 2001). The
ankle, however, acted as a passive joint during fall trials. This was thought to be due to the
COP’s proximity to the heel throughout stance in the fall cases, indicating an incomplete full
body weight transfer to the leading foot (Cham & Redfern, 2001). During the slip perturbations
initiated at heel contact, the onset of corrective actions taken was recorded at about 25% into the
stance phase and continued until about 45% of stance. These portions on average, represented
approximately 190ms to 350ms after heel contact (Cham & Redfern, 2001).
Muscle Activation During Slips
Similarly to the joint moment responses observed during a slip response, a slip perturbation
elicits an ensemble of muscle activation responses accompanying those kinetics. Chambers and
Cham (2007) examined the EMG responses of lower extremity muscles during normal walking
35

and during a slip perturbation. The initial reaction to a slip consisted of the activation of the
medial hamstring, tibialis anterior, medial gastrocnemius, and finally the vastus lateralis, in that
stepped approach (Chambers & Cham, 2007). These muscle onset responses are consistent with
previous reports of joint moments during the slip responses (Cham & Redfern, 2001). The
responses observed to an unexpected slip were scaled to its severity with muscular reactions
generated during hazardous slips characterized by longer durations and more powerful reactions.
Increased EMG responses were also noted for the tibialis anterior during the most severe slips, as
classified by heel slip distance and velocity. Indeed, the increased activation of the tibialis
anterior may increase the time needed for foot flat to be achieved, which is an important aspect
of slip recovery and the continuation of normal locomotion. Interestingly, this increased
activation of the tibialis anterior is found in conjunction with the null ankle moment during
severe slips (Cham & Redfern, 2001). This suggests that the increased activity observed in the
lower leg muscles resulted in increased co-contraction of the ankle musculature (Chambers &
Cham, 2007). Similar muscular responses were also seen under slip events when compared with
young and older individuals, with a delayed latency from the vastus lateralis activity in severe
slips (Chambers & Cham, 2007). An increase in the frictional demand, heel contact velocity, and
a reduction in the transitional acceleration of the whole body center of mass has also been
reported under slippery conditions, specifically when localized fatigue of the lower extremities
was induced (Parijat & Lockhart, 2008). As mentioned above, the musculature of the knee and
hip joints are integral in slip recoveries, through producing large moments to rescue the slip, and
stabilization of the body in recovery, respectively (Parijat & Lockhart, 2008). During events of
lower extremity fatigue, a decreased peak knee moment was reported, which taken with other
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findings such as delayed onset latencies may suggest that fatigue of the lower extremities
increases slip propensity.
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MANUSCRIPT I
POSTURAL CONTROL MEASURES MAY PROVIDE INSIGHT INTO THE
IMPORTANCE OF SENSORY INTEGRATION AND MOTOR CONTROL
STRATEGIES USED DURING SLIP RECOVERY
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Introduction
Disruptions to balance are alarmingly regular occurrences on a daily basis. Whether it is being
bumped walking down a busy street, traversing an icy sidewalk, tripping over an unexpected
obstacle, or encountering a slippery contaminant, there are countless situations that can result in
a loss of balance, and a subsequent fall. Thus, it is no surprise that falls are the third leading
cause of overall unintentional death in the United States, and the leading cause of injury and
death among older adults (Burns, Stevens, & Lee, 2016). The control of human posture is an
important contributor to fall risk that involves different underlying physiological systems such as
the visual, somatosensory, and vestibular systems (F. Horak, Nashner, & Diener, 1990; Nashner,
Shupert, Horak, & Black, 1989). Alterations to any of these underlying factors may result in
different, context-specific instabilities (F. B. Horak, 2006; Lord, Ward, Williams, & Anstey,
1994). Previous literature has also suggested that one of the primary causes of falling is slipping
(Layne & Pollack, 2004), and that slipping is the main contributor to fall initiation (Courtney et
al., 2001)
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Researchers have commonly classified slips in a severity range based on the magnitude of
this heel slip distance, as well as the velocity of the heel slip (Cham & Redfern, 2001; Chander,
Garner, et al., 2015b; Redfern et al., 2001). A common set of cut-off values was provided by
Strandberg and colleagues (1981) and classified slips into mini slips, where participants did not
detect the slipping motion: Midi-slips, where the slip resulted in a recovery without major gait
disturbances, and maxi-slips, in which there was a recovery but with large corrective responses
(Strandberg & Lanshammar, 1981). Though, more recent work has attempted to quantify the slip
response as a fall or recovery through the use of a force criterion in the fall arrest harness system
(Sawers et al., 2017; F. Yang & Pai, 2011).
In the detection and recovery phases of a slip, the CNS must undergo certain processing
stages (detection of a slip) and elicit compensatory responses (recovery phase). During the
detection phase, a potential slip induced fall must be signaled by afferent input in order to trigger
a recovery response selection. This alerting process may be initiated by one or more of the
following afferent inputs: proprioception, vision, and vestibular function. Finally, if the slip is
properly detected by the sensory systems, the recovery response must be produced, and be
efficacious enough to rescue the fall (Lockhart et al., 2005).
Previous research using equilibrium scores during sensory organization tests have suggested
that individuals with decreased equilibrium (EQ) scores slipped longer when exposed to
unexpected slips (Lockhart, 2008). We suggest using specific classification of slip severity, as
well as an objective assessment of fall/recover, along with more detailed postural control
measures. These measures may provide more insight into the contribution of individual sensory
systems to slip detection and recovery. We hypothesize that those who experience a more
hazardous slip (Midi and macro slips) will have increased postural sway parameters (indicating
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decreased balance) relative to those who had non hazardous slips (mini slips). Similarly, we
hypothesize that those classified as “fallers” during the slip trial will have increased postural
sway parameters compared to those who were classified as “recoveries”.
Methodology
Participants
One hundred healthy participants were recruited (50 male, 50 female; age: 21.96 ± 3.18 years;
height: 171.37 ± 13.79 cm; weight: 75.69 ± 16.51 kg). Participants were excluded if they had any
history of musculoskeletal injuries, cardiovascular, neurological, or vestibular disorders, or any
inability to walk and stand without support. Participants were also excluded from analysis if they
missed contact with the force plate during the unexpected slip trial, had marker dropout which
impeded calculation of slip parameters, or experienced toe-off slips at the end of stance phase
instead of heel-strike. This yielded a final sample, of 73 participants (39 male, 34 female; age:
22.12 ± 3.49 years; height: 171.39 ± 14.49 cm; weight: 76.83 ± 16.72 kg). All participants were
aware of potential risks of the study through the informed consent approved by the University’s
Institutional Review Board (IRB). Participants were also asked to complete a physical activity
readiness questionnaire (PAR-Q) to address the aforementioned health related exclusionary
criteria. Sample size estimation was based on previous research done in the Applied
Biomechanics Laboratory, and an approximated 30% fall rate among participants, to allow for
model building of approximately 3 predictor variables, using an alpha level of 0.05.
Instrumentation
3D Motion Capture
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Vicon Nexus (Oxford, UK) 3D motion capture system with 8 infra-red T-series cameras was
used to collect and analyze kinematic gait data. A lower body plug-in gait model from the HelenHayes marker system was used for the participant configuration and the kinematic data was
sampled at 100 Hz and collected using the Vicon Nexus software.
Force Plates
Two force plates, Bertec (Bertec corporation, Columbus, OH) and AMTI (AMTI Force and
Motion, Watertown, MA) embedded into the floor of the Applied Biomechanics Laboratory were
used to collect and quantify ground reaction forces. These force plates are oriented within the
motion capture volume so that as participants walk across the room during a gait trial, the right
foot will strike the AMTI force plate, and the left foot will strike the Bertec force place. Force
plate data is collected through the Vicon Nexus system as an analog device and sampled at 1,000
Hz.
Neurocom Equitest
Quiet standing CoP measures were analyzed using the NeuroCom® Equitest® Balance
Master® – Posture Platform (NeuroCom International, Inc. Clackamas, Oregon). The sensory
organization test (SOT) uses participant’s CoP to quantify postural sway while somatosensory
and visual environments are altered systematically. During the SOT the forceplate, visual
surround, or both may be “sway referenced” so that they move to follow the participant’s
anterior-posterior (AP) sway. Specific pairs of tests compare different mechanisms and sensory
systems for balance. The SOT consists of six testing conditions: standing with (1) eyes open
(EO) and (2) eyes closed with the platform and visual surround fixed (EC), (3) standing with the
platform fixed, eyes open with the visual surround sway referenced (EOSRV), (4) standing on
49

the platform sway referenced with eyes open (EOSRP), (5) eyes closed with the platform sway
referenced (ECSRP), and (6) eyes open with both the platform and visual surround sway
referenced (EOSRVP). The variables were the sway velocity components in the medial-lateral
(M/L) and anterior-posterior (A/P) directions, and root mean square (RMS) of CoP displacement
in the anterior-posterior (A/P) and medial-lateral (M/L) directions. Sway velocity (cm/s), is a
measure of the angular change of the CoP per unit time, where the value is representative of
changes in the location of the CoP in the anterior, posterior, medial, and/or lateral directions.
Higher values indicate decreased postural stability, as they imply larger angular changes in the
location of the CoP. Previous research has identified sway velocity as an appropriate dependent
measure for use in determining postural stability (Wade et al., 2004). RMS (cm) denotes a
measure for mean body sway of a specific period of time and a comparison to be made between
conditions (Raymakers, Samson, & Verhaar, 2005; Davidson et al., 2004).
Fall Arrest System:
A uni-track fall arrest system from Rigid Lines (Millington, TN), located in the Applied
Biomechanics Laboratory, capable of supporting up to 900lb, was used to prevent any complete
falls onto the flooring surface. Participants were strapped into a back pack type harness system
connected to a moveable trolley inside the fall arrest track. The fall arrest track and the harness
along with the trolley are connected by a pulley system that allows the investigators to move the
trolley above the participant during walking trials so the participant does not lead the trolley and
the trolley does not lead the participant. Finally, an electronic crane scale was attached between
the harness, and trolley system in order to quantify body weight bared by the harness system
during walking trials.
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Slippery Contaminant
A mixture of 75% industrial vegetable based glycerol and 25% water was used as the slippery
contaminant. This ratio of glycerol and water has been used previously by our lab (Chander,
Garner, et al., 2015a, 2015b), as well as others (Cham & Redfern, 2001; Chambers & Cham,
2007). During slip trials, glycerol was applied and evenly distributed on the Bertec force plate,
which is the force plate all participants struck with their left leg, regardless of limb dominance.
Application of the contaminant was always performed by the primary investigator using the
same measured container in an attempt to minimize errors due to inter and intra rater reliability.
Experimental Procedures
All participants visited the Applied Biomechanics Laboratory for two visits, one being a
familiarization day, and the next being an experimental day. Detailed descriptions of each day
are provided below.
Day 1:
The first visit served as an administrative day where participants were screened for
exclusionary criteria through preliminary paperwork. Participants read and signed the University
approved informed consent form once all expectations and participation criteria were established.
Once consent had been obtained, participants completed the PAR-Q to confirm the absence of
health related exclusionary criteria. Following paperwork, participants had a variety of
anthropometrics measured, including; height, weight, leg lengths, knee and ankle widths and
shoe size. Once anthropometrics were obtained, participants were familiarized with the
experimental protocol, including completing a full session of the Sensory Organization Test
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(SOT). Finally, participants were strapped into the harness and allowed to experience the normal
walking protocol across the laboratory while wearing the harness.
Experimental Testing
Testing began with participants completing the SOT on the NeuroCom. Next, participants
were allowed several practice gait trials in order to acclimate with the normal walking conditions
at a self-selected speed while strapped into the harness. For the normal dry gait trials,
participants were asked to walk, with the instruction of “walk as normal as possible”. Once five
normal gait trials had been completed, participants were asked to turn away from the walking
path and listen to music on noise cancelling head phones for 30-45 seconds between each
subsequent trial. These breaks were designed to mask any background activity that could provide
knowledge of the potential slip trial, and once the participant turned back towards the walking
path and removed the headphones, they receive the same instructions of “walk as normal as
possible”. These normal gait trials were repeated several times with the masked breaks between,
until a randomly chosen trial was selected to be the unexpected slip trial (US). In the US trial, the
contaminant was applied to the force plate without the participant’s knowledge. The participant
was still given the same walking instruction of “walk as normal as possible”.
Data Analysis
Kinetic data from the force plates, kinematics, and lower extremity moments were analyzed
using the Vicon Nexus software. The raw data was cleaned removing unlabeled markers. Marker
gaps were filled using a spline fill and edited to have two gait cycles starting with the right leg.
The raw data were filtered using a Butterworth fourth order filter with zero lag and exported as
excel files for further analyses.
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Each slip trial was classified based on two criteria; slip severity, and whether or not the slip
resulted in a fall or a recovery. The outcome of a slip was classified as a fall based on the weight
measured by the crane scale during the slip, and was classified as a fall if the peak weight in the
scale during the slip trial exceeded 30% of the participant’s body weight (Sawers et al., 2017; F.
Yang & Pai, 2011). Falls were confirmed by visual inspection. The slip outcome was classified
as a recovery if the slip distance was greater than 10mm and mean heel slip velocity was greater
than 300mm/s, but the weight on the harness was less than 30% of body weight during the slip.
Slip trials were also classified based on slip severity as determined by heel slip distance (HSD)
(mm) and the mean heel slip velocity (MHSV) (mm/s) during the first 120 ms following heel
strike of the left leg. The left heel marker was used to determine HSD and MHSV, while the
ground reaction forces from the force plate were used to determine the heel strike, using Vicon
Nexus software. HSD is defined as the horizontal distance traveled by the left heel marker after
the foot strikes the floor and was calculated as the linear displacement of the left heel marker in
the horizontal x-direction from the moment of heel strike to 120 ms into the gait cycle. MHSV is
the average of the horizontal velocity of the left heel marker after the foot strikes the floor and
until 120 ms into the gait cycle, and was calculated from the instantaneous heel contact velocity
in the x-direction velocity. During unexpected slips, HSD and MHSV were classified as nonhazardous (10-30mm HSD & MHSV 100 - 300 mm/s) slips, and hazardous slips (HSD: >30mm
& MHSV: >300 mm/s). Once classified, postural sway velocity (APVEL & MLVEL) and RMS
(APRMS & MLRMS) were analyzed for all six SOT conditions across groups.
Statistical Analysis
Two binary logistic regression models were created using the postural control parameters as
covariates, and fall or recovery, or slip severity (non-hazardous, hazardous) as the dependent
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outcome variables. Each predictor variable was entered individually into a logistic regression
model to obtain unadjusted estimates (Table 1). Next, using Wald scores from the unadjusted
model, variables were included in the final model if their Wald statistics were significant at the p
= 0.25 level. Next, those parameters from the first model were iterated through the final model,
to determine which set of covariates provided the best classification. The three variables that
classified the highest percentage correctly were included in the final model. Lastly, this final
model was tested for multicollinearity and model fit using variance inflation factors (VIF) and
the Hosmer and Lemeshow goodness of fit test, respectively, and entered concurrently if no
collinearity or poor fit was found (Table 2). Nagelkerke’s R2 was calculated as an estimate of
effect size for the regression model. Statistical significance was established at p < 0.05.
In addition, independent samples t-tests were performed for each postural sway variable between
the primary sets of groups (Falls vs Recoveries, Non-Hazardous Slips vs Hazardous Slips).
Statistical significance for these independent samples t-tests was set at p < 0.05.
Results
Model 1: Fall Status
After exclusions, the final analysis included 73 participants. For model 1, this included 48 trials
classified as recoveries, and 25 trials classified as falls.
The results of the independent t-tests between falls and recoveries suggests differences in
postural control variables between groups. For the MLVEL in the EC condition, we observed an
increased sway velocity in those who recovered compared to those who fell (t(72) = 1.945, p =
0.05). Also, those who recovered exhibited increased MLVEL in the EOSRV condition (t(72) =
2.381, p = 0.02).
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Unadjusted logistic regression coefficients are shown in Table 1. These estimates, along with
the findings from the t-tests above were used in our model building approach. In Table 2, the
multivariable logistic regression association between the postural control parameters and odds of
falling are shown. This final multivariable logistic regression classified recoveries, and falls
correctly 91.7%, and 24.0%, respectively (X2 = 9.53, p = 0.023, Nagelkerke R2 = 0.169). This
model suggests that an increase in ML velocity in the EOSRV condition is associated with
decreased odds of falling (OR = 0.02, CI: 0.01-1.34). Similarly, increases in APVEL in the
EOSRVP condition were associated with decreased odds of falling (OR = 0.60, CI: 0.26-1.39).
Finally, increases in APRMS in the EOSRP condition were associated with increased odds of
falling (OR = 3.18, CI: 0.887-11.445).
Model 2: Slip Severity
Model 2 included 73 participants in the final analysis. These consisted of 46 non-hazardous slips,
and 27 hazardous slips.
For the group comparisons, independent t-tests suggested several differences in postural sway
between those who experience non-hazardous slips, and hazardous slips. Similarly to model 1,
these data suggest an increase in MLVEL in the EC condition (t(72) = 1.841, p = 0.07) as well as
EOSRV condition (t(72) = 1.872, p = 0.06) in non-hazardous slips compared to hazardous.
Further, these comparisons revealed increased APVEL in the ECSRP condition for people who
experience non-hazardous slips (t(72) = 1.939, p = 0.05) and also suggest an increase in nonhazardous slips for MLVEL in the ECSRP condition (t(72) = 1.817, p = 0.07).
The unadjusted logistic regression coefficients for slip severity are shown in Table 3. These
estimates, along with the findings from the t-tests above were used to create the multivariable
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logistic regression. In Table 4, the multivariable logistic regression association between the
recovery parameters and odds of hazardous slipping are shown. This final multivariable logistic
regression classified non-hazardous, and hazardous slips correctly 88.9%, and 40.7%,
respectively (X2 = 6.47, p = 0.09, Nagelkerke R2 = 0.117). The results from this model suggest
that as the MLVEL increases in the EC (OR = 0.60, CI: 0.01-109.87) and EOSRV conditions
(OR = 0.09, CI: 0.01-38.47), the odds of experiencing a hazardous slip decrease. Further, as the
APVEL in the ECSRP condition increase, the odds of experiencing a hazardous slip decrease
(OR = 0.57, CI: 0.28-1.16).
Discussion
The purpose of this study was to examine the effects of standing postural control measures
between individuals who fell, and recovered after a slip induced perturbation. We used these
measures in an attempt to further understand the efficacy of slip detection in the slip recovery
response. Previous research has suggested that increased equilibrium scores from the Neurocom
SOT are associated with more hazardous slips, and were credited to a delayed response selection
process during the slip (Lockhart et al., 2005). Specifically, Lockhart and colleagues (2005)
observed increased sway scores in conditions 1 and 3 of their study, which are analogous to
conditions 1 and 4 in the current study. These conditions test the participants ability to utilize
visual information during standing balance. Our findings, between falls and recoveries, revealed
similar findings, with those having increased odds of falling, also having increased APRMS in
the EOSRP condition. In contrast to those findings, we also have data suggesting that decreased
sway velocity in the EOSRV and EOSRVP conditions were associated with increased odds of
falling. We attribute these findings to the sensory systems stressed during these tests, and the
systems most likely utilized by our participant sample. Literature suggests that older individuals
56

rely more on visual information to maintain postural stability, while younger individuals rely
more on proprioceptive and vestibular cues (Redfern & DiPasquale, 1997). Our findings of
decreased sway velocity in conditions 3 and 6, stress the utility of the proprioceptive system, and
vestibular system, respectively (F. Horak et al., 1990; Nashner et al., 1989). We suggest here that
when these systems are stressed, perhaps our participants adopted a more cautious strategy of
standing postural control, with more co-contraction of the lower extremity musculature. If this
strategy were used, and expanded to the strategy used when these systems were called upon
during the slip detection period, it may delay the response selection process as Lockhart
suggested (Lockhart et al., 2005), and even interfere with the temporal nature of the slip recovery
response (Cham & Redfern, 2001; Chambers & Cham, 2007).
Future work should further examine the association of EMG during standing postural control and
its association between falls and recoveries after a slip, as well as non-linear approaches to
further probe the question of altered strategies employed by the nervous system to maintain
postural control.
Conclusion
The findings herein suggest differences in standing postural control measures between
individuals who fall and recover following an induced slip perturbation. We suggest these
findings may support different postural control strategies used depending on the sensory
information stressed in the individual, and may support future work examining how the human
postural control system breaks down during the slip recovery process.
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Table 1. Binary logistic regression unadjusted estimates examining the association between
sensory parameters and the odds of falling after an induced slip.
Odds ratio (95% CI) for falling after the induced slip perturbation†
Odds ratio (95% CI)
Postural Control Measures
Eyes Open (Condition 1)
EO ML Sway Velocity
0.54 (0.02-11.03)
EO AP Sway Velocity
0.53 (0.10-2.84)
EO ML Sway RMS
0.22 (0.01-3.54)
EO AP Sway RMS
0.12 (0.01-2.59)
Eyes Closed (Condition 2)
EC ML Sway Velocity
0.05 (0.01-1.13)
EC AP Sway Velocity
0.42 (0.09-1.86)
EC ML Sway RMS
1.09 (0.01-306-36)
EC AP Sway RMS
0.58 (0.01-20.11)
Eyes Open Sway Referenced Vision (Condition 3)
EOSRV ML Sway Velocity
0.01 (0.01-0.57)
EOSRV AP Sway Velocity
0.43 (0.10-1.79)
EOSRV ML Sway RMS
28.08 (0.09-7982.08)
EOSRV AP Sway RMS
0.60 (0.05-6.87)
Eyes Open Sway Referenced Platform (Condition 4)
EOSRP ML Sway Velocity
0.52 (0.04-5.67)
EOSRP AP Sway Velocity
0.94 (0.32-2.78)
EOSRP ML Sway RMS
16.28 (0.16-1612.80)
EOSRP AP Sway RMS
2.35 (0.75-7.33)
Eyes Closed Sway Referenced Platform (Condition 5)
ECSRP ML Sway Velocity
0.18 (0.01-1.82)
ECSRP AP Sway Velocity
0.65 (0.34-1.25)
ECSRP ML Sway RMS
0.65 (0.01-27.95)
ECSRP AP Sway RMS
1.27 (0.52-3.13)
Eyes Open Sway Referenced Vision & Platform (Condition 6)
EOSRVP ML Sway Velocity
0.45 (0.05-3.58)
EOSRVP AP Sway Velocity
0.59 (0.28-1.24)
EOSRVP ML Sway RMS
3.99 (0.09-166.17)
EOSRVP AP Sway RMS
1.17 (0.60-2.26)

p

0.69
0.46
0.28
0.17
0.06
0.25
0.97
0.76
0.02
0.25
0.24
0.68
0.59
0.91
0.23
0.13
0.14
0.20
0.82
0.59
0.45
0.16
0.46
0.63

EO = Eyes Open; EC = Eyes Closed; EOSRV = Eyes Open Sway Referenced Vision; EOSRP =
Eyes Open Sway Referenced Platform; ECSRP = Eyes Closed Sway Referenced Platform;
EOSRVP = Eyes Open Sway Referenced Vision & Platform; ML = Medial Lateral; AP =
Anterior Posterior; RMS = Root Mean Square.
†Reference group was recovering after the induced slip.
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Table 2. Multivariable logistic regression examining the association between recovery
parameters and the odds of falling after an induced slip.
Odds ratio (95% CI) for falling after the induced slip perturbation†

Postural Control Measures
EOSRV ML Velocity
EOSRP AP RMS
EOSRVP AP Velocity

Odds ratio (95% CI)

p

0.02 (0.01-1.34)
3.18 (0.88-11.44)
0.60 (0.26-1.39)

0.06
0.07
0.23

EOSRV = Eyes Open Sway Referenced Vision; EOSRP = Eyes Open Sway Referenced
Platform; EOSRVP = Eyes Open Sway Referenced Vision & Platform; ML = Medial Lateral;
AP = Anterior Posterior; RMS = Root Mean Square
†Reference group was recovering after the induced slip.
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Table 3. Binary logistic regression unadjusted estimates examining the association between
recovery parameters and the odds of experiencing a hazardous slip.
Odds ratio (95% CI) for having a hazardous slip†
Odds ratio (95% CI)

p

Postural Control Measures
Eyes Open (Condition 1)
EO ML Sway Velocity
0.66 (0.03-12.53)
0.78
EO AP Sway Velocity
0.57 (0.11-2.91)
0.50
EO ML Sway RMS
0.18 (0.01-3.63)
0.26
EO AP Sway RMS
0.20 (0.20-2.01)
0.17
Eyes Closed (Condition 2)
EC ML Sway Velocity
0.06 (0.01-1.29)
0.07
EC AP Sway Velocity
0.48 (0.11-1.99)
0.31
EC ML Sway RMS
1.60 (0.01-392.94) 0.86
EC AP Sway RMS
0.77 (0.02-25.15)
0.88
Eyes Open Sway Referenced Vision (Condition 3)
EOSRV ML Sway Velocity
0.03 (0.01-1.30)
0.07
EOSRV AP Sway Velocity
0.60 (0.17-2.11)
0.42
EOSRV ML Sway RMS
52.93 (0.18-15376.78) 0.17
EOSRV AP Sway RMS
0.77 (0.07-7.99)
0.83
Eyes Open Sway Referenced Platform (Condition 4)
EOSRP ML Sway Velocity
0.37 (0.03-4.25)
0.42
EOSRP AP Sway Velocity
0.75 (0.25-2.23)
0.60
EOSRP ML Sway RMS
9.92 (0.10-908.91)
0.31
EOSRP AP Sway RMS
1.61 (0.53-4.89)
0.40
Eyes Closed Sway Referenced Platform (Condition 5)
ECSRP ML Sway Velocity
0.12 (0.01-1.28)
0.08
ECSRP AP Sway Velocity
0.52 (0.26-1.03)
0.06
ECSRP ML Sway RMS
0.95 (0.02-38.03)
0.97
ECSRP AP Sway RMS
0.79 (0.31-1.98)
0.61
Eyes Open Sway Referenced Vision & Platform (Condition 6)
EOSRVP ML Sway Velocity
0.38 (0.04-2.98)
0.36
EOSRVP AP Sway Velocity
0.56 (0.27-1.16)
0.11
EOSRVP ML Sway RMS
3.94 (0.09-162.72) 0.47
EOSRVP AP Sway RMS
1.20 (0.62-2.30)
0.58
EO = Eyes Open; EC = Eyes Closed; EOSRV = Eyes Open Sway Referenced Vision; EOSRP =
Eyes Open Sway Referenced Platform; ECSRP = Eyes Closed Sway Referenced Platform;
EOSRVP = Eyes Open Sway Referenced Vision & Platform; ML = Medial Lateral; AP =
Anterior Posterior; RMS = Root Mean Square.
†Reference group were those who experienced a non-hazardous slip.
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Table 4. Multivariable logistic regression examining the association between recovery
parameters and the odds of experiencing a hazardous slip.
Odds ratio (95% CI) for having a hazardous slip†

Postural Control Measures
EC ML Velocity
EOSRV ML Velocity
ECSRP AP Velocity

Odds ratio (95% CI)

p

0.60 (0.01-109.87)
0.09 (0.01-38.47)
0.57 (0.28-1.16)

0.85
0.44
0.57

EC = Eyes Closed; EOSRV = Eyes Open Sway Referenced Vision; EOSRP = Eyes Open Sway
Referenced Platform; ML = Medial Lateral; AP = Anterior Posterior; RMS = Root Mean Square
† Reference group were those who experienced a non-hazardous slip.
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Figure 1: ML Sway Velocity in the Eyes Closed Condition between Falls and Recoveries

Figure 2: ML Sway Velocity in the Eyes Open Sway Referenced Vision Condition between
Falls and Recoveries
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Figure 3: AP Sway RMS in the Eyes Open Sway Referenced Platform Condition between Falls
and Recoveries

Figure 4: AP Sway Velocity in the Eyes Open Sway Referenced Vision and Platform Condition
between Falls and Recoveries
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Figure 5: ML Sway Velocity in the Eyes Closed Condition between Hazardous and NonHazardous Slips

Figure 6: ML Sway Velocity in the Eyes Open Sway Referenced Vision Condition between
Hazardous and Non-Hazardous Slips
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Figure 7: AP Sway Velocity in the Eyes Open Sway Referenced Platform Condition between
Hazardous and Non-Hazardous Slips

Figure 8: ML Sway Velocity in the Eyes Closed Sway Referenced Platform Condition between
Hazardous and Non-Hazardous Slips.
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MANUSCRIPT II
LOWER EXTREMITY CORRECTIVE EVENTS DURING THE SLIP RECOVERY
RESPONSE BETWEEN SLIP-INDUCED FALLS AND RECOVERIES
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Introduction
Slips and falls are a major cause of injury and death in the United States (Burns et al., 2016;
Chambers & Cham, 2007). Despite efforts being made to mitigate fall related injuries through
Occupational Safety and Health Administration (OSHA) guidelines (Chang et al., 2016), or
protective efforts to decrease slip propensity, such as footwear (Chander, Garner, et al., 2015b,
2016), costs of fall related injuries are still increasing. The total cost stated above for fall related
injuries in 2012 was approximately $16.48 billion, which increased in 2013 to approximately
$17.92 billion, and increased further in 2014 to about $18.42 billion (Liberty Mutual Research
Institute for Safety, 2014; Liberty Mutual Research Institute for Safety, 2016; Liberty Mutual
Research Institute for Safety, 2017). Considering this obvious increasing trend in fall related
injuries, along with the evidence to suggest slipping is a main cause of falls despite increased
safety mandates, the need for further understanding the slip recovery process itself is immense.
Researchers have commonly classified slips in a severity range based on the magnitude of
this heel slip distance, as well as the velocity of the heel slip (Cham & Redfern, 2001; Chander,
Garner, et al., 2015b; Redfern et al., 2001). A common set of cut-off values was provided by
Strandberg and colleagues (1981) and classified slips into mini slips, where participants did not
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detect the slipping motion, midi-slips, where the slip resulted in a recovery without major gait
disturbances, and maxi-slips, in which there was a recovery but with large corrective responses
(Strandberg & Lanshammar, 1981). Though, more recent work has attempted to quantify the slip
response as a fall or recovery through the use of a force criterion in the fall arrest harness system
(Sawers et al., 2017; F. Yang & Pai, 2011).
Previous research using latencies alone from the Motor Control Test (MCT) on the
NeuroCom® has suggested that individuals with slower reaction times slip longer than those
with faster latencies (Lockhart, 2008). While literature examining corrective kinetic responses
has suggested a stereotyped reflexive response that involves flexion of the knee, and extension of
the hip in the leading leg (Cham, 2001), these responses have been reported to be scaled to the
severity of the slip, but have yet to be analyzed between groups of fallers and those who recover
after an induced slip, or specifically between groups of slip types. We suggest using specific
classification of slip severity, as well as an objective assessment of fall/recover. These measures
may provide more insight into the role of reaction time responses to a slip, as well as the
contribution of individual recovery responses between people who experience more severe slips.
We hypothesize that those who experience a more hazardous slip (Midi and macro slips) will
have decreased reaction time latencies of the automatic postural control system. Moreover, we
hypothesize that those who experience more hazardous slips will exhibit slower corrective
responses of the slipping leg. Similarly, we hypothesize that those classified as “fallers” during
the slip trial will have decreased reactions times and response measures compared to those who
were classified as “recoveries”.
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Methodology
Participants
One hundred healthy participants were recruited (50 male, 50 female; age: 21.96 ± 3.18 years;
height: 171.37 ± 13.79 cm; weight: 75.69 ± 16.51 kg). Participants were excluded if they had any
history of musculoskeletal injuries, cardiovascular, neurological, or vestibular disorders, or any
inability to walk and stand without support. Participants were also excluded from analysis if they
missed contact with the force plate during the unexpected slip trial, had marker dropout which
impeded calculation of slip parameters, or experienced toe-off slips at the end of stance phase
instead of heel-strike. This yielded a final sample, of 64 participants (32 male, 32 female; age:
21.82 ± 3.14 years; height: 171.07 ± 14.91 cm; weight: 75.78 ± 16.48 kg. All participants were
aware of potential risks of the study through the informed consent approved by the University’s
Institutional Review Board (IRB). Participants were also asked to complete a physical activity
readiness questionnaire (PAR-Q) to address the aforementioned health related exclusionary
criteria. Sample size estimation was based on previous research done in the Applied
Biomechanics Laboratory, and an approximated 30% fall rate among participants, to allow for
model building of approximately 3 predictor variables, using an alpha level of 0.05.
Instrumentation
3D Motion Capture
Vicon Nexus (Oxford, UK) 3D motion capture system with 8 infra-red T-series cameras was
used to collect and analyze kinematic gait data. A lower body plug-in gait model from the HelenHayes marker system was used for the participant configuration and the kinematic data was
sampled at 100 Hz and collected using the Vicon Nexus software.
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Force Plates
Two force plates, Bertec (Bertec corporation, Columbus, OH) and AMTI (AMTI Force and
Motion, Watertown, MA) embedded into the floor of the Applied Biomechanics Laboratory were
used to collect and quantify ground reaction forces. These force plates are oriented within the
motion capture volume so that as participants walk across the room during a gait trial, the right
foot will strike the AMTI force plate, and the left foot will strike the Bertec force place. Force
plate data is collected through the Vicon Nexus system as an analog device and sampled at 1,000
Hz.
Neurocom Equitest
Reaction time latencies were assessed using the Motor Control Test (MCT)on the
NeuroComEquitestSystemTM (NeuroCom International, Inc. Clackamas, Oregon). The system
uses an 18” x 18” dynamic dual force plate, that can translate in the backward and forward
directions to create three testing conditions, which include backward translations [small
(BWS)/medium (BWM)/large (BWL)] and forward translations [small (FWS)/medium
(FWM)/large (FWL)] (Nashner 1993). Response latencies in milliseconds (ms) are then provided
for the backwards small (BWS), medium (BWM), and large (BWL), and forward small (FWS),
forward medium (FWM), and forward large (FWL) conditions. A detailed description of these
balance tests is explained elsewhere (Nashner 1993, Guskiewicz and Perrin 1996).
Fall Arrest System:
A uni-track fall arrest system from Rigid Lines (Millington, TN) located in the Applied
Biomechanics Laboratory capable of supporting up to 900lb was used to prevent any complete
falls onto the flooring surface. Participants were strapped into a back pack type harness system
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connected to a moveable trolley inside the fall arrest track. The fall arrest track and the harness
along with the trolley are connected by a pulley system that allows the investigators to move the
trolley above the participant during walking trials so the participant does not lead the trolley and
the trolley does not lead the participant. Finally, an electronic crane scale was attached between
the harness, and trolley system in order to quantify body weight bared by the harness system
during walking trials.
Slippery Contaminant
A mixture of 75% industrial vegetable based glycerol and 25% water was used as the slippery
contaminant. This ratio of glycerol and water has been used previously by our lab (Chander,
Garner, et al., 2015a, 2015b), as well as others (Cham & Redfern, 2001; Chambers & Cham,
2007). During slip trials, glycerol was applied and evenly distributed on the Bertec force plate,
which is the force plate all participants struck with their left leg, regardless of limb dominance.
Application of the contaminant was always be performed by the primary investigator using the
same measured container in an attempt to minimize errors due to inter and intra rater reliability.
Experimental Procedures
All participants visited the Applied Biomechanics Laboratory for two visits, one being a
familiarization day, and the next being an experimental day. Detailed descriptions of each day
are provided below.
Day 1:
The first visit served as an administrative day where participants were screened for
exclusionary criteria through preliminary paperwork. Participants read and signed the University
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approved informed consent form once all expectations and participation criteria have been
established. Once consent had been obtained, participants completed the PAR-Q to confirm the
absence of health related exclusionary criteria. Following paperwork, participants had a variety
of anthropometrics measured, including; height, weight, leg lengths, knee and ankle widths and
shoe size. Once anthropometrics were obtained, participants were familiarized with the
experimental protocol, including completing a full session of the motor control test (MCT).
Finally, participants were strapped into the harness and allowed to experience the normal
walking protocol across the laboratory while wearing the harness.
Experimental Testing
Testing began with participants completing the MCT on the NeuroCom. Next, participants
were allowed several practice gait trials in order to acclimate with the normal walking conditions
at a self-selected speed while strapped into the harness. For the normal dry gait trials,
participants were asked to walk with the instruction of “walk as normal as possible”. Once five
normal gait trials had been completed, participants were asked to turn away from the walking
path and listen to music on noise cancelling head phones for 30-45 seconds between each
subsequent trial. These breaks are designed to mask any background activity that could provide
knowledge of the potential slip trial, and once the participant has turned back towards the
walking path and removed the headphones, they receive the same instructions of “walk as
normal as possible”. These normal gait trials were repeated several times with the masked breaks
between, until a randomly chosen trial was selected to be the unexpected slip trial (US). In the
US trial, the contaminant was applied to the force plate without the participant’s knowledge. The
participant was still given the same walking instruction of “walk as normal as possible”.
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Data Analysis
Kinetic data from the force plates, kinematics, and lower extremity moments were analyzed
using the Vicon Nexus software. The raw data was cleaned removing unlabeled markers. Marker
gaps were filled using a spline fill and edited to have two gait cycles starting with the right leg.
The raw data were filtered using a Butterworth fourth order filter with zero lag and exported as
excel files for further analyses. Vicon Nexus software was used to determine the moment of heel
strike and toe off of the left leg during the gait trials in order to determine the stance phase
beginning and end. Lower extremity moments were calculated for the lead limb using an inverse
dynamics approach. Stance phase was scaled to 100% (mean stance duration was 748.31 ± 76.37
ms) and an average of each joint moment was calculated throughout stance. Specifically,
ensemble averages were calculated for the ankle (Ank_Avg), knee (Knee_Avg), and hip
(Hip_Avg). Additionally, characteristics of reactive joint moments were quantified using peak
moment magnitude and rate of moment development. Peak moment was defined as the
maximum moment magnitude from heel-contact (HC) to toe-off of the slipping foot for the ankle
(Ank_DFp/Ank/PFp), knee (Knee_Fp/Ep), and hip (Hip_Fp/Ep). Rate of moment development
was defined as the ratio between the peak moment and the time from HC to the instance of peak
moment, representing the speed of peak moment generation. These time to peak moments were
calculated for the ankle (Ank_DFttp/PFttp), knee (Knee_Fttp/Ettp), and hip (Hip_Fttp/Ettp).
Each slip trial was classified based on two criteria; slip severity, and whether or not the slip
resulted in a fall or a recovery. The outcome of a slip was classified as a fall based on the weight
measured by the crane scale during the slip, and was classified as a fall if the peak weight in the
scale during the slip trial exceeded 30% of the participant’s body weight (Sawers et al., 2017; F.
Yang & Pai, 2011). Falls were be confirmed by visual inspection. The slip outcome was
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classified as a recovery if the slip distance was greater than 10mm and mean heel slip velocity
was greater than 300mm/s, but the weight on the harness was less than 30% of body weight
during the slip. Slip trials were also classified based on slip severity as determined by heel slip
distance (HSD) (mm) and the mean heel slip velocity (MHSV) (mm/s) during the first 120 ms
following heel strike of the left leg. The left heel marker was used to determine HSD and
MHSV, while the ground reaction forces from the force plate were used to determine the heel
strike, using Vicon Nexus software. HSD is defined as the horizontal distance traveled by the left
heel marker after the foot strikes the floor and will be calculated as the linear displacement of the
left heel marker in the horizontal x-direction from the moment of heel strike to 120 ms into the
gait cycle. MHSV is the average of the horizontal velocity of the left heel marker after the foot
strikes the floor and until 120 ms into the gait cycle, and will be calculated from the
instantaneous heel contact velocity in the x-direction velocity. During unexpected slips, HSD and
MHSV were classified as non-hazardous (10-30mm HSD & MHSV 100 - 300 mm/s) slips, and
hazardous slips (HSD: >30mm & MHSV: >300 mm/s). Once classified, MCT latencies, and
lower body kinetics were analyzed across the established groups.
Statistical Analysis
Two binary logistic regression models were created using the recovery parameters, and MCT
latencies as covariates, and fall or recovery, or slip severity (non-hazardous, hazardous) as the
dependent outcome variables. Each predictor variable was entered individually into a logistic
regression model to obtain unadjusted estimates (Table 1). Next, using Wald scores from the
unadjusted model, variables were included in the final model if their Wald statistics were
significant at the p = 0.25 level. Next, those parameters from the first model were iterated
through the final model, to determine which set of covariates provided the best classification.
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The three variables that classified the highest percentage correctly were included in the final
model. Lastly, this final model was tested for multicollinearity and model fit using variance
inflation factors (VIF) and the Hosmer and Lemeshow goodness of fit test, respectively, and
entered concurrently if no collinearity or poor fit was found (Table 2). Nagelkerke’s R2 was
calculated as an estimate of effect size for the regression model. Statistical significance was
established at p < 0.05.
In addition, independent samples t-tests were performed for each recovery variable between the
primary sets of groups (Falls vs Recoveries, Non-Hazardous Slips vs Hazardous Slips).
Statistical significance for these independent samples t-tests was set at p < 0.05.
Results
Model 1: Fall Status
After exclusions, the final analysis included 64 participants. For model 1, this included 39 trials
classified as recoveries, and 25 trials classified as falls.
The results of the independent t-tests between falls and recoveries suggests several differences in
lower extremity corrective responses between groups. For the average ankle moment during
stance phase, we observed a significant increase in the recovery group compared to the fallers
(t(63) = 2.695, p = 0.009). Also at the ankle, we saw a significant increase in the time to peak
ankle dorsiflexion moment for falls compared to recoveries (t(63) = -2.709, p = 0.009). Finally,
at the hip, our data show an increase in the time to peak extension moment about the hip (t(63) =
-2.274, p = 0.026).
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Unadjusted logistic regression coefficients are shown in Table 1. These estimates, along with the
findings from the t-tests above were used in our model building approach. In Table 2, the
multivariable logistic regression association between the recovery parameters and odds of falling
are shown. This final multivariable logistic regression classified recoveries, and falls correctly
92.3%, and 72.0%, respectively (X2 = 31.72, p < 0.001, Nagelkerke R2 = 0.530). This model
suggests that an increase in the average ankle moment over stance phase of the slip trial is
associated with decreased odds of falling (OR = 0.01, CI: 0.01-0.05). While increases in the hip
extension time to peak moment (OR = 1.006, CI: 1.000-1.011), and ankle dorsiflexion time to
peak moment (OR = 1.005, CI: 1.001=1.009), were associated with increased odds of falling.
Model 2: Slip Severity
Model 2 included 64 participants in the final analysis. These consisted of 37 non-hazardous slips,
and 27 hazardous slips.
For the group comparisons, independent t-tests revealed differences in recovery responses
between those who experience non-hazardous slips, and hazardous slips. Similarly to model 1,
we observed a significant increase in the average ankle moment in non-hazardous slips compared
to hazardous (t(62) = 3.197, p = 0.002). Also at the ankle, a significantly increased plantarflexion
peak was observed in non-hazardous slips compared to hazardous (t(62) = 2.257, p = 0.028). At
the hip, an increased time to peak hip extension moment was observed in the hazardous slip
group compared to non-hazardous (t(62) = -2.120, p = 0.038). Other variables of interest, while
not statistically significant, were the time to peak knee extension (p = 0.09) which was decreased
in the hazardous slips compared to non-hazardous, as well as the knee extension peak moment (p
= 0.09), which was increased in the hazardous slips compared to non-hazardous.
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The unadjusted logistic regression coefficients for slip severity are shown in Table 3. These
estimates, along with the findings from the t-tests above were used to create the multivariable
logistic regression. In Table 4, the multivariable logistic regression association between the
recovery parameters and odds of hazardous slipping are shown. This final multivariable logistic
regression classified recoveries, and falls correctly 91.7%, and 77.8%, respectively (X2 = 37.876,
p < 0.001, Nagelkerke R2 = 0.607). The results from this model suggest that as the average ankle
moment increases in the slip period, the odds of experiencing a hazardous slip decrease (OR =
0.01, CI: 0.01-0.03). Further, as the time to peak hip extension (OR = 1.007, CI: 1.000-1.013)
and knee extension moments (OR = 1.001, CI: 0.997-1.004) increase, the odds of experiencing a
hazardous slip increase.
Discussion
The current study examined slip recovery responses of the lower extremity, as well as response
times to static postural perturbations in hopes of isolating specific mechanisms that lend to
increased odds of recovering after a slip. Our results suggest that the primary recovery variables
of interest associated with odds of falling were the time to peak hip extension moment, time to
peak ankle dorsiflexion moment, and the average moment of the ankle over stance phase.
Previous research by Cham and colleagues (2001) has provided evidence of a primary recovery
response to slip events that consists of knee flexion, and hip extension (Cham & Redfern, 2001).
They also suggested that these recovery responses were observed approximately 190 ms into
stance phase. Our data support these findings, with a slower hip response being associated with
increased odds of falling. Indeed, the average time to peak hip extension moment was 117 ms,
and 190ms for recoveries and falls, respectively. Our findings at the ankle may even be
representative of this hip response as well. While previous research has suggested that the ankle
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joint is relatively passive during the recovery response (Cham & Redfern, 2001; Chambers &
Cham, 2007; O’Connell, Chambers, Mahboobin, & Cham, 2016), it does appear important to
maintain the center of pressure near the slipping heel in order to prolong weight transfer to this
lead limb. We pose that our findings represent an inadequate primary response in the fallers,
resulting in a prolonged time to peak ankle dorsiflexion moment. While the ankle itself per se,
may not be actively involved in this recovery, it may be beneficial for future studies to combine
these ankle kinetic profiles with traditional slip measures to aid in classification of slip severity
and fall status if newer harness load methods are unavailable. Previous work by Lockhart et al.
(2010) has also suggested that lower extremity strength, and response times during the MCT
were associated with slip distance (Lockhart et al., 2005). Our response time results also suggest
an association with increased odds of experiencing a hazardous slip. However, they appeared
less associated with the slip outcome. This may suggest that these automatic postural responses
are associated more with less hazardous slips, that are often not perceived by the individual and
do not require large gait modifications (Chander, Garner, et al., 2015b; Redfern et al., 2001).
Similarly to our fall status model, we saw positive associations of hip extension time to peak
with hazardous slips, as well as knee extension time to peak associations. The hip extension
previously discussed as a primary recovery response appears to be a key component in the slip
recovery response due to its association with both fall status, and slip severity classification. The
knee extension moment has been previously observed as a secondary recovery response and
thought to be involved in supporting the knee from buckling during the slip, and continuing
forward locomotion (Cham & Redfern, 2001; Chambers & Cham, 2007). With a primary
purpose of this knee extension suggested as continuing forward progress, it is likely this positive
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association in time to peak knee extension and hazardous slips is due to more non-hazardous
slips resulting in a recovery and continuing forward.
As with all laboratory based fall studies, participants are aware of the possibility of slipping and
falling, and could adopt a more cautious gait pattern. We do not believe this altered the results of
our study. We did not observe any significant changes in gait kinetics across normal gait trials, to
suggest any gait alterations. Further, the methods employed have been used previously by our lab
(Chander, Garner, et al., 2015a, 2015b; Chander, Wade, Garner, & Knight, 2016), and others
(Cham & Redfern, 2001; Chambers & Cham, 2007; Merrill et al., 2017; O’Connell et al., 2016).
Conclusion
During the slip recovery response, our results suggest that the primary recovery mechanism at
the slipping hip may play a vital role in preventing the fall. These results could support future
work attempting to provide slip training procedures in order to mitigate the chances of falling
after experiencing a slip.
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Table 1. Binary logistic regression unadjusted estimates examining the association between
recovery parameters and the odds of falling after an induced slip.
Odds ratio (95% CI) for falling after the induced slip perturbation†
Odds ratio (95% CI)

p

Recovery Response
Average Ankle Moment
Average Knee Moment
Average Hip Moment
Ankle DF Peak
Ankle PF Peak
Knee Flexion Peak
Knee Extension Peak
Hip Flexion Peak
Hip Extension Peak
Ankle Dorsiflexion TTP
Ankle Plantarflexion TTP
Knee Flexion TTP
Knee Extension TTP
Hip Flexion TTP
Hip Extension TTP

0.01 (0.01-0.49)
0.001
1.08 (0.34-3.38)
0.89
0.88 (0.47-1.65)
0.70
0.88 (0.45-1.71)
0.71
0.06 (0.01-0.54)
0.01
2.05 (0.62-6.69)
0.23
1.04 (0.67-1.60)
0.85
1.19 (0.88-1.63)
0.25
0.80 (0.56-1.14)
0.22
1.005 (1.000-1.009) 0.03
1.00 (0.996-1.003
0.90
1.00 (0.998-1.002) 0.86
0.999 (0.997-1.001) 0.38
1.002 (0.999-1.004) 0.22
1.005 (1.000-1.009) 0.04

Motor Control Test Latencies
BWS
BWM
BWL
FWS
FWM
FWL

1.02 (0.98-1.07)
1.01 (0.96-1.05)
1.01 (0.98-1.04)
1.01 (0.98-1.03)
0.99 (0.98-1.01)
1.01 (0.98-1.03)

0.23
0.68
0.42
0.42
0.54
0.44

DF = Dorsiflexion; PF = Plantarflexion; TTP = Time to Peak; BWS = Backwards Small; BWM
= Backwards Medium; BWL = Backwards Large; FWS = Forwards Small; FWM = Forwards
Medium; FWL = Forwards Large.
†Reference group was recovering after the induced slip.

82

Table 2. Multivariable logistic regression examining the association between recovery
parameters and the odds of falling after an induced slip.
Odds ratio (95% CI) for falling after the induced slip perturbation†
Odds ratio (95% CI)
Recovery Response
Average Ankle Moment
Ankle Dorsiflexion TTP
Hip Extension TTP

0.001 (0.001-0.005)
1.005 (1.001-1.009)
1.006 (1.000-1.011)

TTP = Time to Peak.
†Reference group was recovering after the induced slip.
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p

0.002
0.015
0.041

Table 3. Binary logistic regression unadjusted estimates examining the association between
recovery parameters and the odds of experiencing a hazardous slip.
Odds ratio (95% CI) for having a hazardous slip†
Odds ratio (95% CI)
Recovery Response
Average Ankle Moment
Average Knee Moment
Average Hip Moment
Ankle DF Peak
Ankle PF Peak
Knee Flexion Peak
Knee Extension Peak
Hip Flexion Peak
Hip Extension Peak
Ankle Dorsiflexion TTP
Ankle Plantarflexion TTP
Knee Flexion TTP
Knee Extension TTP
Hip Flexion TTP
Hip Extension TTP

p

0.01 (0.01-0.01)
<0.001
1.52 (0.48-4.81)
0.47
0.80 (0.40-1.56)
0.51
0.90 (0.46-1.74)
0.75
0.01 (0.01-0.13)
0.001
2.73 (0.74-10.04) 0.13
1.03 (0.67-1.58) 0.88
1.19 (0.89-1.60)
0.22
0.77 (0.53-1.13)
0.19
1.002 (0.999-1.006) 0.15
1.00 (0.996-1.004)
0.94
0.999 (0.996-1.001) 0.26
0.998 (0.996-1.000) 0.10
1.002 (0.999-1.004) 0.15
1.005 (1.000-1.009) 0.05

Motor Control Test Latencies
BWS
BWM
BWL
FWS
FWM
FWL

1.02 (0.98-1.07)
1.02 (0.97-1.06)
1.02 (0.98-1.05)
1.01 (0.99-1.04)
1.01 (0.98-1.01)
1.02 (0.99-1.04)

0.26
0.35
0.30
0.19
0.92
0.20

DF = Dorsiflexion; PF = Plantarflexion; TTP = Time to Peak; BWS = Backwards Small; BWM
= Backwards Medium; BWL = Backwards Large; FWS = Forwards Small; FWM = Forwards
Medium; FWL = Forwards Large.
†Reference group were those who experienced a non-hazardous slip.
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Table 4. Multivariable logistic regression examining the association between recovery
parameters and the odds of experiencing a hazardous slip.
Odds ratio (95% CI) for having a hazardous slip†
Odds ratio (95% CI)
Recovery Response
Average Ankle Moment
Hip Extension TTP
Knee Extension TTP

0.01 (0.00-0.01)
1.007 (1.000-1.013)
1.001 (0.997-1.004)

TTP = Time to Peak.
†Reference group was recovering after the induced slip.
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p

<0.001
0.03
0.64

Figure 1: Time to Peak Hip Extension moment between Falls and Recoveries.

Figure 2: Average Ankle moment between Falls and Recoveries.
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Figure 3: Time to Peak Ankle Dorsiflexion moment between Falls and Recoveries.

Figure 4: Time to peak Hip Extension moment between Hazardous and Non-Hazardous Slips
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Figure 5: Time to peak Knee Extension moment between Hazardous and Non-Hazardous Slips

Figure 6: Average Ankle moment between Hazardous and Non-Hazardous Slips
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MANUSCRIPT III
THE POSSIBLE ROLE OF CORTICOSPINAL DEMAND
IN SLIP RECOVERY RESPONSES
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Introduction
Several areas and pathways of the brain have been suggested to play important roles in
initiating, and modulating gait. These areas include brainstem pathways, such as the
mesencephalic locomotor region (MLR) (Gossard et al., 2011), and subthalamic locomotor
region (SLR) (Narita et al., 2002), as well as cerebellar pathways (Mori et al., 1998), and
cerebral pathways from the motor cortex (Clark et al., 2013). The MLR provides excitatory input
to the spinal cord that serves to initiate, scale, and sustain the descending command for walking
(Gossard et al., 2011). The SLR appears related to the MLR, and may be particularly involved in
changes of gait speed, and cadence (Narita et al., 2002). The cerebellum plays an important role
in the coordination, and balance maintenance during walking. As well as detecting errors in the
gait pattern, and aiding in corrective adjustments (Mori et al., 1998). Descending drive from the
cerebral motor pathway is thought to activate the brainstem pathways and subsequent spinal
circuitry which produces the rhythmic gait pattern (Clark, 2015; Clark et al., 2013; J. F. Yang &
Gorassini, 2006).
The corticospinal tract actively contributes to control of walking in humans, and its
importance is evident from the severe debilitating effects observed in stroke patients or those
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with spinal cord injury (Nielsen, 2003). Gauging the corticospinal contribution to walking has
proven challenging. However, more recent work by Clark and colleagues (2013) has shown
promise in using electromyographic (EMG) techniques to assess Piper frequencies during gait
(Clark et al., 2013). The premise is that rhythmic firing from the cortical source of excitation will
also yield rhythmic firing of populations of motor units in the periphery. During dynamic
muscular contractions, there is an increased activity in the bandwidth of 30-60 Hz, which is
known as the Piper frequency band (P. Brown et al., 1998; Piper, 1907). Clark and colleagues
examined whether or not EMG synchrony is sensitive enough to differentiate the corticospinal
demand during different walking tasks. They examined a typical steady state gait, steady state
gait while performing a cognitive dual task, fast walking, and walking plus an intermittent
voluntary long step. Their findings suggest that Piper frequency activity decreased during the
dual task, due to competition for cortical resources. Piper activity was the same during fast
walking, because pace of walking is mediated through brainstem pathways, and increased during
the voluntary long step because the voluntary modification to the gait pattern is controlled by the
corticospinal tract (Clark et al., 2013). This suggests an active role for corticospinal contribution
during walking, specifically during active modifications to the gait pattern.
During a human slip response, an ensemble of muscular activations appear in an attempt to
rescue the slip and prevent a fall. The temporo-spatial nature of the slip response has several key
events that appear reflexive in nature. However, there is little information regarding corticospinal
contribution to the slip response. There is limited information to suggest a transcortical reflex
pathway during a trip response (Christensen et al., 1999). The facilitative response of the ankle
dorsiflexors to lift the foot over the obstacle appears approximately 70-95ms after the trip
(Christensen et al., 1999). Interestingly, the forward slip begins approximately 50-100ms after
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heel strike, and the corrective responses to a slip are observed around 190-350ms after heel strike
(Cham & Redfern, 2001; Chambers & Cham, 2007). The temporal nature of this response could
suggest involvement of a cortical pathway in the slip response. These observations, taken in
conjunction with the aforementioned findings of corticospinal involvement in voluntary gait
modifications (Clark et al., 2013) lend to the need to examine the possibility of corticospinal
involvement in a slip response. We hypothesize that there will be increased activity in the Piper
frequency band between normal gait and unexpected slip trials. Further, we hypothesize that
those who recover will have increased Piper activity than those who fall.
Methodology
Participants
One hundred healthy participants were recruited (50 male, 50 female; age: 21.96 ± 3.18 years;
height: 171.37 ± 13.79 cm; weight: 75.69 ± 16.51 kg). Participants were excluded if they had any
history of musculoskeletal injuries, cardiovascular, neurological, or vestibular disorders, or any
inability to walk and stand without support. Participants were also excluded from analysis if they
missed contact with the force plate during the unexpected slip trial, had marker dropout which
impeded calculation of slip parameters, or experienced toe-off slips at the end of stance phase
instead of heel-strike. This yielded a final sample, of 73 participants (39 male, 34 female; age:
22.12 ± 3.49 years; height: 171.39 ± 14.49 cm; weight: 76.83 ± 16.72 kg). All participants were
aware of potential risks of the study through the informed consent approved by the University’s
Institutional Review Board (IRB). Participants were also asked to complete a physical activity
readiness questionnaire (PAR-Q) to eliminate the aforementioned health related exclusionary
criteria. Sample size estimation was based on previous research done in the Applied
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Biomechanics Laboratory, and an approximated 30% fall rate among participants, to allow for
model building of approximately 3 predictor variables, using an alpha level of 0.05.
Instrumentation
3D Motion Capture
Vicon Nexus (Oxford, UK) 3D motion capture system with 8 infra-red T-series cameras was
used to collect and analyze kinematic gait data. A lower body plug-in gait model from the HelenHayes marker system was used for the participant configuration and the kinematic data was
sampled at 100 Hz and collected using the Vicon Nexus software.
Force Plates
Two force plates, Bertec (Bertec corporation, Columbus, OH) and AMTI (AMTI Force and
Motion, Watertown, MA) embedded into the floor of the Applied Biomechanics Laboratory were
used to collect and quantify ground reaction forces. These force plates are oriented within the
motion capture volume so that as participants walk across the room during a gait trial, the right
foot will strike the AMTI force plate, and the left foot will strike the Bertec force place. Force
plate data was collected through the Vicon Nexus system as an analog device and sampled at
1,000 Hz.
Electromyography
Surface electromyography (EMG) signals was recorded from the left leg musculature: Vastus
Medialis (Q), semitendinous hamstring (H), tibialis anterior (TA), and medial gastrocnemius
(MG). The surface EMG signals were recorded using silver/silver chloride monopolar surface
electrodes. The ground electrode was placed on the tibial tuberosity. The EMG was recorded
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using Noraxon® MyoResearch software (Noraxon U.S.A. Inc. Scottsdale, AZ.). Raw EMG data
was used to calculate Piper frequencies using the Noraxon software. The Fast Fourier
Transformation (FFT) method is used to analyze the frequency characteristics of the raw EMG
signal. The FFT algorithm is set to length of 256 data points. If the duration of a period is longer
than 256 data points, the FFT is repeated until the end of the period is reached, and the average
spectrum is calculated from all of these sub-windows.
Fall Arrest System:
A uni-track fall arrest system from Rigid Lines (Millington, TN) located in the Applied
Biomechanics Laboratory capable of supporting up to 900lb was used to prevent any complete
falls onto the flooring surface. Participants were strapped into a back pack type harness system
connected to a moveable trolley inside the fall arrest track. The fall arrest track and the harness
along with the trolley are connected by a pulley system that allows the investigators to move the
trolley above the participant during walking trials so the participant does not lead the trolley and
the trolley does not lead the participant. Finally, an electronic crane scale was attached between
the harness, and trolley system in order to quantify body weight bared by the harness system
during walking trials (Picture __)
Slippery Contaminant
A mixture of 75% industrial vegetable based glycerol and 25% water was used as the slippery
contaminant. This ratio of glycerol and water has been used previously by our lab (Chander,
Garner, et al., 2015a, 2015b), as well as others (Cham & Redfern, 2001; Chambers & Cham,
2007). During slip trials, glycerol was applied and evenly distributed on the Bertec force plate,
which is the force plate all participants struck with their left leg, regardless of limb dominance.
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Application of the contaminant was always be performed by the primary investigator using the
same measured container in an attempt to minimize errors due to inter and intra rater reliability.
Experimental Procedures
All participants visited the Applied Biomechanics Laboratory for two visits, one being a
familiarization day, and the next being an experimental day. Detailed descriptions of each day
are provided below.
Day 1:
The first visit served as an administrative day where participants were screened for
exclusionary criteria through preliminary paperwork. Participants read and signed the University
approved informed consent form once all expectations and participation criteria have been
established. Once consent had been obtained, participants completed the PAR-Q to confirm the
absence of health related exclusionary criteria. Following paperwork, participants had a variety
of anthropometrics measured, including; height, weight, leg lengths, knee and ankle widths and
shoe size. Once anthropometrics were obtained, participants were familiarized with the
experimental protocol, including completing a full session of the Sensory Organization Test
(SOT). Finally, participants were strapped into the harness and allowed to experience the normal
walking protocol across the laboratory while wearing the harness.
Experimental Testing
Testing began with participants allowed several practice gait trials in order to acclimate with
the normal walking conditions at a self-selected speed while strapped into the harness. For the
normal dry gait trials, participants were asked to walk with the instruction of “walk as normal as
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possible”. Once five normal gait trials had been completed, participants were asked to turn away
from the walking path and listen to music on noise cancelling head phones for 30-45 seconds in
between each subsequent trial. These breaks were designed to mask any background activity that
could provide knowledge of the potential slip trial, and once the participant has turned back
towards the walking path and removed the headphones, they receive the same instructions of
“walk as normal as possible”. These normal gait trials were repeated several times with the
masked breaks between, until a randomly chosen trial was selected to be the unexpected slip trial
(US). In the US trial, the contaminant was applied to the force plate without the participant’s
knowledge. The participant was still given the same walking instruction of “walk as normal as
possible”.
Data Analysis
Kinetic data from the force plates, kinematics, and lower extremity moments were analyzed
using the Vicon Nexus software. The raw data was cleaned removing unlabeled markers, marker
gaps were filled using a spline fill and edited to have two gait cycles starting with the right leg.
The raw data were filtered using a Butterworth fourth order filter with zero lag and exported as
excel files for further analyses. Vicon Nexus software was used to determine the moment of heel
strike and toe off of the left leg during the gait trials in order to determine the stance phase
beginning and end. Piper frequencies were analyzed using frequency domain analysis of each
lower extremity muscle over the entire stance phase. Stance phase was scaled to 100% (mean
stance duration was 748.31 ± 76.37 ms) and frequency domain analyses were done throughout.
The frequency domain analysis was divided into the following bandwidths: 30-40, 40-50, 50-60,
and then summed across bins. This sum of the power spectrums was used for analysis of cortical
activity to each muscle during the stance phase.
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Each slip trial was classified based on two criteria; slip severity, and whether or not the slip
resulted in a fall or a recovery. The outcome of a slip was classified as a fall based on the weight
measured by the crane scale during the slip, and was classified as a fall if the peak weight in the
scale during the slip trial exceeded 30% of the participant’s body weight (Sawers et al., 2017; F.
Yang & Pai, 2011). Falls were be confirmed by visual inspection. The slip outcome was
classified as a recovery if the slip distance was greater than 10mm and mean heel slip velocity
was greater than 300mm/s, but the weight on the harness was less than 30% of body weight
during the slip. Slip trials were also classified based on slip severity as determined by heel slip
distance (HSD) (mm) and the mean heel slip velocity (MHSV) (mm/s) during the first 120 ms
following heel strike of the left leg. The left heel marker was used to determine HSD and
MHSV, while the ground reaction forces from the force plate were used to determine the heel
strike, using Vicon Nexus software. HSD was defined as the horizontal distance traveled by the
left heel marker after the foot strikes the floor and was calculated as the linear displacement of
the left heel marker in the horizontal x-direction from the moment of heel strike to 120 ms into
the gait cycle. MHSV was the average of the horizontal velocity of the left heel marker after the
foot strikes the floor and until 120 ms into the gait cycle, and was calculated from the
instantaneous heel contact velocity in the x-direction velocity. During unexpected slips, HSD and
MHSV were classified as non-hazardous (NH) (10-30mm HSD & MHSV 100 - 300 mm/s) slips,
and hazardous (H) slips (HSD: >30mm & MHSV: >300 mm/s). Once classified, Piper frequency
power spectra of each muscle were analyzed across the established groups.
Statistical Analysis
Two statistical analyses were performed for this study. First, analyses were performed
between unexpected slip trials, and normal gait trials to examine the possibility of cortical
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activation during a slip perturbation. This was performed using paired samples t-tests of the
Piper frequency power spectrum over stance phase for each muscle comparing normal gait trials,
to unexpected slip trials.
The second analysis was performed to examine the role of cortical control on slip outcomes. For
this analysis a 2 x 2 (fall status [Fall, Recover] x gait trial [NG, US]) analysis of variance
(ANOVA) was performed with fall status included as a between subjects factor, and gait trial as
a within subjects factor. This analysis was used to examine the differences in power spectra
between groups, and walking trials. Additionally, a second 2 x 2 (slip severity [NH, H] x gait
trial [NG, US]) ANOVA was used to examine these power spectra across the traditional slip
severity parameters. For each ANOVA, if main effect significance was found, post hoc
comparisons were made using a Bonferroni correction factor, and if interactions were present,
simple effects were calculated in order to determine the nature of the interaction. Partial eta
squared were calculated as an estimate of effect size. All statistics were analyzed in SPSS
version 24, with an alpha level set a priori at 0.05.
Results
Gait Trial Comparisons:
After exclusions, the final analysis included 73 participants. For fall status, this included 48 trials
classified as recoveries, and 25 trials classified as falls, and for slip severity this included 46 nonhazardous slips, and 27 hazardous slips.
The results from the paired samples t-tests suggest evidence of increased cortical activity during
unexpected slip trials. For the quadriceps, a significant increase was observed in the unexpected
slip trial compared to normal gait (t(72) = -3.428, p = 0.001). Similarly, the hamstring also
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exhibited increased activation in the Piper frequency bandwidth (t(72) = -2.305, p = 0.024). The
tibialis anterior suggested a trend towards statistical significance (t(72) = -1.933, p = 0.057),
while no evidence of differences were found for the medial gastrocnemius (t(72) = -1.066, p =
0.290).
Fall Status:
The finding of increased cortical activity was investigated further using 2 x 2 ANOVAs to
examine the cortical control between groups and gait trials. For the quadriceps, the initial
analysis revealed a significant gait by group interaction (F(1,71) = 9.805, p = 0.003, η2 = 0.121).
To further examine this interaction, simple effects were calculated. These simple effects revealed
a significant increase for falls vs recoveries in the unexpected slip trial (p = 0.02). However, no
differences were found between groups in the normal gait conditions (p = 0.33). For the
hamstring, a significant interaction was also found (F(1,71) = 6.171, p = 0.015, η2 = 0.08).
Similar to the quadriceps, the simple effects suggested an increased activation in the Piper
frequency bandwidth for falls vs recovers in the unexpected slip trial (p = 0.056), but no
differences in the normal gait trial (p = 0.581). For the tibialis anterior, a significant gait main
effect was observed (F(1,71) = 4.669, p = 0.034, η2 = 0.062). This main effect showed a
significant increase in Piper activity in the unexpected slip trial compared to normal gait (p =
0.034). However, no differences were observed between falls and recoveries (p = 0.425).
Finally, for the medial gastrocnemius, there was no evidence to suggest an increase in cortical
activity for either gait trial, or fall status (all p > 0.05).

101

Slip Severity:
The next analysis was performed to examine cortical control between normal gait trials and
unexpected slips, and also between the more traditional classifications of slip severity, nonhazardous, and hazardous slips. For the quadriceps, a significant gait by slip severity interaction
was observed (F(1,70) = 9.934, p = 0.002, η2 = 0.124). Simple effects revealed a significant
increase in activation between normal gait and unexpected slips for those who experienced
hazardous slips (p < 0.001), but no differences were observed for non-hazardous slips (p =
0.364). For the hamstrings, a significant interaction was also observed (F(1,69) = 5.076, p =
0.027, η2 = 0.069). The simple effects, similar to the quadriceps, revealed a significant increase
in activity between gait trials, in the hazardous slips (p = 0.002), but not in the non-hazardous
slips (p = 0.651). For the tibialis anterior, a significant gait main effect was observed (F(1,70) =
4.386, p = 0.04, η2 = 0.059). This main effect suggested increased activation in the unexpected
slip trial compared to normal gait. No statistically significant differences were found for the
medial gastrocnemius (all p > 0.05).
Discussion
This study sought to examine the plausibility of corticospinal involvement in the recovery
response to an unexpected slip. Our findings suggest that there is an increased power in the Piper
frequency band (30-60Hz) for several lower extremity muscles during an unexpected slip trial
relative to a normal dry gait trial. Further, we show here that this increase is greater in
individuals who experienced a fall after an unexpected slip compared to those who recovered
following the slip perturbation. Previous research has shown that when an unexpected slip is
initiated, a series of corrective responses is elicited to attempt and arrest the slipping motion and
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continue forward progress (Cham & Redfern, 2001; Chambers & Cham, 2007; O’Connell et al.,
2016). This series has identified a primary corrective response that includes knee flexion, and hip
extension in the slipping leg. This is followed by a secondary response consisting of knee
extension, and hip flexion, with the ankle joint remaining relatively passive throughout the slip
(Cham & Redfern, 2001; Chambers & Cham, 2007). The current findings herein are in line with
these corrective responses. We observed increases in spectral power in the EMG band of 30-60
Hz, representative of the Piper band. This region of EMG has been previously reported to have
relatively little involvement in steady state gait, but is however, involved in voluntary
movements introduced to the gait cycle and represent activity of the corticospinal pathway (P.
Brown et al., 1998; Clark et al., 2013; Piper, 1907). The increased Piper activity we observed for
the hamstrings, may be representative of involvement of the corticospinal pathway in the hip
extension, and knee flexion corrective response previously identified. Further, the increased
activity of the vastus medialis could be involved in the secondary response of knee extension.
Finally, while the ankle has been shown to be relatively passive in the slip response, our results
suggest an increase in spectral power in the tibialis anterior during a slip. This is likely
representative of the TA attempting to keep the center of pressure near the heel, and not allowing
weight to be transferred to the lead leg as quickly.
The further examination of this relationship revealed differences between individuals who fell,
compared to those who recovered in the unexpected slip trial. The current results suggest an
increase in Piper band activity in the quadriceps and hamstrings, for those who fell relative to
those who recovered during the unexpected slip. However, no differences were observed across
all musculature or fall status for the normal gait trials. Likely, this is partially explained by the
findings that many of the slip recovery trials occurred during non-hazardous slips. Previous
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literature has suggested that these non-hazardous slips are often not perceived by the individual
and are controlled by the automatic postural control system with relatively no modifications to
the gait cycle (Chander, Garner, et al., 2015b; Redfern et al., 2001). Further, hazardous slips
have been shown to be detected by the individual and require modifications to gait which scale to
the magnitude of the slip. Our findings appear to corroborate with those results, with
observations of increased Piper band activity in more hazardous slips, as well as slips that
resulted in falls. This may suggest that the larger gait modifications seen in the slip recovery
process are at least partially mediated through the primary motor cortex, and corticospinal
pathway.
While some of the increased activity in falls compared to recoveries is likely explained by the
nature of the slip, and control of the automatic postural response system, our data may also
suggest that involvement of the corticospinal pathway is not optimal for the recovery process.
We suggest here that the automatic postural control system, and cortical control are not mutually
exclusive in the recovery response, but alterations in the control system may change the temporal
nature of the recovery response and increase fall propensity.
There are methodological concerns with this study. As with all laboratory based fall studies,
participants are aware of the possibility of slipping and falling, and could adopt a more cautious
gait pattern. However, we observed no differences across Piper band activity during normal gait
trials, suggesting that even if gait was altered, the control of the gait pattern remained consistent.
Another consideration is that surface EMG is inherently susceptible to physiological and nonphysiological sources of variability (Clark et al., 2013; De Luca, 1997; Farina, 2006). One
potential influence is crosstalk. We do not believe crosstalk interfered with the results of our
study. We examined several muscles of the lower extremity, separated by a large enough
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distance to mitigate crosstalk. Further, our findings lend themselves the corrective responses seen
in previous literature and the musculature that would be involved. Finally, even if crosstalk were
present, there is no reason to expect that the Piper frequency band of 30-60Hz would be
specifically affected.
Conclusion
In conclusion, to the author’s knowledge, we show here for the first time, an increase in Piper
band activity to several lower extremity muscles during an unexpected slip response. Further,
this increase appears to be involved in more hazardous slips, as opposed to non-hazardous slips,
suggesting that the cortical control may intervene if the automatic postural response system is not
adequate to arrest the slip. These findings will support future studies of slip recovery responses,
particularly those examining what control mechanisms lead to a higher likelihood of falls, and
possible methods of motor learning in hopes of decreasing fall risks.
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Figure 1: Spectral Power in the Piper Frequency Band of the Vastus Medialis between Normal
Gait and Unexpected Slip Trials.

Figure 2: Spectral Power in the Piper Frequency Band of the Semitendinosus between Normal
Gait and Unexpected Slip Trials.
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Figure 3: Spectral Power in the Piper Frequency Band of the Tibialis Anterior between Normal
Gait and Unexpected Slip Trials.

Figure 4: Spectral Power in the Piper Frequency Band of the Medial Gastrocnemius between
Normal Gait and Unexpected Slip Trials.
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Figure 5: Spectral Power in the Piper Frequency Band of the Vastus Medialis for Falls and
Recoveries between Normal Gait and Unexpected Slip Trials.

Figure 6: Spectral Power in the Piper Frequency Band of the Semitendinosus for Falls and
Recoveries between Normal Gait and Unexpected Slip Trials.
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Figure 7: Spectral Power in the Piper Frequency Band of the Tibialis Anterior for Falls and
Recoveries between Normal Gait and Unexpected Slip Trials.

Figure 8: Spectral Power in the Piper Frequency Band of the Medial Gastrocnemius for Falls
and Recoveries between Normal Gait and Unexpected Slip Trials.
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Research Collaborations:
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Management, The University of Mississippi
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 University of Mississippi School of Business Administration
 University of Mississippi School of Pharmacy Administration
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Department of Industrial and Systems Engineering, Auburn University
Department of Kinesiology, Missouri State University
Department of Kinesiology and Health Promotion, Troy University

Advising Experience:
Sally Barksdale Honors College Undergraduate Research Thesis:
David May – Honor’s Thesis - 2014-2015 (Graduated)
Alice McGee – Honor’s Thesis - 2016-2017 (Graduated)
Jordan Colbert – Honor’s Thesis - 2016-2017 (Graduated)

PROFESSIONAL AFFILIATIONS
2013-Present
2015-Present
2015-Present
(SEACSM)
2015-Present
2017-Present

American Red Cross
American College of Sports Medicine (ACSM)
American College of Sports Medicine (Southeast Regional Chapter)
American Society of Biomechanics (ASB) (Peer-Review Membership)
National Strength and Conditioning Association (NSCA)

Manuscript Reviewer:
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International Journal of Exercise Science (2017-Present)
LABORATORY COMPETENCIES
1. Exercise Prescription
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4. Electromyography
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6. Vicon Motion Capture Testing
7. Neurocom Equitest Balance Testing
8. Data entry/statistical analysis (SPSS)
9. First Aid/CPR/AED Certified (American Red Cross)
10. First Aid/CPR/AED Instructor Certified (American Red Cross)
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2014-2015
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2016-2017
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2015-2017
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2012-Present
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2012-Present

Dwight E. Waddell, PhD
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