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ABSTRACT
Recently, advances in mobile consumer electronics technology has significantly changed
the way business is conducted in many different industries, including healthcare. This is due to
the capabilities of devices such as smartphones and other mobile consumer electronic devices,
which incorporate numerous sensors. The benefit of these devices is that they are affordable and
don’t require any specialized equipment beyond the device within which they are installed. Of
specific interest here is the application of mobile consumer electronic devices in the role of
patient care and monitoring.
Study One investigated the inter- and intrasession reliability of SWAY. Here, using
SWAY, subjects balance was evaluated two times per testing session for three sessions separated
by a minimum of seven days. Study Two compared SWAY to the BIODEX Balance System SD
Athlete Single Leg Stance Protocol. Here subjects performed the SWAY protocol followed by
the BIODEX protocol. Study Three compared SWAY to the Abbreviated BESS. Here subjects
performed the SWAY while an Athletic Trainer concurrently scored the BESS stances.
Results indicate that the SWAY demonstrates excellent inter- and intrasession reliability
with ICCs of 0.76 and 0.78 respectively. However, it was found that the SWAY may
demonstrate a ceiling effect. A significant negative correlation was found between the BIODEX
OSI and SWAY scores (r = -0.407, p = 0.003). Additionally, a significant negative correlation
was found between Abbreviated BESS and SWAY scores (r = -0.601, p = 0.000).
SWAY may provide a new method for assessing a patient’s functional limitations in a
fast, quantitative, and clinically meaningful way. SWAY addresses the limitations of functional
assessments and instrumented objective assessments while providing an objective and
quantitative evaluation of a subject’s balance.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
A fall is defined as a sudden, unexpected, uncontrolled and unintentional displacement of
the body to the ground or a lower level (Lamb, Jørstad‐Stein, Hauer, & Becker, 2005). Adams
and colleagues report that in 2010, 13 million falls resulting in medically consulted injuries were
reported, corresponding to an overall falls injury rate of 43 per 1,000 population (Adams,
Martinez, Vickerie, & Kirzinger, 2011). Additionally, in 2010, falls related injuries were the
most common cause of injury reported in emergency departments, totaling more than 7.8 million
visits and accounting for 35.7% of all emergency department cases (Villaveces, Mutter, Owens,
& Barrett, 2013). In 2011, falls were the leading cause of medically consulted injuries in the
United States with 13.4 million incidents being reported (Adams, Kirzinger, & Martinez, 2012).
Villaveces and colleagues (Villaveces et al., 2013) further report that in 2010, the total inpatient
and emergency department costs for falls related injuries which required hospitalization
exceeded $9.2 billion.
In general, falls result from a loss of balance. Mechanical balance, or equilibrium,
describes the state of an object in which the net forces acting upon the object are zero (McGinnis,
2005). Objects which are not moving, and in a state of equilibrium, are said to be in static
equilibrium. The ability of an object to maintain a state of static equilibrium is dependent upon
its center of mass and base of support. Center of mass, also referred to as center of gravity, is an
abstract point about which the mass of an object is evenly distributed (Enoka, 2002), whereas the
base of support includes the area beneath and between the points of contact that an object has
with the ground (McGinnis, 2005). For an object to be in a state of static equilibrium, the line of
1

gravity must fall within the base of support. If the line of gravity does not fall within the base of
support, the object will no longer be in static equilibrium, or balanced, and will fall. Here, the
line of gravity is a vertical line extending through the center of mass to the ground. The point at
which this line intersects the support surface is known as the center of pressure (Winter, 1995).
Similar to mechanical balance, in humans, balance is also dependent upon the
relationship between center of mass and base of support. While a consensus definition of balance
in humans is lacking, a number of authors have defined balance as one’s ability to regulate their
projected center of mass within the limits of their base of support with the purpose of preventing
a fall (Maki & McIlroy, 1997; Shumway-Cook & Woollacott, 2001; Winter, 1995). This is true
whether performing activities that require static or dynamic balance (Rose, 2005). However,
unlike an object in mechanical balance, humans are capable of assuming an infinite number of
positions and postures. This causes the relationship between ones center of mass and base of
support to change with changing body position (McGinnis, 2005). Additionally, regardless of
body position, humans must continually counteract the force of gravity (Horak, 1987).
Therefore, to maintain balance, humans must rely on the integration of complex inputs from the
vestibular, visual, and somatosensory systems (Horak, 1997; Rose, 2005). Once all of the
sensory information is integrated within the central nervous system (CNS), an appropriate
strategy for maintaining balance is developed, and then implemented (Horak, Henry, &
Shumway-Cook, 1997).
A number of different types of balance assessment techniques are currently available
including both subjective and objective methods. Objective methods tend to be laboratory based,
utilizing testing equipment such as force plates, accelerometers, and video capture systems.
These methods provide quantifiable information which can be utilized in various ways to
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describe the subject’s balance. Subjective techniques generally include a set of testing and
scoring procedures and tend to be utilized in clinical settings. Here a test administrator utilizes
their clinical knowledge and experience to evaluate a patient. While numerous subjective clinical
evaluations exist, a number are typically used and recommended by the American Physical
Therapy Association and/or the Centers for Medicare & Medicaid Services (CMS), including the
Balance Error Scoring System (BESS), Berg Balance Scale (Berg), Timed Up and Go Test
(TUG), Tinetti Performance Oriented Mobility Assessment (Tinetti Balance Test), Dynamic Gait
Index (DGI), Activities-Specific Balance Confidence Scale (ABC), and the Outpatient Physical
Therapy Improvement in Movement Test (OPTIMAL). (American Physical Therapy
Association, 2013a, 2013d).
While objective measures of balance, such as force plates, strain gauges, and motion
capture systems, are capable of providing a quantitative assessment of balance and posture, these
devices are not generally utilized outside of the laboratory environment. This is likely because
their cost and complex operation tend to be prohibitive, especially in clinical healthcare settings.
Therefore, clinicians tend to rely on qualitative assessments utilizing subjective assessment
criteria. And while clinical assessments, such as BESS, BBS, TUG, Tinetti Balance Test, DGI,
ABC, and OPTIMAL, rely on subjective scoring criteria such as self reported physical
limitations and/or clinician observations, they do provide outcomes which are clinically
important. Additionally, they are cost efficient and require very little equipment, if any, to
administer. This indicates that an easy to use and cost-efficient method for quantitatively
assessing balance is needed.
One potential method for quantifiably assessing patient postural stability in a cost
efficient manner is through accelerometry. Accelerometers are electromechanical sensors that
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produce an electrical output proportional to an acceleration input (Village & Morrison, 2008),
and are capable of measuring accelerations associated with dynamic movement. Accelerometers
have been shown to provide valid and reliable information for the assessment of balance and
posture (Hansson, Asterland, Holmer, & Skerfving, 2001; Moe-Nilssen, 1998b; Moe-Nilssen &
Helbostad, 2002). Recently, advances in micro-electromechanical systems (MEMS) have
allowed for the physical size, and cost of manufacturing, of accelerometers to be reduced
(Godfrey, Conway, Meagher, & ÓLaighin, 2008). This has allowed for accelerometers to be
incorporated into many different off the shelf mobile consumer electronic devices such as
smartphones, tablet computers, gaming systems, and other multimedia devices.
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is a mobile device
software application which, when installed on a mobile consumer electronic device, accesses the
MEMS tri-axial accelerometer output to assess balance through a series of balance tests. The
SWAY balance test consists of five stances including bipedal (feet together), tandem stance (left
foot forward), tandem stance (right foot forward), single leg stance (right), and single leg stance
(left). Each stance is performed on a firm surface with eyes closed for a period of 10 seconds.
For the duration of each stance, the subject holds the measuring device upright against the midpoint of their sternum. Deflections of the tri-axial accelerometer are recorded throughout each of
the balance test stances and utilized to calculate a final balance score. The units representing the
balance score are interpretations of the acceleration of deflections within the accelerometers, and
are calculated by undisclosed calculations from SWAY Medical.
Currently, SWAY has only been assessed utilizing the Apple, Inc. iPhone and iPod touch
devices. One advantage of using these devices for measuring balance is that they are easy to use,
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relatively inexpensive, and readily available. It has been reported that, as of the end of the third
quarter of fiscal year 2013, Apple, Inc. had sold more than 387 million iPhone’s and more than
100 million iPod touches globally (Smith, 2013; Statista, 2013). As the SWAY Mobile
Application software is available for download on the Apple iTunes software based online digital
media store, millions of users could potentially have the ability to quantifiably and objectively
assess balance without the need to purchase expensive laboratory equipment. Additionally,
SWAY does not rely on the skill or experience of the test administrator for interpreting a subjects
performance to produce a score.
However, while MEMS accelerometric data recorded from an iPod Touch has been
shown to produce outputs consistent with those obtained from laboratory based balance
assessment instruments (Patterson, Amick, Thummar, & Rogers, 2014b), additional testing in
both healthy and special populations, with regard to the reliability and validity of SWAY, is
necessary. This is because research investigating the use of mobile consumer electronic devices
for the purpose of physiological assessment is currently very limited. However, preliminary data
does suggest that these devices may potentially yield valid and reliable balance assessment data.
Additionally, there is currently no data supporting the SWAY measurement location (i.e.
sternum) with respect to body position to most accurately measure standing balance.
1.2 Purpose
The purpose of this study was to investigate the use of MEMS accelerometers found in
mobile consumer electronic devices for the quantitative evaluation of human standing balance.
Specifically, the purpose of this study was threefold. First, this study sought to determine the
reliability of the SWAY Balance Mobile Application balance assessment. Second, this study
sought to determine the relationship between balance scores concurrently obtained from the
5

SWAY Balance Mobile Application and a validated laboratory and clinically based assessment
method. Finally, this study sought to determine the relationship between the SWAY Balance
Mobile Application score compared to a commonly used functional assessment method.
1.3 Research Questions
1.3.1 Research Question 1
Does the SWAY Balance Mobile Application provide a consistent and reliable output for
the assessment of human standing balance?
1.3.2 Research Question 2
What is the association between the SWAY Balance Mobile Application balance score
and the laboratory and clinically based BIODEX Balance System SD?
1.3.3 Research Question 3
What is the association between the SWAY Mobile Application balance score and the
commonly used BESS assessment?
1.4 Hypotheses
1.4.1 Hypothesis 1
SWAY Balance Mobile Application scores will yield consistent and reliable balance
scores for the assessment of human standing balance.
1.4.2 Hypothesis 2
The SWAY Balance Mobile Application balance scores will show a significant
association with the Athlete Single Leg Stance test OSI scores performed on the BIODEX
Balance System SD.
6

1.4.3 Hypothesis 3
The SWAY Balance Mobile Application balance scores will show a significant
association with the Abbreviated BESS functional assessment scores when scored by an
experienced evaluator.
1.5 Significance
There is currently a limited amount of research investigating the use of accelerometers
built into mobile consumer electronics technology for the assessment of human standing balance.
This study seeks to expand the body of scientific knowledge regarding the application of current
off the shelf technologies for use in human physiological assessment. Additionally, the
information obtained from this study will be of benefit to the medical and athletic communities,
as well as the general population, as it has the benefit of reporting a physiological measure which
may be a marker of health status (Mancini & Horak, 2010).
1.6 Assumptions
1. It is assumed that all subjects are healthy and free of any current or pre-existing condition
that may alter their ability to balance, including neurological dysfunction,
musculoskeletal injury, visual impairment, vestibular impairment, and/or un-prescribed
or non-normal polypharmacy.
2. It is assumed that all subjects followed all instructions to the fullest of their abilities and
give maximal effort to maintain balance in each trial.
1.7 Limitations
The use of off-the-shelf mobile consumer electronics technology can potentially provide
an accessible and cost-efficient means for objectively and quantitatively assessing human
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balance. This could significantly impact the methods by which individuals are assessed,
diagnosed, and treated for various injuries, diseases, and disabilities for which balance is a
marker of function. Additionally, this technology could improve accessibility to screening tools
as assessments could be performed in various environments including clinical, field, and home
environments. While the purpose of this study was to investigate the use of MEMS
accelerometers found in mobile consumer electronic devices for the quantitative evaluation of
human standing balance, a number of limitations within the study design exist.
First, the sample of subjects was not normally distributed to represent the overall
population. The majority of volunteer subjects evaluated in the series of studies were a sample of
convenience, consisting of healthy college aged graduate and undergraduate students between
the ages of 18 and 30 years. Therefore, results may be significantly different in other populations
such as older adults and those with physical or physiological conditions affecting balance
performance. The second limitation is that this series of studies did not control for the subjects
level of participation in recreational physical activity. Additionally, this subject sample includes
those who are non-athletes as well as elite NCAA Division I collegiate track athletes. Taken
together, these two limitations may make it difficult to draw conclusions from the data which can
be generalized to the overall population.
The third limitation of this series of studies was the difference by which the various
balance assessment techniques and instruments measure balance. The SWAY Balance Mobile
Application requires the subject to hold a mobile consumer electronic device at sternum level,
above the center of mass, and utilizes a built in accelerometer to measure the three dimensional
accelerations of the body during various balance tests. A composite score is then generated at the
completion of the test. The BIODEX Balance System SD requires the subject to perform a
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specific balance protocol as determined by a test administrator, while standing on a circular
platform. The device utilizes springs and strain gauges to measure balance with either a static or
dynamic platform condition. A score is generated at the completion of the tests and population
normal values, as determined by BIODEX, are provided. While both the SWAY Balance Mobile
Application and BIODEX Balance System SD are capable of providing quantitative and
objective measures of balance, SWAY assesses postural corrections by measuring accelerations
above the subjects center of mass while the BIODEX system measures movement of the ankles.
A third balance assessment technique utilized was the Balance Error Scoring System (BESS).
This method requires an experienced clinician to administer a series of balance stances and
subjectively score a subjects performance based upon the number of predefined errors that occur.
The differences between these three balance assessment methods must be understood when any
comparisons between them are made.
A fourth limitation in this series of studies is that we did not determine each subjects
level of acceptance of the use of modern consumer electronics technology for physiological
health assessment. The subjects who participated in this series of studies are of different ages
come from all over the world. Multiple social and cultural influences and experiences may limit
their knowledge and acceptance of mobile consumer electronics technology. If users are
uncomfortable with utilizing modern technology, the ability to correctly utilize the application
may become compromised.
The final limitation of this series of studies are that, for instrumented balance
assessments, balance scores are limited to the calculation algorithms of the SWAY Balance
Mobile Application and BIODEX Balance System SD. The algorithms utilized by these devices
are proprietary in nature and unknown to the investigator.
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1.8 Delimitations
1. This study is delimited to current graduate and undergraduate students at Wichita State
University, Wichita, Kansas
2. With regard to the use of a mobile consumer electronics device, this study is delimited to
the use of the Apple Inc. iPod Touch.
3. This study is delimited to the use of the SWAY Mobile Application software.
4. This study is delimited to the use of the BIODEX Balance System SD for objective
clinical balance assessment, instead of any other balance platform.
5. This study is delimited to the use of the Balance Error Scoring System as a subjective
clinical balance assessment technique.
1.9 Definition of Terms
Accelerometer: electromechanical sensors that produce an electrical output proportional to an
acceleration input (Village & Morrison, 2008).
Balance: One’s ability to regulate their projected center of mass within the limits of their base of
support with the purpose of preventing a fall while performing static or dynamic activity (Maki
& McIlroy, 1997; Rose, 2005; Shumway-Cook & Woollacott, 2001; Winter, 1995).
Base of Support: Includes the area beneath and between the points of contact that an object has
with the ground (McGinnis, 2005).
Center of Mass: Abstract point about which the mass of an object is evenly distributed (Enoka,
2002).
Center of Pressure: The point at which the line of gravity intersects the support surface (Winter,
1995).
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Dynamic Balance: The ability to maintain or re-establish equilibrium while in motion (Davlin,
2004).
Equilibrium: State of an object in which the net forces acting upon the object are zero (Cutnell &
Johnson, 2007).
Exteroceptors: Sensors which respond to stimuli external to the body (McGinnis, 2005).
Force Platform / Force Plate: instruments which measure the ground reaction forces generated
between the body and its support surface (McGinnis, 2005).
Interoceptors: Sensors which respond to internal stimuli (McGinnis, 2005).
Limits of Stability: The amount to which one is able to move, or alter, their center of mass in any
direction away from the vertical midline without changing their base of support (Horak, Wrisley,
& Frank, 2009; Riemann, Guskiewicz, & Shields, 1999).
Line of Gravity: A vertical line extending through the center of mass to the ground. The point at
which this line intersects the support surface is known as the center of pressure (Winter, 1995).
Posture: the orientation of the whole body, or of a specific body segment, relative to the
gravitational vector (Winter, 1995).
Postural Control: The ability to control the body's position in space with the purpose of
maintaining stability and body orientation (Shumway-Cook & Woollacott, 2001).
Postural Equilibrium: The ability to coordinate various sensorimotor strategies for the purpose of
maintaining the center of mass within the base of support (Horak, 2006).
Postural Orientation: The ability to maintain the position of the body relative to the environment
as well as between the body segments relative to each other (Shumway-Cook & Woollacott,
2001).
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Proprioceptors: Interoceptors specialized to and associated with monitoring the musculoskeletal
system and its movement (McGinnis, 2005).
Stability: The capacity of an object to remain in, or return to, a state of equilibrium without
falling (McGinnis, 2005; Pollock, Durward, Rowe, & Paul, 2000).
Static Balance: The ability to maintain a state of equilibrium while in one stationary position
(Davlin, 2004; Rose, 2005).
Static Equilibrium: State of equilibrium in which an object is in equilibrium and not moving
(McGinnis, 2005).
Visceroceptors: Interoceptors specialized to and associated with monitoring of the internal
organs (McGinnis, 2005).
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CHAPTER II
LITERATURE REVIEW
2.1 Introduction
In the United States, falls and fall related injuries have become an important
epidemiological concern. This is because the incidence of falls has continued to rise. A fall is
defined as a sudden, unexpected, uncontrolled and unintentional displacement of the body to the
ground or a lower level (Lamb et al., 2005). Adams and colleagues report that in 2010, 13
million falls resulting in medically consulted injuries were reported, corresponding to an overall
falls injury rate of 43 per 1,000 population (Adams et al., 2011). Additionally, in 2010, falls
related injuries were the most common cause of injury reported in emergency departments,
totaling more than 7.8 million visits and accounting for 35.7% of all emergency department cases
(Villaveces et al., 2013). In 2011, falls were the leading cause of medically consulted injuries in
the United States with 13.4 million incidents being reported (Adams et al., 2012).
For adults, falls related injury rates increase with increasing age. By age group, the
lowest rate of falls related injury are found in those aged 18-44 years (26 per 1,000 population),
followed by those aged 45-64 years (approximately 42 per 1,000 population), and those aged 6574 years (approximately 58 per 1,000 population). The highest rate is found in those aged 75
years or more (115 per 1,000 population). Interestingly, those aged 12-17 years of age suffer
more falls (approximately 62 per 1,000 population) than do all age groups except those aged 75
years or more, and significantly more falls than does the 18-44 age group (Adams et al., 2011).
Furthermore, it has been reported that of all falls related injuries treated in an emergency
department, more than 37% in those under the age of 18 years (Villaveces et al., 2013).
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Falls have additionally been reported as a leading cause of workplace injury. The U.S.
Department of Labor reports that in 2011, falls on the same level, defined as falls to floors,
walkways, or ground surfaces, were responsible for more than 18.2% of all nonfatal workplace
injuries resulting in days away from work (U.S. Department of Labor, 2012). Additionally, the
Bureau of Labor Statistics (BLS) reports that a total of 681 fatal workplace injuries resulting
from falls, slips, and trips occurred in 2011 (Bureau of Labor Statistics, 2013).
These rates of fall related injuries impose a significant economic burden. The National
Safety Council reports that total medical and workers’ compensation costs associated with
injuries resulting from falls in the workplace is estimated to be $70 billion annually (National
Safety Council, 2002). Villaveces and colleagues (Villaveces et al., 2013) further report that in
2010, the total inpatient and emergency department costs for falls related injuries which required
hospitalization exceeded $9.2 billion.
Together, these data indicate that falls and fall related injuries pose a significant health
risk to the population. And the cost of treating falls related injuries impose a significant
economic burden on both our healthcare and employment systems. By understanding those
factors which contribute to falls, better evaluation techniques can be developed. The information
gathered from these evaluations can then be utilized when developing patient treatment
programs. One such factor which contributes to falls is balance.
2.2 Balance
A fall generally results from a loss of balance. Human balance is a complex and multidimensional process which allows for the maintenance of a specific posture, or postures, while
executing any number of different tasks. These tasks can vary from simple activities of daily
living such as sitting upright or static standing, to more complex skilled activities executed while
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performing work duties or recreational activities. Our ability to perform this wide range of
activities is dependent upon our capacity to coordinate and control various components of
multiple intrinsic systems which contribute to the process of maintaining balance (Rose, 2005).
These include biomechanical, motor, and sensory components which are further influenced by
task demands, environmental constraints, and individual capabilities (Berg, 1989a; Horak, 1987;
Horak, 2006; Rose, 2005; Shumway-Cook & Woollacott, 2001).
2.2.1 Mechanical Balance
The mechanical definition of balance, or equilibrium, is described by Newton’s First Law
of Motion. This law states that an object will remain in its current state of motion, or rest, at a
constant speed and in a constant direction unless acted on by a force (Cutnell & Johnson, 2007).
Here, whether at rest or while in motion, if the net forces acting upon the object are zero, the
object is said to be in a state of equilibrium, whereas if the net forces acting upon the object are
not zero, the object will accelerate, decelerate, or change direction. Those objects which are both
at rest and in equilibrium are said to be in a state of static equilibrium (McGinnis, 2005).
The ability of an object to maintain a state of static equilibrium is dependent upon its
center of mass and base of support. Center of mass, also referred to as center of gravity, is an
abstract point about which the mass of an object is evenly distributed (Enoka, 2002), whereas the
base of support includes the area beneath and between the points of contact that an object has
with the ground (McGinnis, 2005). For an object to be in a state of static equilibrium, the line of
gravity must fall within the base of support. If the line of gravity does not fall within the base of
support, the object will no longer be in static equilibrium, or balanced, and will fall. Here, the
line of gravity is a vertical line extending through the center of mass to the ground. The point at
which this line intersects the support surface is known as the center of pressure (Winter, 1995).
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The characteristics of an objects center of mass and base of support determine the
stability of that object. Stability is the capacity of an object to remain in, or return to, a state of
equilibrium without falling (McGinnis, 2005; Pollock et al., 2000). The stability of an object is
said to increase as the amount of displacement required to move the line of gravity outside of the
BOS increases. Additionally, the stability of an object is said to increase as the amount of force
required to displace the line of gravity outside of the base of support increases (McGinnis, 2005).
There are a number of factors that will influence the stability of an object by altering the
relationship between that objects base of support and center of mass. These factors include the
area of the base of support, horizontal and vertical position of the center of mass, mass of the
object, as well as the friction between the object and the ground (Hall, 2003). Here, stability is
greater with a large base of support, center of mass centered horizontally and low vertically, a
large mass, and greater friction with the ground. Altering any one of these factors may have a
significant effect on the stability of the object.
2.2.2 Human Balance
The term balance is often used synonymously with other terms such as stability, postural
stability, or postural control (Pollock et al., 2000). However, there is no consensus definition of
balance, nor of the neural mechanisms responsible for controlling it (Berg, 1989a; Pollock et al.,
2000; Shumway-Cook & Woollacott, 2001). This is because balance is a concept, and while its
functional importance is understood, its full multi-dimensional nature is not. For this reason it is
important to assign working definitions to balance and its associated terms for the purpose of
clarity and understanding.
The biomechanical definition of posture refers to the orientation of the whole body, or of
a specific body segment, relative to the gravitational vector. Here, posture can be quantified by
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an angular measure from the vertical position (Winter, 1995). Postural control refers to the
ability to control the body's position in space with the purpose of maintaining stability and body
orientation (Shumway-Cook & Woollacott, 2001). It is a complex motor skill, and is the result of
the interaction of multiple sensorimotor systems (Horak & Macpherson, 1996). The ability to
maintain postural control is dependent upon three primary factors including the capabilities of
the individual, environmental constraints, and the demands of the task being performed
(Shumway-Cook & Woollacott, 2001). Figure 2.1 illustrates the interaction of these components.
Here, if the demands of the task or the environmental constraints exceed the individuals
capabilities, postural control will not be able to be maintained.
Part of postural control are the concepts of postural orientation and postural equilibrium.
Postural orientation refers to the ability to maintain the position of the body relative to the
environment as well as between the body segments relative to each other (Shumway-Cook &
Woollacott, 2001). Postural equilibrium refers to the ability to coordinate various sensorimotor
strategies for the purpose of maintaining the center of mass within the base of support (Horak,
2006). Simplified, postural control can be thought of as the maintenance of the biomechanical
alignment of the body, whereas postural equilibrium and postural orientation involve the
coordination of balance strategies and active control of the body in response to both internal and
external sensory feedback (Horak, 2006; Shumway-Cook & Woollacott, 2001). However, the
term posture is commonly used to describe both the orientation and biomechanical alignment of
the body (Shumway-Cook & Woollacott, 2001).
Similar to mechanical balance, in humans, balance is also dependent upon the
relationship between center of mass and base of support. And while a consensus definition is
lacking, balance, or postural stability, has been defined by some as one’s ability to regulate their
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FIGURE 2.1 FACTORS INFLUCENCING POSTURAL CONTROL
Image reproduced from (Shumway-Cook & Woollacott, 2001)
projected center of mass within the limits of their base of support with the purpose of preventing
a fall (Maki & McIlroy, 1997; Shumway-Cook & Woollacott, 2001; Winter, 1995). This is true
whether performing activities that require static or dynamic balance (Rose, 2005).
However, unlike an object in mechanical balance, humans are capable of assuming an infinite
number of positions and postures. This causes the relationship between ones center of mass and
base of support to change with changing body position (McGinnis, 2005). Additionally,
regardless of body position, humans must continually counteract the force of gravity (Horak,
1987). Therefore, to maintain balance, humans must rely on the integration of complex inputs
from the vestibular, visual, somatosensory, auditory, and cognitive systems (Horak, 1997; Rose,
2005). Once all of the sensory information is integrated within the central nervous system (CNS),
an appropriate strategy for maintaining balance is developed, and then implemented (Horak et
al., 1997).
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When developing and implementing a balance control strategy for the performance of a
certain task, it is important to understand that postural stability and postural orientation are
separate and distinct goals. While some tasks may demand increased stability, other tasks may
require a specific orientation be maintained. This relationship is further influenced by the
environment in which the task is being performed. For example, if the support surface is unstable
or moving, orientation may be sacrificed for improved stability. Therefore, the relationship
between orientation and stability are constantly changing depending on the task being performed
and the environment in which it is performed. However, while the relationship between these
two aspects of posture may continually change, it holds true that the person will fall if the center
of mass falls outside of their base of support without changing the base of support. Therefore, the
sensory and motor strategies utilized to accomplish postural stability must continually adapt to
the task and environment (Horak & Macpherson, 1996; Shumway-Cook & Woollacott, 2001).
Despite the wide range of postures that one can assume, all activities associated with the
control of balance can be described by three functional dimensions including: 1) the ability to
maintain a specific posture (e.g. sitting or standing), 2) the ability to control the center of mass
through volitional movement (e.g. reaching, turning, or walking), and 3) the ability to react to,
and recover from, external perturbations (e.g. slip or push) (Berg, 1989a, 1989b; Horak, 1987;
King, Judge, & Wolfson, 1994; Mancini & Horak, 2010).
2.2.3 Static Balance, Dynamic Balance, and Limits of Stability
Balance is a complex motor skill developed with the purpose of maintaining posture and
preventing falls. There are two primary types of balance, static and dynamic. Dynamic balance
describes the ability to maintain or re-establish equilibrium while in motion (Davlin, 2004). This
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requires one to control their center of mass while continually changing or adjusting their base of
support. Activities requiring dynamic balance include weight transfer as well as walking/running
(Rose, 2005).
Typically thought of as standing upright on a stable surface, or quiet standing, static
balance describes the ability to maintain a state of equilibrium while in one stationary position
(Davlin, 2004; Rose, 2005). This requires that one controls their center of mass without changing
their base of support. However, with static balance the term “static” is misleading, implying that
the center of mass is maintained without movement. This is not the case as the maintenance of
static balance is a dynamic process which involves the active contraction of multiple muscle
groups throughout the body to compensate for destabilizing force of gravity (Berg, 1989a;
McCollum & Leen, 1989). This movement is referred to as postural sway.
A term related to static balance is ‘limits of stability’. The amount to which one is able to
move, or alter, their center of mass in any direction away from the vertical midline without
changing their base of support is considered their limits of stability (Horak et al., 2009; Riemann
et al., 1999). In adults, the range of limits of stability generally include a center of mass
displacement away from the vertical midline of 8 degrees anteriorly, up to 5 degrees posteriorly,
and 8 degrees laterally(Nashner & McCollum, 1985). However, the boundaries of one’s limits of
stability are not fixed and depend on a number of factors including the task being performed,
individual biomechanical limitations, as well as environmental considerations (Rose, 2005;
Shumway-Cook & Woollacott, 2001).
2.2.4 Systems of Balance Control
The ability to maintain both static and dynamic balance is dependent upon the ability to
integrate sensory feedback from both the internal and external environment. This is
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accomplished via specialized sensors, and associated reflexes, located within the visual,
vestibular, and somatosensory systems (Nashner, 1997; Shumway-Cook & Horak, 1986). Those
sensors which respond to stimuli external to the body are termed exteroceptors, while those
which respond to internal stimuli are termed interoceptors. Interoceptors can be further
categorized as those which are associated with monitoring of the internal organs, visceroceptors,
and those which are associated with monitoring the musculoskeletal system and its movement,
proprioceptors. Both intero- and exteroceptors provide critical information for the maintenance
of balance (McGinnis, 2005).
2.2.4.1 Vestibular System
The vestibular apparatus, located in the inner ear, provides information regarding head
position and movement independent of information received from the visual system. Its primary
function is to detect the sensations of equilibrium (Guskiewicz & Perrin, 1996; Hall, 2011). It
consists of a system of bony tubes and chambers located within the petrous, or bony labyrinth,
portion of the temporal bone. These bony tubes and chambers contain membranous tubes and
chambers, called the membranous labyrinth. The membranous labyrinth is the functional portion
of the vestibular apparatus and consists of the cochlea, utricle, saccule, and three semicircular
canals (Hall, 2011).
The cochlea is the primary sensory organ of the auditory system. And while it does not
play a role in detecting the sensations of equilibrium, it is an important exteroceptor responsible
for hearing (Hall, 2011). The primary structures within the ear that assist in balance control are
the otoliths, which are contained within each utricle and saccule, and the semicircular canals.
Otoliths detect linear acceleration and head orientation as it relates to gravity, whereas the
semicircular canals provide information regarding head orientation through the detection of
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angular acceleration (Hall, 2011). While visual and somatosensory feedback are the primary
sources of information used in balance control, the information provided by the vestibular
apparatus is utilized for the control of slow postural sway (Dietz, Horstmann, & Berger, 1989;
Nashner, 1982). It is additionally used in determining the position of the body in space
(Shumway-Cook & Woollacott, 2001).
The vestibular system also works in conjunction with the visual system. Information
received from the vestibular apparatus is used by the visual system to control ocular muscles.
This moves the eyes in a manner that produces clear visual information, especially when the
visual environment and support surface are tilted or unstable, as well as during dynamic
activities (Nashner, 1982). This is referred to as the vestibuloocular reflex (Hall, 2011).
2.2.4.2 Visual System
Vision contributes to balance and motor control as both an exteroceptor and a
proprioceptor. As an exteroceptor, the visual system collects information from the external
environment (Rose, 2005). This includes identifying objects, obstacles, and barriers and their
movement. In collecting this information, potential perturbations can be identified and predictive
compensatory actions can initiated. The visual system also functions as a proprioceptor through a
process known as visual proprioception. Here, information from the eyes is used to determine the
body’s position in space, the relationship between different parts of the body, as well as the
overall motion of the body through the environment (Shumway-Cook & Woollacott, 2001).
However, while inputs from the visual system provide information important for balance
and postural control, these inputs can be unreliable. This is because the visual system cannot
easily distinguish between exocentric motion and egocentric motion (Shumway-Cook &
Woollacott, 2001). For example, when sitting on a bus in traffic, movement may be detected in
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the peripheral field of vision, however, in processing the visual information the brain is unable to
determine if the body is in motion or if it is an object in the environment that is moving. As a
result, postural adjustments may then occur whether or not they are needed. This ability to affect
posture through manipulated visual inputs has been demonstrated by Lee and Aronson (Lee &
Aronson, 1974). Here, subjects stood in a room with movable walls, and visual inputs were
manipulated by moving the walls in various directions. Investigators found that postural
compensation occurred in the same direction as the wall movement despite the base of support
remaining unchanged.
2.2.4.3 Somatosensory System
The somatosensory system is essential for controlling and maintaining balance. This is
because sensory information received from proprioceptors within the muscles and joints provide
information regarding muscle position and length throughout static and dynamic movements
(Hall, 2011). Cutaneous receptors also provide important information used to maintain balance
including pressure, vibration, and tactile sensation, as well as limb location and position in space
(Shumway-Cook & Woollacott, 2001). The information received from these sources assists with
reflexive control and modification of posture and gait (Rose, 2005). The somatosensory system
tends to play a dominant role in postural control when the information from the support surface
is available and reliable (Krishnamoorthy, Yang, & Scholz, 2005).
The muscle spindle is a proprioceptor typically located in the belly of skeletal muscles.
Their primary function is to detect the stretch and relative changes in length of muscle fibers
(McGinnis, 2005). Muscle spindles consists of specialized intrafusal fibers encased by a
connective tissue capsule which is then connected, and lies parallel, to extrafusal muscle fibers
(Shumway-Cook & Woollacott, 2001). When the extrafusal muscle fibers are stretched, the
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intrafusal fibers of the muscle spindles are also stretched. This activates receptor endings,
sending the afferent muscle fiber stretch information to the central nervous system (Brooks,
Fahey, & Baldwin, 2005). However, if the rate of muscle fiber stretch is great enough, the signal
generated by the muscle spindle can be transmitted directly back to the motor neurons
innervating that muscle, causing the muscle to contract. This is referred to as the stretch reflex
(Hall, 2011). The muscle spindle also has efferent innervations. This allows for the regulation of
the sensitivity of the muscle spindle depending on the movements being performed (Astrand,
Rodahl, Dahl, & Stromme, 2003).
The stretch reflex serves two primary functions. First, it is a mechanism for protecting the
joint or joints spanned by a muscle or muscle group. Here, if rapid movement of a limb causes
the muscle fibers to stretch to quickly, the stretch reflex will stimulate an eccentric contraction of
that muscle to slow the movement and prevent injury, such as joint dislocation. Second, the
stretch reflex is used for postural support. For example, as the body sways anteriorly while
standing, the posterior postural muscles will slowly stretch. Ultimately, this stretch will initiate
the stretch reflex, causing the posterior postural muscles to contract and stop the forward sway,
preventing a loss of balance (Dietz et al., 1989; McGinnis, 2005; Nashner, 1976)
Another proprioceptor of the somatosensory system is the Golgi tendon organ (GTO).
GTO’s are found in muscle tendons, at the intersection of the muscle and the tendon, and in
series with the extrafusal muscle fibers (Astrand et al., 2003). Their primary function is to detect
the amount of tension being exerted on a muscles tendon. A single tendon can contain multiple
GTO’s, with each connecting to approximately 10-20 individual extrafusal muscle fibers (Hall,
2011). The GTO is stimulated by increased tension in the tendon, which results from either
contraction or stretching of the tendons muscle.

24

Similar to the muscle spindle, GTO’s synapse with the motor neurons of the agonist and
antagonist muscles. As tension within the tendon increases, GTO’s respond with an inhibitory
impulse to the agonist, preventing further contraction of the muscle. In situations where
continued contraction may result in hyperflexion or hyperextension of a joint, the GTO can also
transmit an excitatory signal to the antagonist. This results in contraction of that muscle and
slows the overall limb movement (Brooks et al., 2005). Additionally, in the event that a large
amount of tension is produced, the GTO can initiate the lengthening reflex. Here, with extreme
tension, all muscle activity can become inhibited resulting in instantaneous relaxation of the
muscle. It is likely that this reflex functions as a protective mechanism to prevent rupture of the
muscle as well as avulsion of the tendon from the bone (Hall, 2011).
It was previously believed that the sole function of the GTO and its inhibitory action was
to prevent injury to the involved structures including the muscle fibers, tendon, as well as the
bone. However, more current research has indicated that the GTO’s are continually monitoring
tension within the tendon and modulate their inhibitory response throughout the course of a
movement. That is, during a muscle contraction, a GTO which detects high tension within it’s
extrafusal muscle fibers will become stimulated and inhibit those muscle fibers. This, in turn,
increases the amount of tension in those fibers that are less stimulated. It is hypothesized that
GTO’s work in this way to distribute the contractile forces of a muscle evenly across its tendons
(Astrand et al., 2003; Hall, 2011; Shumway-Cook & Woollacott, 2001).
It is hypothesized that these proprioceptors, muscle spindles and GTO’s, work in
conjunction with each other to regulate muscle stiffness. Here, muscle stiffness is defined as the
amount of force generated per unit length of the muscle (Shumway-Cook & Woollacott, 2001). It
has further been suggested that continuous monitoring of muscle force and length is necessary
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for the control of posture and movement (Jami, 1992). Furthermore, Winter et al. (Winter, Patla,
Rietdyk, & Ishac, 2001) argues that muscle stiffness in the ankles, as controlled by the GTO’s
and muscle spindles, is key in controlling balance during quiet standing.
A number of different proprioceptors, collectively known as joint receptors, are also
found in the ligaments and capsules of joints (Astrand et al., 2003). These receptors are located
in different locations around the joint, depending on their specific function (Shumway-Cook &
Woollacott, 2001). Type 1 joint receptors function to provide information with regard to changes
in joint position, and type 2 joint receptors function to provide information with regard to the
speed of joint movement. These receptors are located in areas of the joint capsule where bending
and stretching occur. Type 3 joint receptors function to provide information with regard to the
actual position of the joint. These receptors function similarly to GTOs, and are located in the
ligaments of the joint. Type 4 receptors are pain receptors (Astrand et al., 2003).
Various types of cutaneous receptors, including proprioceptors, thermoreceptors, and
nociceptors, are also located within the skin. The information generated by these receptors is
used for different purposes depending on the level of central nervous system integration. At the
spinal cord, this information can be used to generate reflexive movements, while at higher
central nervous system levels the information is used for determining body position in the
environment (Shumway-Cook & Woollacott, 2001).
2.2.5 Balance Control Strategies
Unlike an inanimate object, which would fall if its center of mass falls outside of its base
of support, humans have the ability to sense any pending instability, develop a strategy for
maintaining posture and stability, and counteract the force of gravity by implementing that
postural control strategy. These postural control strategies can be described as being anticipatory
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or reactive in nature. Anticipatory, or predictive, postural control strategies are those which can
be planned in advance of a perturbation. Here, a feedforward mechanism initiates a
musculoskeletal action to control the body’s center of mass in preparation of an anticipated and
self-generated disturbance (Horak, 1987; Pollock et al., 2000). An anticipatory postural control
strategy would be implemented prior to the initiation of a voluntary movement such as reaching,
avoiding obstacles, or stepping between different surface types (Rose, 2005). Reactive postural
control strategies result from a sensory feedback mechanism where an unexpected perturbation is
sensed via somatosensory, vestibular, and/or visual feedback. Here, musculoskeletal action
would occur to control the body’s center of mass in response to an unexpected perturbation that
may result in postural instability, such as stepping on a surface not known to be unstable, or
being bumped or pushed while walking or standing (Pollock et al., 2000; Rose, 2005). Muscle
activity associated with reactive postural control strategies are generated much more quickly than
during voluntary movement. These movements are initiated within 70-180 milliseconds of
detecting an external perturbation, whereas voluntary reactions are initiated within 180-250
milliseconds (Horak et al., 1997).
Regardless of whether the postural control strategy is anticipatory or reactive, in healthy
subjects, the movement strategies for maintaining or restoring the center of mass within the base
of support are similar (Horak, 1987). There are two primary classifications of postural control
strategies including fixed-support strategies and change-in-support strategies (Maki & McIlroy,
1997). Fixed-support strategies are those where limb movement is not present in the maintenance
or restoration of the center of gravity within the base of support. Here, the base of support
remains unchanged. Examples of fixed-support strategies include the ankle strategy and the hip
strategy.
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Conversely, change-in-support strategies are those where limb movement is present and
the base of support is altered in the restoration of the center of gravity within the base of support.
Change-in-support strategies have previously been viewed as strategies of last resort, whereby
the base of support was altered only after fixed-support strategies had failed (Horak & Nashner,
1986; Horak, Shupert, & Mirka, 1989; Rose, 2005). However, more recent investigations have
indicated that the step strategy may be the preferred postural control strategy, even for small
postural disturbances where the center of mass is still within the established base of support,
especially during the performance of a secondary task (Brown, Shumway-Cook, & Woollacott,
1999; Maki & McIlroy, 1997; Maki & McIlroy, 2005; McIlroy & Maki, 1993). Examples of
change-in-support strategies include the step strategy as well as grasping with the hand (Maki &
McIlroy, 1997).
2.2.5.1 Ankle Strategy
The ankle strategy is a fixed support strategy whereby the center of mass is manipulated
through torque applied primarily at the ankle joints (Horak, 1987). Here, muscular contractile
activity moves in a distal to proximal pattern beginning at the ankles, exerting a compensatory
force against minor perturbations in the anterior-posterior directions (Duncan, Studenski,
Chandler, Bloomfeld, & LaPointe, 1990; Horak & Nashner, 1986). This causes the center of
mass to rotate around the ankle joints with the upper and lower body in phase and little knee or
hip movement (Horak, 1987). However, because only a relatively small amount of force is able
to be exerted around the ankle joints, this strategy is typically used to control postural sway
through a small range of motion while standing upright on a broad, stable support surface
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(Horak, 2006; Rose, 2005). Additionally, this postural control strategy is only possible if the
individual possesses sufficient strength and range of motion in the ankles (Rose, 2005;
Shumway-Cook & Woollacott, 2001).
2.2.5.2 Hip Strategy
The hip strategy is a fixed support strategy whereby the center of mass is manipulated
through torques applied primarily at the hip joints. With this strategy, muscular contractile
activity moves in a proximal to distal pattern, beginning in the trunk and hips and moving
through the lower extremity (Duncan et al., 1990; Horak & Nashner, 1986). Here, the upper and
lower body move in opposite directions as the center of mass is manipulated by either flexing or
extending at the hips, causing a compensatory horizontal shear force to be exerted against the
support surface which acts to decelerate the center of mass (Duncan et al., 1990; Horak, 1987;
Horak, 1997; Horak & Nashner, 1986; Rose, 2005). Arm movements may also be observed with
the execution of this balance control strategy. This is because, through inertial effects, rapid arm
movement in the same direction of upper body movement acts to stabilize the center of mass
over the base of support (Maki & McIlroy, 1997). The hip strategy is primarily utilized when the
center of mass must be moved more quickly, or farther than what is possible with the ankle
strategy(Horak, 2006). Additionally, this strategy is also utilized if standing on a surface that is
more narrow than the length of the feet. This is because, there is insufficient surface area with
which to generate the necessary force to restore or maintain the center of mass within the base of
support utilizing the ankle strategy(Horak, 2006; Rose, 2005).
2.2.5.3 Step Strategy
The step strategy is a change-in-support strategy whereby stability is maintained or
restored by altering the base of support so that it is repositioned below the center of mass (Maki
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& McIlroy, 1997). This strategy is characterized by stepping or hopping in the direction of the
perturbation to reposition the base of support in an attempt to prevent a fall (Duncan et al., 1990;
Horak, 1987; Horak et al., 1997). Reaching and grasping with the upper extremity is also
considered an important change-in-support strategy. Here, the base of support is modified by
grasping onto a stable surface with the hands. This may occur with or without stepping (Maki &
McIlroy, 1997). It is important to note that compensatory stepping and reaching for the purpose
of maintaining stability differs from volitional stepping for gait initiation and volitional reaching.
Multiple investigations have shown that, when compared to rapid reaction time volitional
stepping cued by visual or somatosensory means, compensatory stepping evoked by perturbation
is initiated 50 to 100 milliseconds earlier, and that the movement is executed in half of the time
(Maki & McIlroy, 2005). In an investigation of anticipatory postural adjustments and external
perturbation postural responses for step initiation, Burleigh and colleagues (Burleigh, Horak, &
Malouin, 1994) reported a response initiation time of 150 milliseconds from onset of a platform
motion perturbation to the beginning of lateral weight shift for step initiation. A 50 millisecond
delay was further observed for a proprioceptive perturbation (Burleigh et al., 1994). Similarly, in
an investigation of step speed in response to either a visual cue or platform motion, McIlroy and
Maki (McIlroy & Maki, 1996) found a 100 millisecond reduction in latency and a 450
millisecond (two-fold) reduction in duration of step speed when subjects were exposed to a
platform perturbation.
With perturbation, compensatory arm movements are also initiated and completed much
more quickly than volitional arm movements. In an investigation of upper extremity muscle
activation with external perturbation, McIlroy and Maki (McIlroy & Maki, 1995) reported
activation of the shoulder muscles in more than 85% of trials. Shoulder muscle activity was
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recorded early, occurring between 90 and 140 milliseconds after perturbation onset. When
compared rapid reaction time volitional reach to grasp movements, compensatory reaching and
grasping occurs nearly 100 milliseconds faster (Maki & McIlroy, 2005).
2.2.6 Summary
Human balance is a multi-dimensional process which allows for maintenance of the
postures necessary to perform both simple and complex tasks. It is a complex motor skill
requiring the coordination and control of various components of multiple intrinsic systems
including the visual system, vestibular system, and somatosensory system. The ability to balance
is further influenced by task demands, individual capabilities, and environmental constraints.
A key component of balance is the ability to maintain and control the relationship
between the center of mass and base of support. And it is the characteristics of this relationship
which determine one’s stability. For one to maintain balance, the vertical projection of their
center of mass must remain within their base of support. Maintaining this relationship is
accomplished through the integration of sensory information from the internal and external
environments in the CNS. Here, this information is utilized to determine the position of the body,
and its segments, relative to each other as well as to the gravitational vector. Upon integrating
this sensory information, a balance control strategy can then be developed and implemented.
All balance control strategies can be described as being either anticipatory or reactive.
Anticipatory strategies are those initiated prior to a predicted destabilizing force, whereas
reactive strategies are those implemented after an unexpected perturbation. However, whether
predicted or unexpected, the movement strategies utilized to maintain balance are similar. These
strategies include the ankle strategy, the hip strategy and the change-in-support strategy.
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2.3 Theoretical Framework
Throughout the history of research investigating motor control, investigators have sought
to identify and describe the physical and physiological processes that allow for the production
and control of movement (Latash, Levin, Scholz, & Schöner, 2010). This, however, has been
difficult as the field of motor control research lacks an independent set of clearly defined
concepts. Therefore, many researchers have developed motor control theories which borrow
concepts from other disciplines such as biology, physics, and engineering (Gelfand & Latash,
1998; Latash et al., 2010). This has lead to the development of numerous theories of motor
control, with varying approaches in explaining the production and control of movement. These
models include the reflex theory, hierarchical theory, motor programming theory, the systems
theory, and the dynamical systems theory (Shumway-Cook & Woollacott, 2001; Woollacott &
Shumway-Cook, 1990).
2.3.1 Reflexive Theory
Based on the work of Sir Charles Sherrington, the reflexive theory of motor control
contends that all complex motor behaviors are based on motor reflexes. Sherrington proposed
that complex motor behaviors, or compound reflexes, were the result of basic motor reflexes
either working together, or in sequence, to produce a desired movement. The combination and
chaining of these simple and compound reflexes would then result in individual motor behaviors
(Sherrington, 1947; Shumway-Cook & Woollacott, 2001).
While many of the assumptions made by Sherrington in his reflexive theory still
influence our current understanding of the central nervous system and reflexive control, the
theory is not without limitations. First, the reflex theory does not explain the ability to produce
voluntary, novel, or spontaneous movements. Nor does it explain the ability to produce
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movement without external sensory stimuli. According to Sherrington, reflexes are activated by
an external stimulus. And according to this theory, as motor control results from combined
reflexive actions, all movement would be considered reactive. However, since it is understood
that spontaneous and voluntary movement occurs, reflexes cannot be the foundational unit of
motor behavior. Second, as this theory relies on the premise of compound reflex chaining, where
movements are stimulated by previous movements, it fails to explain rapid movements occurring
too quickly to be stimulated by a previous movement. And finally, the reflex theory fails to
explain how, depending on environmental or situational context, an external stimulus can result
in different movements in which the basic reflex can be overridden to produce a more desired
movement (Shumway-Cook & Woollacott, 2001).
2.3.2 Hierarchical Theory
The hierarchical theory is based upon the idea that, functionally, the central nervous
system is organized into different levels of control. These include high levels, associated with
higher association areas of the brain; mid levels, associated with the motor cortex; and low
levels, associated with spinal motor function (Shumway-Cook & Woollacott, 2001).
Evidence for this theory stems from studies in which researchers identified the different
individual reflexes displayed by animals that had undergone selective lesioning of various
amounts to the central nervous system. In these animals, it was observed that reflexes controlled
at the lower, spinal level, were only present when higher cortical levels of the central nervous
system were lesioned. These findings were interpreted to suggest that reflexes are subject to a
top-down organizational control where high level reflexes exert control over the mid level
reflexes, and the mid level reflexes exert control over the lower level reflexes (Magnus, 1926).
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The concept of top-down central nervous system control was later applied to the
development of motor control in children. Here, as the child develops, the progression from
simple reflexive movements to increasingly more complex movement was described to result
from the maturation of mid, and then high levels of the central nervous system. As each level of
central nervous system control matured, it would begin to exert control over the lower level.
Therefore, the development of human motor control was described as resulting from the
appearance and disappearance of increasingly complex reflexes (Shumway-Cook & Woollacott,
2001).
A limitation of this theory is that its application to skill acquisition, where motor skills
increase with maturation of the motor cortex, is very broad. This does not account for individual
variability in motor development (Kamm, Thelen, & Jensen, 1990). Another significant
limitation of this theory is that it cannot explain the presence of low level spinal reflexive
movements in mature adults. One example of a spinal reflex commonly observed in adults is the
rapid removal of the hand upon touching a hot surface. According to the hierarchical theory, this
bottom-up control of movement should not be possible, and would suggest that an adult
demonstrating this reflex suffers from either injury or pathology to the higher cortical levels
(Shumway-Cook & Woollacott, 2001).
2.3.3 Reflexive - Hierarchical Theory
Developed through, as the name implies, a combination of the constructs of the reflexive
and hierarchical theories, the reflexive-hierarchical theory views the central nervous system as
being organized as an ascending vertical hierarchy. Here, the development of motor control is
dependent upon the appearance and integration of different reflexes controlled at various levels
of the central nervous system (Woollacott & Shumway-Cook, 1990). Balance and posture then
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result from these reflex responses as triggered by independent sensory systems (Shumway-Cook
& Woollacott, 2001). These reflexes include the myotatic reflex, controlled at the spinal cord;
attitudinal reflexes, controlled at the brain stem; righting reactions, controlled at the midbrain; as
well as balance and equilibrium reactions, controlled within the cerebral cortex (Hall, 2011;
Shumway-Cook & Woollacott, 2001; Woollacott & Shumway-Cook, 1990).
The development of the reflexive-hierarchical theory stems from the examination of the
role of these reflexes in the development of motor control in children (Shumway-Cook &
Woollacott, 2001). While an infant up to a few months of age is only able to demonstrate spinal
reflexes and some attitudinal reflexes, as the child ages, they develop the ability to demonstrate
more complex righting reactions, balance and high level equilibrium reactions. In observing this
progressive shift from low level reflexes to high level movement, two hypotheses, describing the
control of voluntary movement, emerged. Wyke hypothesized that the control of voluntary
movement was achieved via cortical inhibition of the lower level reflexes (Wyke, 1975), whereas
Twitchell hypothesized that the lower level reflexes are the physiological substrata on which
voluntary movements are based (Twitchell, 1965).
In the development of the ability to produce and control voluntary movement,
equilibrium reactions are of great importance. Equilibrium reactions, reported to be elicited
through stimulation of the vestibular system, are those which enable the body to recover from
perturbations in balance (Weiss, 1938). And it is these which are most important as the child
continues to develop and achieve milestones of voluntary movement, such as crawling, sitting
upright, and walking. Despite two competing hypothesis describing the ability to control
voluntary movement, the reflexive-hierarchical theory holds that, prior to achieving the next
developmental phase, all equilibrium reactions of the previous phases must have matured. That
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is, prior to sitting independently, a child must have first developed mature equilibrium responses
in the prone position, and prior to walking, they must have first developed mature equilibrium
responses in the sitting and crawling positions (Woollacott & Shumway-Cook, 1990).
However, as this theory describes the dependence on the maturation of successively
higher levels of the central nervous system for the production and control of voluntary
movement, its overreliance on vestibular stimulation for the control of balance does not consider
the role of visual and somatosensory feedback for the modification of balance movements
(VanSant, 2005). Additionally, according to this model, the environment plays only a secondary
role the development of motor control.
2.3.4 Motor Programming Theory
Developed in opposition to the reflex based theories of motor control, the motor
programming theory is an open-loop concept which argues that movement is controlled by
centrally stored motor programs. Here, these motor programs define structured muscle
commands prior to the initiation of a movement sequence. This allows the movement sequence
to be completed without an external stimulus or peripheral feedback (Keele, 1968; ShumwayCook & Woollacott, 2001). A number of lines of research provide evidence for motor program
theory.
First, a number of animal studies have shown that movement is possible in deafferented
subjects (Taub, 1976; Taub & Berman, 1968; Wilson, 1961). Here, through surgical intervention,
afferent peripheral feedback is prevented from reaching the central nervous system. Despite this
lack of feedback, subjects were able to perform many different motor tasks. However, while
these animal subjects were able to produce gross, functional movements, their ability to perform
fine motor skills was impaired. This ability to produce movement has also been observed in
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human subjects who have suffered traumatic injury or disease which damages afferent sensory
pathways (Lashley, 1917; Rothwell et al., 1982). Similarly, studies investigating reaction time
and the production of rapid, skilled movements have shown that movement can be produced
more quickly than sensory feedback can be processed. These studies have shown that the amount
of time for afferent sensory feedback to reach the brain can exceed 100 milliseconds (Henry &
Rogers, 1960). However, the time interval between successive movements in rapid, skilled
movements, such as typing, or speaking, can be less than 100 milliseconds (Sternberg, Monsell,
Knoll, & Wright, 1978). This indicates that these movements are produced and controlled absent
of peripheral sensory feedback. It is then argued that, because movement can occur without
afferent sensory feedback, a centrally stored program must exist which directs and controls
movement (Schmidt & Wrisberg, 2000).
In a study of the reaction time of simple versus complex movements, Henry and Rogers
(Henry & Rogers, 1960) demonstrated that the more complex the movement, the longer the
reaction time. Here, investigators instructed subjects to respond to an auditory stimulus with
movements of varying complexity. For all trials, reaction time was measured as the time from
the stimulus to the initiation of movement. Results of the experiment showed that this time span
was less when subjects were instructed to perform simple tasks, and longer when the tasks
became more complex. It was concluded that the longer latency period observed for complex
movements was the result of a longer programming stage. That is, the brain had to program the
appropriate muscle actions to produce the desired movement prior to the movement being
initiated (Henry & Rogers, 1960).
The motor programming theory is also supported by investigations into the role of
postural muscles. A number of studies have demonstrated that prior to initiating voluntary
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movement, postural muscles of the trunk and pelvic girdle contract (Bouisset & Zattara, 1981;
Cordo & Nashner, 1982; Lee, 1980). The purpose of this contraction is to stabilize the center of
mass and prevent it from being displaced beyond the limits of stability. Because these postural
muscles contract prior to the initiation of voluntary movement, and occur without sensory
feedback, this may suggest that they are centrally controlled by a motor program (Morris,
Summers, Matyas, & Iansek, 1994).
Further evidence supporting the motor programming theory can be found in
investigations of muscle activity during rapid arm movements. Wadman and colleagues
(Wadman, Gon, Geuze, & Mol, 1979) designed a study requiring rapid arm movement in which
subjects would respond to an auditory stimulus and move a lever to a target position. For some
trials, the lever was unblocked and free to move, however for other trials, the lever was
mechanically blocked and could not be moved. Investigators analyzed electromyography (EMG)
recordings taken from the biceps and triceps. When comparing EMG recordings from the lever
unblocked to lever blocked trials, they found that the muscle activation patterns were similar
despite different peripheral feedback from the different trials (Wadman et al., 1979).
Despite the evidence supporting the motor programming theory, it is not without
criticisms. First, as discussed above, while deafferented subjects are able to produce gross
functional movements, they demonstrate an impaired ability to perform fine motor control. This
reduced fine motor function provides evidence that the motor control system does rely on
peripheral feedback during the course of movement control.
Second, the motor programming theory argues that there is a one-to-one relationship
between a motor program and the muscles required for a movement. That is, for every possible
movement that can be performed, there is a specific motor program mapping the muscle actions
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required for that movement sequence. However, it has been argued that the central nervous
system lacks the storage capacity necessary to house such a potentially vast number of individual
motor programs (Mulder & Hulstyn, 1984). Additionally, if a specific motor program existed for
every movement that can be performed, this would preclude the ability to perform novel
movements. Therefore, the motor programming theory fails to explain the ability to perform
movements for which there is no program defining the necessary muscle actions (Morris et al.,
1994).
Lastly, the motor programming theory does not explain the variability in muscle activity
observed when performing the same task in different postures. For example, flexing the elbow
from neutral to 90 degrees requires different muscle actions when standing erect compared to
when lying supine with the shoulder flexed to 90 degrees (Morris et al., 1994). Here, while the
same movement is being produced, different muscles are being activated to control the
movement. Furthermore, variability movement, including movement time and amplitude, exists
across multiple trials of the same movement (Schmidt & Wrisberg, 2000). This can be the result
of many different factors including fatigue, environmental considerations, or perturbations,
However, the motor programming theory does not account for this variability (Morris et al.,
1994; Shumway-Cook & Woollacott, 2001).
In an attempt to resolve the limitations of the motor programming theory, Schmidt
(Schmidt, 1975) proposed the idea of a generalized motor program. Here, the generalized motor
program is viewed as an abstract schema identifying the features, including spatial and temporal
patterns, of a movement class. According to Schmidt, the schema consists of four primary pieces
of information including initial movement conditions, response parameters, knowledge of
results, and sensory consequence (Schmidt, 1975). Through recall, the schema is used to select
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an appropriate movement response based upon previous experiences as well as the movement
goal and environmental constraints (Summers & Anson, 2009).
Viewing the motor program as a set of learned, general movement schemas, many of the
limitations of the motor programming theory are resolved, including storage capacity, movement
variability, and movement novelty. First, less storage capacity is required. This is because a
movement schema can be applied to many different situations independent of specific effector
pathways and muscle synergies. This eliminates the need for specific programs with one-to-one
relationships between movement production and the necessary muscle synergies. Second,
because the schema only develops a general movement response, it must account for current
parameters such as environmental constraints and the specific movement goal. This results in the
introduction of variability in movement. Lastly, to produce new and novel movements, schemas
incorporate previous information from similar movements in similar situations (Morris et al.,
1994).
However, the generalized motor program does not solve all of the limitations of the
motor programming theory. The primary limitation of the generalized motor program is that it is
generalized. That is, because it lacks specificity, it is difficult to investigate the specific
mechanisms of the theory (Shumway-Cook & Woollacott, 2001). A second limitation is that it
fails to fully explain the movement constraints introduced by environmental factors such as
gravity and movement inertia (Morris et al., 1994).
2.3.5 Systems Theory
Another theory of motor control, developed out of the work of Bernstein, is the systems
theory. Bernstein recognized that classic motor control theories, which tended to focus on
reactive neural control aspects related to the production of movement, were inadequate in their
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ability to fully encompass the multitude of factors influencing the production and control of
movement. These theories ignored the effects and interactions of both internal and external
forces acting on the body (Shumway-Cook & Woollacott, 2001; Woollacott & Shumway-Cook,
1990). Bernstein, therefore, modeled the whole body as a mechanical system, with mass, subject
to the external force of gravity, as well as multiple internal inertial forces generated during
movement (Bernstein, 1967).
As a mechanical system, the human body has multiple degrees of freedom which must be
controlled. Many of these degrees of freedom are redundant in that there are more than what is
necessary, biomechanically, to successfully perform a motor task. The arm, for example, has
seven degrees of freedom including the shoulder (3), the elbow (2), and the wrist (3). For most
arm movements, this is far more than what is necessary to perform an intended task. Bernstein
suggested that, controlling these multiple redundant degrees of freedom against continuously
changing internal and external forces was the fundamental problem in movement science
(Bernstein, 1967). And because of complexity involved in this motor coordination, he further
suggested that the control of integrated movement was likely distributed across multiple systems
working cooperatively (Bernstein, 1967; Shumway-Cook & Woollacott, 2001).
To solve the problem of controlling the redundant degrees of freedom, Bernstein
proposed the concept of muscle synergies (Bernstein, 1967). Muscle synergies are muscles that
contract in a coordinated manner to constrain redundant degrees of freedom. Muscle synergies
can coordinate across multiple joints through a kinetic chain. By controlling the redundant
degrees of freedom, the complexity of the intended movement is reduced, allowing the intended
movement to be more controllable and coordinated (Davids, Glazier, Araujo, & Bartlett, 2003).
When considering that, as one moves, both internal and external forces are continually changing,
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the concept of muscle synergies allows for a single motor program to generate an infinite number
of movements depending on body position (Shumway-Cook & Woollacott, 2001; Woollacott &
Shumway-Cook, 1990).
A major limitation of the systems theory is that it is very broad in its description of
various systems interactions. This theory tends to focus on movement interactions of the
muscular, skeletal, and nervous systems and does not account for the potential effects of systems
which may have secondary effects on movement, such as the cardiovascular and pulmonary
systems. And while it does indentify environmental factors such as gravity and inertia as further
affecting the production of movement, it is limited in fully describing the human-environment
interactions affecting movement (Shumway-Cook & Woollacott, 2001).
2.3.6 Dynamical Systems Theory
The dynamical systems theory, as applied to motor function, is a multidisciplinary theory
of motor control build upon the work of, and sharing many of the same concepts as, Bernstein’s
systems theory. The dynamical systems theory seeks to understand human movement by
utilizing concepts from physics, thermodynamics, biology, psychology, chemistry, and
mathematics to describe the processes, and their interactions, involved in the many systems and
subsystems affecting movement over a timeframe (Davids et al., 2003; Rosenbaum, 2009). This
theory moves beyond Bernstein’s primary focus on the interactions of the muscular, skeletal, and
nervous systems, toward a view which encompass the interactions of the whole of both the
internal and external environments, and their effects on motor development and control.
The dynamical systems theory views human movement as an emergent property resulting
from the interaction of a complex network of co-dependent systems and sub-systems, each
composed of its own interacting parts. Here, no one system or sub-system has logical precedence
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for the organization of the overall system behavior (Glazier, Davids, & Bartlett, 2003; Kamm et
al., 1990). It is therefore the dynamic interaction of these systems and sub-systems that, through
processes of self-organization, spatial and temporal patters emerge (i.e. movement) (Glazier et
al., 2003; Schoner & Kelso, 1988). And despite the nonlinear relationship between these
systems, the topology of movement behaviors is quite stable (Kamm et al., 1990).
This idea stems from concepts in synergetics and dissipative dynamics as applied to
nonequilibrium systems, where different systems with various initial conditions converge upon a
state space (Haken, 1975; Schoner & Kelso, 1988). Initially, the functionally related systems and
sub-systems are free to vary. This results in a large number of degrees of freedom which must be
controlled. However, it is within the constraints, or parameters, of the self-organized state space
that the degrees of freedom are compressed and a functional movement pattern is produced and
controlled (Davids et al., 2003; Kamm et al., 1990). And according to Newell (Newell, 1986),
the constraints effecting movement can be classified as being related to the organism, the task
being performed, or the environment in which it is being performed.
Two concepts of the dynamical systems theory are order parameters and control
parameters. Order parameters are those variables representing the action of the systems and subsystems involved in a movement. These are used to describe the coordinated, macroscopic
movement behavior. Control parameters, on the other hand, are those variables which can create,
or initiate, change within order parameters (VanSant, 2005). For example, the temporal
relationship between foot strikes during normal walking can be used to describe a subjects gait.
If, then, the subject were to walk while carrying a heavy weight, the temporal relationship
between foot strikes may change. Here, the order parameter is the heel strikes, and the control
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parameter is the weight. Because of the non-linear relationship between the many systems and
sub-systems involved in movement production and control, a seemingly small control parameter
may have a significant impact on one or more order parameters.
An important concept with regard to the control of the many degrees of freedom is that of
attractors. When performing a task, a number of different movement patterns can be utilized.
However, we tend to utilize a movement pattern which is efficient, requiring the least amount of
energy to produce. Many of these movement patterns tend to be more common than others, and
are repeated in different situations. These patterns are referred to as attractors, or attractor states.
An attractor is a preferred configuration of system organization for producing a movement
(Glazier et al., 2003; Kamm et al., 1990). Attractors can be described as having a deep or shallow
attractor well. This describes the ease with which the system can return to an attractor state as
well as the difficulty in moving the system out of the attractor state. A movement pattern with a
deep attractor well is considered to be a stable and consistent pattern with reduced
dimensionality through highly controlled degrees of freedom. A movement pattern with a
shallow attractor well is considered to be a less stable and more variable pattern that can be
easily changed. Additionally, variability increases as one transitions from one movement pattern
to another (Glazier et al., 2003; Kamm et al., 1990).
An advantage that the dynamical systems theory has over other movement theories is that
observed variability in the production and control of movement can be explained by the dynamic
and infinitely variable interactions of involved systems and sub-systems. For example, if a
person experiences multiple gait perturbation, even if the same attractor state is produced, the
resulting movements may differ depending on physiological systems interactions, the task being
performed at the time of perturbation, as well as the environment that the person is in. However,
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this is itself also a limitation in that these categories of constraints; individual, task, and
environment, only identify the source of the constraint, as opposed to the nature of the constraint
(Glazier & Davids, 2009). Another limitation in the construct of the dynamical systems theory is
its view that no system or sub-system involved in the production or control of movement has
precedence over another (Shumway-Cook & Woollacott, 2001). This implies that the nervous
system is no more important in producing movement than is, for example, the pulmonary system.
2.3.7 Summary
Balance is a complex motor skill. And as such, the control of balance should be able to be
described by a theory, or theories, of motor control. However, this has not necessarily held true.
While many different theories of motor control have been developed, identifying and describing
the physical and physiological processes that allow for the production and control of movement,
including balance, has proven difficult. This difficulty stems from a lack of concepts unique to
the field of motor control, which has lead many researchers to develop theories which borrow
concepts from other scientific fields.
Early theories of motor control focused on motor reflexes as the basis of all movement
behaviors. Here, basic motor reflexes worked together and in sequence to produce individual
motor behaviors, and depending on the complexity of the movement, were controlled at different
levels of the CNS. Later theories moved away from a reflex focus and describe movement as
being controlled by centrally stored motor programs or learned movement schemas. However, a
primary limitation shared by these open-loop theories is that they fail to explain the influence of
environmental factors on movement production and control. More contemporary motor control
theories have taken a systems approach. These theories view movement and motor control as
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resulting from the complex interaction of multiple systems and sub-systems. The benefit of these
theories is that they attempt to account for interactions between both the internal and external
environments.
Woollacott and Shumway-Cook (Shumway-Cook & Woollacott, 2001) argue that
continued research will ultimately result in the development of an integrated theory of motor
control. However, while this theory has yet to be fully developed, it is important to understand
the strengths and weaknesses of current and past theories. This is because an integrated theory
will likely incorporate elements of previously proposed theories. Additionally, understanding the
theoretical basis of human movement helps to determine appropriate methods for assessing
movement.
2.4 Functional Limitations Reporting
Falls and fall related injuries have become an important epidemiological and economic
concern. To address increasing fall rates as well as increasing medical costs associated with falls
related injuries, CMS has changed how outpatient therapy service providers evaluate and report
patient functional limitations. This policy change was accomplished through The Middle Class
Tax Relief Act of 2012. As of January 1, 2013, CMS has begun to require the collection of
claims based data with regard to patient functional limitations and condition. This information is
to be included on all claims forms submitted to CMS for reimbursement of services provided in
any practice setting which provides outpatient therapy services. This new functional limitations
reporting policy will specifically apply to Physical Therapists, Occupational Therapists, and
Speech-Language Pathologists. By collecting information regarding patient progress throughout
a therapy episode, CMS aims to better understand not only the population of those who utilize
therapy services, but also how functional limitations are augmented secondary to receiving
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outpatient therapy services. Additionally, this information will be utilized to assist and reform
fee and payment schedules for therapy services (American Physical Therapy Association,
2013a).
For the above mentioned therapy service providers, patient functional limitations will be
reported on claim forms through the use of non-payable G-codes and modifiers. G-codes
describe select categories of functional limitations, while modifiers describe the severity or
complexity of the functional limitation. The categories of G-codes most applicable to fall risk
assessment in Physical Therapy include (1) mobility: walking & moving around, (2) changing &
maintaining body position, and (3) carrying, moving & handling objects. In reporting patients
functional limitations, CMS states that therapists are to select the most appropriate G-code for
describing the primary therapy service need. Additionally, CMS limits therapists to reporting
only one primary G-code (American Physical Therapy Association, 2013a).
Once the therapist selects the appropriate G-code, they are to assign a modifier which
further describes the severity or complexity of the patient’s functional limitation. CMS provides
a 7-point modifier scale (see Table 2.1). The therapist utilizes this scale to identify the degree to
which the patient is limited or restricted as a result of the overall functional limitation. The
selection of the appropriate modifier is determined by the therapist’s professional judgment and
supported by objective measures using methodologies recognized by professional practice
guidelines. The therapist must further document their reasoning for selecting a particular
modifier, as this allows the same decision process to be utilized during subsequent evaluations
(American Physical Therapy Association, 2013a).
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TABLE 2.1
SEVERITY AND COMPLEXITY MODIFIERS
Modifier
CH
CI
CJ
CK
CL
CM
CN

Impairment, Limitation, or Restriction
0%
At least 1%, but less than 20%
At least 20%, but less than 40%
At least 40%, but less than 60%
At least 60%, but less than 80%
At least 80%, but less than 100%
100%

As outlined by CMS, the functional limitation data must be reported multiple times
throughout the therapy episode including (1) at initial evaluation, (2) at a minimum of every 10th
treatment visit, and (3) at discharge. Additionally, the treating therapist must report a projected
functional goal both on the first and final submitted claim. It is important to note that the
therapist is not reimbursed for the additional functional limitations assessment. The assessment is
to be added to the basic measurement criteria for all initial, periodic progress, and discharge
evaluations (Sundgren, 2012).
The additional functional limitations reporting and projected outcomes reporting is a
cause of concern for some. This is because, as noted above, a therapist is to determine the
appropriate G-code, modifier, and patient prognosis based upon professional judgment supported
with objective measures using accepted methodologies. CMS does not require a therapist to
utilize any specific measurement tool. Therefore, the therapist must determine the appropriate
measurement tool to use based upon the patient’s diagnosis, as determined by the referral source.
However, due to the potential complexity of a patient’s condition, a therapist may need to
administer multiple falls risk/balance/mobility assessments to fully evaluate the patient.
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Additionally, many of the available falls risk/balance/mobility assessment tools can be time
consuming for therapists to administer. This increased time demand in an already constrained
schedule may lead to an incomplete patient evaluation.
2.4.1 Summary
The Middle Class Tax Relief Act of 2012 has changed how outpatient therapy service
providers evaluate patients for treatment. This new law stipulates that the treating therapist, at
multiple times throughout the treatment plan, assess a patient’s functional limitations status using
objective and commonly accepted evaluation methods. Additionally, based upon the functional
limitations evaluation, the therapist must determine a projected functional goal for the patient to
achieve during the course of treatment. Functional limitations and prognosis information must
then be submitted to CMS utilizing specific codes and modifiers. This has created concern
among outpatient service providers as currently accepted functional limitations assessment tools
may be limited in their ability to evaluate a patient to the degree necessitated by the new law.
Furthermore, an increased time demand is place on the therapist as the additional time required
to administer these assessments is not reimbursed by CMS. Specific limitations of commonly
used functional assessment methods are discussed below.
2.5 Balance Assessment Techniques
A number of different types of balance and falls risk assessment techniques are currently
available including both subjective and objective techniques. Subjective techniques generally
include a set of testing and scoring procedures and tend to be utilized in clinical settings. Here a
test administrator utilizes their clinical knowledge and experience to evaluate a patient.
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Laboratory based assessments tend to utilize quantifiable measures generated from testing
equipment such as force plates, accelerometers, postuography systems, and video capture
systems.
There are multiple types of clinical falls risk, balance, and mobility assessments and
scales available for use in both inpatient and outpatient settings. These include comprehensive
assessments, nursing assessments, and clinical assessments. Comprehensive and nursing
assessments are generally performed on patients in an in-patient setting. These assessments may
require an in-depth medical evaluation with input from multiple healthcare providers. They tend
to utilize a checklist methodology to identify multiple intrinsic risk factors associated with falls
(King & Tinetti, 1996; Perell et al., 2001). These evaluations include assessing multiple intrinsic
factors known to be associated with falls including the presence of previous falls, balance, gait,
mobility, strength, cognition, current medication, nutrition, and current disease state (King &
Tinetti, 1996). However, while intrinsic risk factors are identified, these assessment methods do
not predict a patient’s risk of falling, or determine the probability that a fall will occur.
A clinical assessment evaluation is generally performed on patients in an out-patient
setting by physical therapists, athletic trainers, or other qualified providers. There are three
primary types of clinical assessments including functional assessments, physiological systems
assessments, and objective assessments (Horak, 1997).
2.5.1 Functional Assessment Methods
As opposed to comprehensive and nursing assessments, functional assessments do not
identify fall related intrinsic risk factors, nor do they predict falls. Functional assessments do
identify patient disability and functional limitations. In this way, they are useful in noting a
patient’s balance status, as well as status changes associated with a treatment intervention
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(Horak, 1997; Perell et al., 2001). While numerous functional assessment style evaluations exist,
commonly used assessments include the Activities Specific Balance Confidence Scale (ABC),
Berg Balance Scale (BBS), Balance Error Scoring System (BESS), Dynamic Gait Index (DGI),
Outpatient Physical Therapy Improvement in Movement Test (OPTIMAL), Timed Up and Go
(TUG), and the Tinetti Performance Oriented Mobility Assessment (POMA).
2.5.1.1 Activities Specific Balance Confidence Scale
The Activities-Specific Balance Confidence Scale (ABC) is a functional assessment
whereby the patient provides self-reported information used to determine their confidence in
performing a number of ambulatory activities without falling. The test consists of 16 descriptive
statements concerning common activities of daily living. The patient is to provide a rating of
their confidence in performing the activity described. Patients are provided with an 11-point
rating scale, ranging from 0% confident to 100% confident, and increasing in 10% intervals. This
is a pencil and paper self-report assessment which does not require any additional equipment.
The assessment can take up to 30 minutes for the patient to complete on their own, or up to 20
minutes with assistance from a clinician. Upon completion of the assessment, the 16 scores are
summed and then divided by 16 to get a total rating. The total rating is used to categorize the
patient as having a low level of physical functioning (score: <50%), moderate level of physical
functioning (score: 50%-80%), or a high level of physical functioning (score: >80%) (Myers,
Fletcher, Myers, & Sherk, 1998). Additionally, it has been reported that, for older adults, a score
of less than 67% correlates with an increased risk for falling (Lajoie & Gallagher, 2004).
Advantages of the ABC are that the evaluation assesses patient performance on common
activities of daily living. This provides the test administrator with a practical understanding of
how the patient may be limited in everyday life. With regard to reliability and validity, the ABC
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has been evaluated and found to demonstrate adequate to excellent reliability and validity in
multiple populations including the elderly (Filiatrault et al., 2007; Hatch, Gill-Body, & Portney,
2003; Huang & Wang, 2009; Landers, Durand, Powell, Dibble, & Young, 2011; Powell &
Myers, 1995; Talley, Wyman, & Gross, 2008; Wrisley & Kumar, 2010), Parkinson’s disease
(Dal Bello-Haas, Klassen, Sheppard, & Metcalfe, 2011; Steffen & Seney, 2008), stroke (Botner,
Miller, & Eng, 2005; Salbach, Mayo, Hanley, Richards, & Wood-Dauphinee, 2006), lower
extremity amputation (Miller, Deathe, & Speechley, 2003), those with vestibular disorders
(Horak et al., 2009), and those with brain injury (Inness et al., 2011). This evaluation is
recommended for the evaluation of patient functional limitations by the American Physical
Therapy Association (APTA) and the Centers for Medicare & Medicaid Services (CMS)
(American Physical Therapy Association, 2013a, 2013d). However, the ABC also has a number
of limitations. First, Myers and colleagues demonstrated that the ABC may actually better
identify those activities that patients avoid, as opposed to identifying falls risk. This indicates
that this test may not actually be directly related to falls (Myers et al., 1998). Additionally, while
the ABC identifies those activities that a patient reports high or low confidence in performing, it
does not identify the specific type, or cause, of a balance deficit. Another limitation is the
amount of time required, up to 30 minutes, to administer the test (Rehabilitation Measures
Database, 2013a). Lastly, this evaluation is subjective and relies on self reported information to
draw conclusions related to a patients functional limitations (Mancini & Horak, 2010).
2.5.1.2 Balance Error Scoring System
A more recently developed balance evaluation is the Balance Error Scoring System
(BESS). The BESS is a clinical balance assessment utilizing modified Romberg stances which
are performed on two different surfaces. The assessment consisting of a total of 6 balance trials
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lasting 20 seconds performed with the eyes closed. Subjects perform bipedal standing, single leg
standing (non-dominant leg), and tandem standing (non-dominant leg in back) on a solid support
surface. The stances are then repeated while standing on a foam support surface. During each
trial, a test administrator counts the number of pre-defined errors that occur. A final score is
calculated by totaling the errors for both floor conditions (Bell, Guskiewicz, Clark, & Padua,
2011). BESS errors are described in Table 2.2.
TABLE 2.2: BESS SCORING ERRORS
1.
2.
3.
4.
5.
6.

Moving the hands off of the hips
Opening the eyes
Step, stumble, or fall
Hip flexion or abduction greater than 30o
Lifting the forefoot or heel off of the testing surface
Remaining out of testing position for more than 5 seconds

Normative data is made available for score comparison (Iverson, Kaarto, & Koehle,
2008). The BESS has been found to have moderate to good overall reliability (Bell et al., 2011)
and has shown to be a valid assessment tool for those with concussion (Guskiewicz, Ross, &
Marshall, 2001; Riemann & Guskiewicz, 2000), exertional fatigue (Erkmen, Taşkın, Kaplan, &
Sanioǧlu, 2009; Fox, Mihalik, Blackburn, Battaglini, & Guskiewicz, 2008; Susco, McLeod,
Gansneder, & Shultz, 2004), ankle instability (Broglio, Monk, Sopiarz, & Cooper, 2009a), and
age (Iverson et al., 2008). A number of procedures have been recommended to improve
reliability of the BESS. These include establishing a baseline by administering the test on
multiple occasions and averaging the total scores (Broglio, Zhu, Sopiarz, & Park, 2009b) as well
as averaging the scores of multiple test administrators concurrently scored the evaluation(Bell et
al., 2011).
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Two modified versions of the BESS have recently been proposed. The first, the Modified
BESS, advocates for the removal of the bipedal stance from both the solid and compliant surface
floor conditions. The rational for the removal of this stance from the evaluation stems from
findings which show a lack of variance between conditions with this stance, leading to an
inability to identify injured versus control groups (McCrea et al., 2003; Riemann et al., 1999;
Susco et al., 2004; Valovich-McLeod et al., 2004). Additionally, Hunt and colleagues (Hunt,
Ferrara, Bornstein, & Baumgartner, 2009) found that by removing the bipedal stance, intrarater
reliability was improved. It was therefore determined that the bipedal stance reduces the
reliability of the overall test.
A second modified version of the BESS assessment is also used by clinicians. While this
version is also referred to in the literature as the Modified BESS (King et al., 2013), to reduce
confusion, here it will be referred to as the Abbreviated BESS. The Abbreviated BESS requires
the subject to perform the same three balance stances as the original BESS, including bipedal
stance, non-dominant single leg stance, and tandem stance with non-dominant foot in rear.
However, this version removes the compliant foam condition, only having subjects to perform
the stances on a non-compliant surface (Iverson & Koehle, 2013). This version of the BESS was
originally designed to measure the balance component of the Sport Concussion Assessment Tool
2 (SCAT2) (McCrory et al., 2009; McCrory et al., 2013), however it has come to be increasingly
used as a standalone functional assessment, especially in the athletic training community
(Bomgardner, 2013). Despite increasing use of this test, the Abbreviated BESS demonstrates
many of the same limitations of the standard BESS. Additionally, it has been reported that the
Abbreviated BESS may be less sensitive than the standard BESS, and with regard to concussion
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assessment, it may have a ceiling effect (Iverson & Koehle, 2013; McLeod, Bay, Lam, &
Chhabra, 2012). Selected studies examining the validity and reliability of the BESS are presented
in Table 2.3.
2.5.1.3 Berg Balance Scale
The Berg Balance Scale (Berg) is a 14-item subjective assessment designed to assess
balance and mobility in an older adult population (Berg, 1989b; Shumway-Cook, Baldwin,
Polissar, & Gruber, 1997a). The test assesses functional mobility by having patients perform
static and dynamic activities of varying difficulty. For each of the 14 items, the practitioner
assigns a score ranging from 0-4, as determined by the patient’s ability to perform the task. Once
all items are performed, scores are summed, with a maximum possible score of 56. A higher
score indicates better functional mobility. The overall score is used to classify the patients
ambulatory status into one of 3 groups including wheelchair bound (score: 0-20), walking with
assistance (score: 21-40), and independent (score: 41-56) (Berg, 1989b).
Validity and reliability of the Berg has been investigated for a number of different
populations including community dwelling and institutionalized older adults (Berg, Maki,
Williams, Holliday, & Wood-Dauphinee, 1992a; Conradsson et al., 2007; Holbein-Jenny, BillekSawhney, Beckman, & Smith, 2005; Kornetti, Fritz, Chiu, Light, & Velozo, 2004; ShumwayCook, Baldwin, Polissar, & Gruber, 1997; Steffen, Hacker, & Mollinger, 2002; Thorbahn &
Newton, 1996), multiple sclerosis, osteoarthritis (Jogi, Spaulding, Zecevic, Overend, & Kramer,
2011), Parkinson’s Disease(Leddy, Crowner, & Earhart, 2011; Qutubuddin et al., 2005; Scalzo et
al., 2009; Steffen & Seney, 2008), spinal cord injury (Ditunno et al., 2007; Wirz, Müller, &
Bastiaenen, 2010), traumatic brain injury (TBI) (Newstead, Hinman, & Tomberlin, 2005)
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TABLE 2.3
SELECTED STUDIES EXAMINING THE VALIDITY AND RELIABILITY OF THE BALANCE ERROR SCORING SYSTEM
Author
(Year)
Riemann
et al.,
(1999)

Assessment

Subjects

Methods

Correlational

111m; Age: 19.8 +
1.4 yrs; NCAA
Division I athletes

BESS stances performed on forceplate to
concurrently assess BESS and target
sway.

Results

Discussion

Significant correlation BESS scores correlate
(p<0.05) between
well with forceplate
target sway and all
LOS tests
stances except bipedal
solid and foam
Riemann
Intertester and
18m NCAA
Subjects evaluated by 3 testers. 12
Intertester ICC: 0.96 – BESS offers reliable
et al.,
test-retest
Division I athletes;
returned for test-retest to determine if
0.78.
postural stability
(1999)
learning effects occur
Test-retest: bipedal
assessment method
foam was significant
(p<0.05)
Valovich
Test-retest
32 high school
BESS administered to two groups.
ANOVA revealed
Administrators should
et al.,
athletes; Age:
Control group assess twice, 30 days
significantly fewer
keep potential
(2003)
16.94 + 1.56 yrs
apart. Experimental assessed 4 times in 7 BESS errors observed
practice effect in
day period and once more 30 days after
on days 5 and 7
mind when
initial test
(p<0.05).
administering BESS.
Susco et
Test-retest
100 college
BESS administered once before and
BESS scores
BESS administrators
al., (2004)
students;
twice after an exertion protocol. The first significantly reduced
should be aware of
Age: 21.4 + 2.7
after conditions occurred at staggered
after exertion
effects of fatigue on
times by group.
(p<0.05). All
BESS performance
recovered after 20
minutes
Onate et
Test-retest
21 collegiate
BESS performed in 2 environments.
Significant
Testing environment
al., (2007)
baseball players;
Controlled locker room and uncontrolled
differences for SLSshould be consistent.
Age: 20.1 + 1.4 yrs
sideline, 1 week apart
foam condition.
Overall effect size:
0.55
m = male, f = female, yrs = years of age, -s = seconds, ICC = Intertester/Intratester Correlation, BESS = Balance Error Scoring System
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TABLE 2.3 (continued)
Author
(Year)

Assessment

Subjects

Methods

Results

Discussion

Hunt et
al.,
(2009)

Intratester

78m; Age: 15.78 +
1.16 yrs

Subjects were videotaped performing
BESS. Scored by same administrator on
two occasions. Scored traditional BESS
and Modified BESS

BESS ICC = 0.60
Modified BESS ICC
= 0.71

Hunt et
al.,
(2009)

Test-retest

144m; Age: 15.57
+ 1.15 yrs

Subjects completed 3 trials of the
Modified BESS

ICC = 0.88

Finnoff
et al.,
(2009)

Intra- and
Intertester

3 experienced
BESS
administrators

Subjects consecutively watched and
scored 30 videos of people performing
BESS protocol. Protocol repeated 2
weeks later

Intrarater ICC = 0.74
(range = 0.50 – 0.88)
Interrater ICC = 0.57
(range 0.44 – 0.83)

Broglio et
al., (2009)

Test-retest

48 (25m, 23f)
Age: 20.42 + 2.08
yrs

Subjects completed 5 BESS protocols on
2 occasions separated by 50 days.
Generalizability theory analysis used to
estimate overall BESS reliability

Overall G = 0.64.
When 3 trials in 1
day: G > 0.80. When
2 trials at different
time points: G > 0.80

Bipedal stance’s
should be eliminated
and number of trials
per condition should
increase
Modified BESS
improves reliability
and reduces practice
effects
Aspects of BESS are
appropriate for
postural assessment.
Overall BESS is
unreliable
To improve
reliability, overall
BESS score should be
mean BESS score
from 3 administrators

m = male, f = female, yrs = years of age, -s = seconds, ICC = Intertester/Intratester Correlation, BESS = Balance Error Scoring System
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and stroke (Berg, Wood-Dauphinee, & Williams, 1995; Berg, Wood-Dauphinee, Williams, &
Maki, 1992b; Chou et al., 2006; Donoghue & Stokes, 2009; Liston & Brouwer, 1996; Mao,
Hsueh, Tang, Sheu, & Hsieh, 2002; Stevenson, 2001; Wang, Hsueh, Sheu, Yao, & Hsieh, 2004;
Wee, Wong, & Palepu, 2003),. The Berg has been shown to have excellent test-retest reliability
(Berg et al., 1992a; Holbein-Jenny et al., 2005; Leddy et al., 2011; Liston & Brouwer, 1996;
Newstead et al., 2005; Steffen & Seney, 2008) as well as excellent inter-rater (Berg et al., 1995;
Holbein-Jenny et al., 2005; Leddy et al., 2011; Mao et al., 2002; Scalzo et al., 2009; Wirz et al.,
2010) and intra-rater (Berg et al., 1995; Berg et al., 1992b; Conradsson et al., 2007) reliability.
Multiple investigators have also shown the Berg to be a valid postural assessment tool (Ditunno
et al., 2007; Jogi et al., 2011; Liston & Brouwer, 1996; Mao et al., 2002; Thorbahn & Newton,
1996; Wang et al., 2004; Wee et al., 2003; Wirz et al., 2010). With regard to identifying fallers
and non-fallers, the Berg demonstrated good specificity but poor sensitivity.
While easy to use, the Berg demonstrates a number of limitations. First, Conradsson and
colleagues have reported that, for Berg to discriminate differences in a patients function, an
overall score change of eight or more is required (Conradsson et al., 2007). Therefore, it may be
difficult for clinicians to accurately interpret Berg assessments with score changes of less than
eight. Another limitation of the Berg is that it does not identify the specific type, or cause, of a
balance deficit. Additionally, it requires 15 minutes or more to administer (Rehabilitation
Measures Database, 2013b). And lastly, the Berg is subjective, relying on the clinical knowledge
and experience of the test administrator to accurately interpret the results (Berg et al., 1995).
2.5.1.4 Dynamic Gait Index
The Dynamic Gait Index is a test developed to assess an individual’s ability to modify
balance in response to external demands (O'Sullivan & Schmitz, 2007). The test consists of eight
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measures of gait where the test administrator assesses the patient while walking on a level
surface, changing walking speed, walking with horizontal and vertical head turns, pivot turns,
obstacle avoidance, and negotiation of stairs. The test administrator scores each of the eight
measures on an ordinal scale ranging from “0” to “3”, with lower scores indicating greater
impairment. An overall score is the sum of the scores of the eight measures. The total score is
used to categorize the patient as either being at an increased risk for falls (score: <19) or as being
a safe ambulatory (score >19) (Wrisley, Marchetti, Kuharsky, & Whitney, 2004).
Advantages of the Dynamic Gait Index are that, for most patients it takes relatively little
time to administer (less than 10 minutes), and provides a falls risk score. However, that time can
increase up to 30 minutes for those who are more impaired (Rehabilitation Measures Database,
2013c). This test has been evaluated and found to demonstrate adequate to excellent validity and
reliability for multiple populations including older adults (Jønsson, Kristensen, Tibaek,
Andersen, & Juhl, 2011; Shumway-Cook, Gruber, Baldwin, & Liao, 1997; Vereeck, Wuyts,
Truijen, & Van de Heyning, 2008), those with vestibular disorders (Hall & Herdman, 2006;
Herdman, Schubert, Das, & Tusa, 2003; Whitney, Hudak, & Marchetti, 2000), multiple sclerosis
(Cattaneo, Jonsdottir, & Repetti, 2007; Cattaneo, Regola, & Meotti, 2006; McConvey & Bennett,
2005), stroke (Hwang et al., 2010; Jonsdottir & Cattaneo, 2007; Lin, Hsu, Hsu, Wu, & Hsieh,
2010), Parkinson’s disease (Cakit, Saracoglu, Genc, Erdem, & Inan, 2007; Huang et al., 2011;
Landers et al., 2008), and brain injury (Medley, Thompson, & French, 2006).
2.5.1.5 Outpatient Physical Therapy Improvement in Movement Assessment Log
The Outpatient Physical Therapy Improvement in Movement Assessment Log
(OPTIMAL) was developed by the APTA, and specifically designed to measure mobility actions
in an outpatient population (Guccione et al., 2005). The test is a self-reported functional
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assessment, divided into two constructs. In the first construct, the patient is instructed to
associate a level of difficulty with 22 activities. Here the levels of difficulty are represented on a
Likert scale ranging from 1 (no difficulty) to 5 (unable to do), with a sixth option of N/A (not
applicable). Patients are then asked to describe their overall level of difficulty with all current
activities by placing an “X” on a visual analog scale ranging from “I have extreme difficulty
doing any activities that I would like to do”, to “I have no difficulty doing any activities that I
would like to do”. Finally, patients are asked to choose three goals for which they would like to
achieve through participating in therapy. These goals are chosen from the provided list of
activities (Guccione et al., 2005).
In the second construct, patients are asked to describe their level of confidence in performing
the same 22 activities presented in the first part of the test. Here, levels of confidence are again
represented on a Likert scale ranging from 1 (fully confident) to 5 (not confident), with a sixth
option of N/A. Patients are then asked to describe their overall level of confidence with all
current activities by placing an “X” on a visual analog scale ranging from “I have no confidence
that I can do activities I would want to do”, to “I have complete confidence that I can do
activities that I would want to do” (Guccione et al., 2005). The primary method for scoring the
assessment is to sum the responses on the baseline evaluation and on the discharge evaluation.
Then subtract the final sum from the baseline sum. A higher change score indicates greater
patient improvement (American Physical Therapy Association, 2013c).
Advantages of this test are that its design allows for the clinician to easily map the Gcodes which are most applicable to a patient’s treatment plan. G-codes, and their modifiers, are
codes utilized to provide patient functional limitations information to CMS, and are based on the
World Health Organization’s (WHO) International Classification of Functioning, Disability and
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Health (ICF). Beginning on July 1st of 2013, all those who bill outpatient therapy services under
Medicare Part B are required to include the ICF-based G-codes along with all billing claims. The
design of OPTIMAL allows the therapist to easily identify which code to report.
Additionally, OPTIMAL encourages patient-centered care by asking the patient to
identify their goals for therapy participation. The Likert scale responses also help the therapist to
quickly identify functional areas for which a treatment plan may need to be developed (American
Physical Therapy Association, 2013b). However, there is conflicting evidence in the research
literature with regard to the validity and reliability of OPTIMAL (Guccione & Mielenz, 2013;
Guccione et al., 2005; Riddle, Stratford, Carter, & Cleland, 2013) as well as with which
population the assessment is most appropriate (Elston, Goldstein, & Makambi, 2013). Despite
limited and conflicting research literature investigating the merits of the OPTIMAL assessment
with regard to validity and reliability, CMS has recommended this test for use by physical
therapists to “document objective, measureable physical function of beneficiaries” (American
Physical Therapy Association, 2013b). However, it remains that the OPTIMAL relies on the
subjective interpretation of subject performance by the test administrator.
2.5.1.6 Romberg Test
The Romberg test is a neurological examination typically performed by medical
professionals, including physicians, nurses, and physical therapists. The test is performed to
identify sensory ataxia resulting from impaired proprioceptive feedback (Khasnis & Gokula,
2003). The Romberg test is administered by having the subject stand with their feet together,
arms to their sides, and with the eyes open for up to one minute. The test is then repeated with
the eyes closed. During both trials, the test administrator observes the subjects posture, noting
any significant sway, instability, or tendency to fall. The test administrator also records the
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degree of sway, as well as the postural control strategy utilized to correct the instability. Upon
completion of the test, the administrator compares the amount of postural sway observed during
the eyes closed trial to that observed during the eyes open trial. The Romberg test is considered
to be positive if the subject demonstrates significantly more postural instability or if postural
instability significantly worsens during the eyes closed trial compared to the eyes open trial
(Khasnis & Gokula, 2003). While a positive Romberg test does not indicate any specific cause of
ataxia, it does suggest that any observed ataxia is sensory in nature and associated with impaired
proprioception (Khasnis & Gokula, 2003; Lanska, 2002).
While the Romberg test provides clinically valuable information, it stands that this
method of postural stability assessment relies upon the clinical knowledge and subjective
assessment of the test administrator(s). And despite the widespread use and acceptability of this
test among clinicians, and others, the subjective element of the test has created variability in the
techniques used to administer, and the criteria used to interpret the test. These differences can
then have an effect on the overall specificity and sensitivity of the Romberg (Lanska, 2002).
Therefore it is emphasized that test administrators use caution when interpreting a positive
Romberg test. This is because, not only can test methodology affect test results, but a positive
Romberg can result from numerous inherited, metabolic, toxic, and immunological causes, some
of which may result in a false positive (DeJong, 1969; Garcin, 1969; Jervis, 1969; Khasnis &
Gokula, 2003; Sedano, 1969). Additionally, while those with sensory ataxia typically
demonstrate significant postural sway immediately upon closing they eyes, with a positive
Romberg test it is important for the test administrator to appropriately differentiate sensory
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ataxia from ataxia resulting from cerebellar, frontal lobe or vestibular impairment as identifying
the cause of the ataxia will ultimately determine the course of treatment (Khasnis & Gokula,
2003).
2.5.1.7 Timed Up and Go
Another functional test which assesses basic functional mobility is the Timed Up and Go
Test (TUG). This test measures a number of dynamic functional movements including sitting,
standing, walking, and turning. The test begins with the patient sitting in a standard armchair.
The patient must rise from the chair, walk a distance of three meters, turn around, return to the
chair, and sit back down. A test administrator measures the amount of time required to complete
the test. Upon sitting back down, the time to complete the test is noted by the test administrator
(Podsiadlo & Richardson, 1991).
While a faster time to completion indicates better functional mobility, no formal standard
normal time to completion values are set. However, normal values do exist for various different
populations (Bohannon, 2006). Therefore, interpreting a patient’s time to completion is
dependent upon the population for which the subject belongs. Measures of adequate to excellent
validity and reliability have been reported for multiple patient populations including community
dwelling and institutionalized older adults (Bischoff et al., 2003; Bohannon, 2006; Lin et al.,
2004; Nikolaus, Bach, Oster, & Schlierf, 1996; Payette, Hanusaik, Boutier, Morais, & GrayDonald, 1998; Shumway-Cook, Brauer, & Woollacott, 2000), orthopaedic injury (Freter &
Fruchter, 2000; Yeung, Wessel, Stratford, & MacDermid, 2008), low back pain (Simmonds et
al., 1998), spinal cord injury (van Hedel, Wirz, & Dietz, 2005), multiple sclerosis (Nilsagard,
Lundholm, Gunnarsson, & Denison, 2007), and Parkinson’s disease (Brusse, Zimdars, Zalewski,
& Steffen, 2005; Dal Bello-Haas et al., 2011; Huang et al., 2011; Morris, Morris, & Iansek,
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2001; Schenkman, Cutson, Kuchibhatla, Scott, & Cress, 2002; Steffen & Seney, 2008).
However, a primary limitation of this assessment is that it does not identify the specific type, or
cause, of a balance deficit. Additionally, while this test relies on the measured time required to
complete the task, interpretation of the results are subjective, relying on the clinical knowledge
and experience of the test administrator to interpret.
2.5.1.8 Tinetti Performance Oriented Mobility Assessment
The Tinetti Performance Oriented Mobility Assessment (Tinetti Balance Test) is a task
oriented assessment tool which measures an older adults gait and balance abilities. The test
consists of two sections, balance tests and gait tests. In the balance assessment portion of the test,
a number of balance tests are performed including seated balance, sit-to-stand transition,
standing static balance, perturbed balance, turning in place, and standing balance with eyes
closed. In the gait assessment portion patients are evaluated on gait initiation, step length and
height, floor clearance, step symmetry and continuity, path deviation, trunk sway, and walking
time. For both sections, the test administrator utilizes an ordinal scale to score each item from
“0” to “2” based upon descriptive criteria. Scores from each section are summed to provide an
overall score. The total score is used to categorize the patients fall risk as being high (<18),
moderate (19-23), or low (>24) (Tinetti, Franklin Williams, & Mayewski, 1986). The Tinetti
Balance Test has been shown to be a valid and reliable measure of balance and mobility
(Canbek, Fulk, Nof, & Echternach, 2013; Cipriany-Dacko, Innerst, Johannsen, & Rude, 1997;
Kegelmeyer, Kloos, Thomas, & Kostyk, 2007; Kloos et al., 2004; Raîche, Hébert, Prince, &
Corriveau, 2000). Additionally, it has demonstrated good to excellent inter-rater reliability and
sensitivity (Maki, Holliday, & Topper, 1994; Topper, Maki, & Holliday, 1993). However, this
test also has a number of limitations. First, the test demonstrates poor specificity. Second, it does
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not identify the specific type, or cause, of a balance deficit. It requires 20 minutes of time to
administer (Rehabilitation Measures Database, 2014). The scoring system may be insufficient to
accurately describe a patient’s performance. And lastly, the assessment is subjective, relying on
the clinical knowledge and experience of the test administrator to accurately interpret the results
(Yelnik & Bonan, 2008).
2.5.2 Physiological Systems Assessment Methods
While functional assessment methods have shown to be clinically valid and useful tools
for assessing patient’s functional limitations, these methods do not differentiate the cause of a
functional, or balance, deficit. Conversely, physiological systems assessments have been
developed which not only determine if a deficit exists, but which physiological system may be
contributing most to the deficit. Recently, two physiological systems assessments have been
developed. These include the Balance Evaluation Systems Test (BESTest) and the Physiological
Balance Profile (PPA) (Mancini & Horak, 2010).
2.5.2.1 Balance Evaluation Systems Test
The BESTest is a physiological systems assessment organized around evaluating the
systems underlying the control of balance. The assessment consists of 36 test items which are
organized into 6 systems. These systems include (1) biomechanical constraints, (2) stability
limits/verticality, (3) anticipatory postural adjustments, (4) postural responses, (5) sensory
orientation, and (6) stability in gait. For each of the 36 items, patients are rated on an ordinal
scoring system between 0 and 3. Upon completion of the assessment, a total score is calculated,
with lower scores indicating better performance. In assessing each of these systems, the 36 test
items are constructed from tests unique to this assessment method while also combining test
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TABLE 2.4
SUMMARY OF COMMONLY USED FUNCTIONAL ASSESSMENT METHODS
Assessment

Activities
Specific
Balance
Confidence
Scale

Balance
Error
Scoring
System

Style
Selfreport; or
can be
completed
with
clinician
assistance

Clinical
balance
ass.

Scoring

Time to
Complete

Interpretation

Score categorizes
patient level of physical
11 point scale
function:
for rating
30 min. Less
Low (<50%), Mod
confidence
with clinician
(50%-80%), High
(0% - 100%) in
assistance
(>80%). Score <67%
performing 16
correlates with
common ADL.
increased fall risk in
older adults
Count number
of errors
Lower score associated
committed
with better balance.
during
2 to 5 min.
Clinical significance
evaluation
determined by test
trials. Score
admin.
range 0-60.

Cost

Strengths

Limitations

Free

No equipment
required. Easy to
administer. Patient
identified Fx
limitations. Can be
completed prior to
clinical appt. Rec.
for use by APTA
and CMS.

Subjective
self-report.
Deficiency
type not
identified.
Time to
complete.

Free

Minimal
equipment. Easy to
administer.
Clinician observes
performance. Can
be done anywhere.

Subjective.
Questionable
reliability.
Multiple test
admins
recommended.

Subjective.
Time to
complete. Most
Berg
Clinical
Easy to administer.
Up to 20
appropriate for
Balance
balance
Free
Uses common
min.
older adults.
Scale
ass.
equipment
Deficiency
type not
identified
ADL = Activities of Daily Living, admin = administrator, APTA = American Physical Therapy Association, ass = assessment, CMS
= Centers for Medicare and Medicaid Services, eval = evaluation, Fx = functional, min = minute(s), sec = seconds
5 point scale
for rating
ability to
perform 14
tasks. Score
range 0-56

Score categorizes
patient ambulatory
status:
Wheelchair bound (020) Walk with
assistance (21-40),
Independent (41-56).
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TABLE 2.4 (continued)
Assessment

Dynamic
Gait Index

Style

Scoring

Clinical
gait ass.
for fall
risk

4 point scale
for rating
ability to
perform 8 gait
tasks

Outpatient
Physical
5 point scale
Therapy
for rating
Improvemen
confidence and
t in
Self-report
ability in
Movement
performing 22
Assessment
common
Log
activities

Time to
Complete

Interpretation

Up to 30
min.

Score categorizes
patient fall risk:
Increased (<19), Safe
ambulatory (>19)

Free

Not reported

Compare baseline ass.
to final eval. ass. to
determine outcomes of
treatment plan. A
higher score indicates
greater improvement.

Free

Romberg
Test

Cost

Strengths

Limitations

Subjective
Relatively easy
interpretation.
to administer.
Time to complete.
Uses common
Requires use of
equipment.
stairs. Ambiguous
task definitions
Limited
information on
Patient identified
reliability and
goals and
validity. Most
limitations. No
appropriate for
equipment
those with low
required. Can be
baseline. Self
completed prior
report with no
to clinical appt.
performance
evaluation

Admin.
Determines if
Increased postural
Fast and easy to Highly subjective.
Clinical
increased
Less than 5
sway with eyes closed
administer.
A positive result
balance
postural sway
Free
min.
may be indications of
Requires no
may be from
ass.
with eyes
proprioceptive ataxia.
equipment.
another cause.
closed vs. eyes
open
ADL = Activities of Daily Living, admin = administrator, APTA = American Physical Therapy Association, ass = assessment, CMS
= Centers for Medicare and Medicaid Services, eval = evaluation, Fx = functional, min = minute(s), sec = seconds
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TABLE 2.4 (continued)
Assessment

Style

Scoring

Timed Up
and Go

Clinical
mobility
ass.

Time to
complete task

Tinetti
Performance
Oriented
Mobility
Assessment

Clinical
gait and
balance
ass. for
fall risk

3 point scale
for rating
ability to
perform
balance and
gait tasks

Time to
Complete

Interpretation

5 min. or less

Dependent upon
population patient
belongs to

10-15 min.

Score categorizes
patient fall risk: high
(<18), moderate (1923), low (>24)

Cost

Strengths

Free

Fast, easy to
administer. Uses
common
equipment

Free

Easy to
administer. Uses
common
equipment.
Balance and gait.

Limitations
Subjective
interpretation.
Targeted to
older adults.
Possible
learning effect.
Subjective
interpretation.
Time to
complete.
Deficiency
type not
identified.
Questionable
scoring

ADL = Activities of Daily Living, admin = administrator, APTA = American Physical Therapy Association, ass = assessment, CMS
= Centers for Medicare and Medicaid Services, eval = evaluation, Fx = functional, min = minute(s), sec = seconds
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items from other common assessments including the Berg, Functional Reach Test, Get up and
Go test, and the Clinical Test of Sensory Integration for Balance (CTSIB) (Horak et al., 2009;
Mancini & Horak, 2010).
As this test was developed in 2009 and is relatively new, validity and reliability testing is
limited. However, reported inter-rater reliability values are similar to those reported for
functional assessments. The reported total score ICC was 0.91, with ICCs ranging from 0.790.92 for each of the 6 individual systems (Horak et al., 2009). Additionally, it has been reported
that BESTest demonstrates excellent correlation with the ABC (r = 0.636), Berg (r = 0.87), and
Functional Gait Assessment (r = 0.88) (Horak et al., 2009).
The primary advantage of the BESTest is that, by identifying the specific system(s)
which may be contributing to a patients balance deficit, a therapist can develop a treatment plan
that specifically targets that system or systems. This could potentially lead to better overall
patient outcomes. However, this test has a number of limitations. First, this assessment requires a
large amount of equipment, some of which may be not be available to all clinicians. Required
equipment is presented in Table 2.5. A second major limitation of this assessment method is the
amount of time required to administer the test. The BESTest requires approximately 30 minutes
to complete, making the feasibility of utilizing the test in a clinical setting low. To address the
time issue, a shorter version of the assessment has been developed, only requires 10-15 minutes
to complete (Franchignoni, Horak, Godi, Nardone, & Giordano, 2010). However, the time
required for the abbreviated assessment may still be prohibitive to some clinicians. Another
limitation is that, while the system(s) contributing to a balance deficiency are identified, this test
does not provide an indication of the patients fall risk. And finally, while scoring criteria are
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given, the scoring process is subjective, and determining how well the subject performed or did
not performed is dependent upon the clinical knowledge and experience of the test administrator.

TABLE 2.5
EQUIPMENT REQUIRED FOR THE BESTest
1.
2.
3.
4.
5.
6.
7.
8.
9.

Stop watch
Measuring tape
2ft X 2ft block of medium density Foam
2ft X 2ft ramp with 10 degree incline
Stair step (6in height)
2 stacked shoe boxes (obstacles during gait analysis)
5lb free weight
Firm chair with arms
Masking tape

2.5.2.2 Physiological Profile Approach
The PPA is a physiological systems assessment organized in a manner which identifies
physiological deficits associated with falls risk (Lord & Clark, 1996). To identify risk factor
deficits, a patient performs a series of tests to assess vision, peripheral sensation, lower extremity
strength, reaction time, and standing postural sway (Lord, Menz, & Tiedemann, 2003). For each
of the tests administered, patient results are recorded into a computer program by the test
administrator. The program analyses the results and compares them to a normative database. A
final standardized score is then generated which indicates the patients risk of falling. Falls risk
are defined as low (score < 0), moderate (between 1-2), and high (score > 2) (Lord et al., 2003).
Validity and reliability of the PPA has been investigated. A series of prospective and
cross-sectional studies have been completed on community and institutionalized older adults. For
all older adult samples, the PPA demonstrated 75% accuracy at classifying subjects as being
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multiple fallers (2 or more falls in 1 year), or non-multiple fallers (1 or less falls in 1 year) (Lord,
Clark, & Webster, 1991; Lord et al., 1994a; Lord, Ward, Williams, & Anstey, 1994b). Lord and
colleagues have also reported the PPA to be reliable, with test-retest ICCs for the assessed
variables ranging from 0.50 to 0.97 (Lord et al., 2003). However reliability of the overall
assessment was not reported, only reliability of each individual test.
The primary advantage of the PPA is that it is able to identify the physiological cause of
any observed balance deficits. This allows the therapist to develop a treatment plan that
specifically targets that observed deficits. However, this assessment has a number of limitations.
First, this assessment requires a large amount of equipment, some of which may be not be
available to all clinicians. Additionally, scoring of the assessment requires the use of a computer
and specialized software. Required equipment is presented in Table 2.6. A second major
limitation of this assessment method is the amount of time required to administer the test. The
PPA requires up to 45 minutes to administer, which may make this assessment less practical for
use in an outpatient setting. To reduce the required administration time, a screening version of
the PPA, which requires 15 minutes to administer, has been developed. However, the developers
of the assessments recommend the long version for a more comprehensive assessment (Lord et
al., 2003). And lastly, while the assessment measures known falls risk factors, the assessment
does not include the evaluation of the patient performing any functional tasks.
2.5.3 Objective Assessments
While functional and physiological systems assessment methods have shown to be
clinically valid and useful tools for assessing patient’s functional limitations and their cause, it
still holds that these methods rely on subjective scoring based on the knowledge of the test
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TABLE 2.6
EQUIPMENT REQUIRED FOR THE PHYSIOLOGICAL PROFILE APPRAOCH
1. Letter chart with high and low contrast letters
2. Melbourne Edge Test chart
3. Straight edge and a rotating visual stimulus extending over the visual field
4. Semmes-Weinstein pressure aesthesiometer
5. Electronic vibrating device (capable of 200Hz of varying intensity)
6. Clear acrylic sheet (60X60X1) with protractor inscribed
7. Dynamometer for lower extremity strength tests
8. Hand held timer, foot switch, and light stimulus for reaction time tests
9. Sway meter for measuring standing posture
10. Computer and software for scoring test results

administrator. As an alternative to these methods, objective assessments utilize equipment which
quantitatively measures the characteristics of a patient’s task performance. Generally, the
primary objective assessment methods are postuography utilizing a force plate, and increasingly
the use of wearable sensors such as accelerometers (Mancini & Horak, 2010). And while
previously the cost of this technology was prohibitive for use in a clinical setting, recently
advances in technology and manufacturing procedures have greatly reduced the cost of some of
these devices. This has made them increasingly accessible to customers in clinical settings
(Godfrey et al., 2008).
2.5.3.1 Force plates
Force plates, or force platforms, are instruments which measure the ground reaction
forces generated between the body and its support surface. Force plates are typically square or
rectangular platforms which measure the forces associated with standing, stepping, or jumping
(McGinnis, 2005). They are generally classified as being single-pedestal or multi-pedestal. A
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TABLE 2.7: SUMMARY OF PHYSIOLOGICAL SYSTEMS ASSESSMENTS
Assessment

Balance
Evaluation
Systems Test

Physiological
Profile
Approach

Style

Balance
control
systems

Falls risk
factors

Scoring
4 point scale
for rating
ability to
perform tasks

Computer
based

Time to
Complete

30 minutes

45 minutes

Interpretation
Lower score
associated with
better balance.
Clinical
significance
determined by
test admin.
Low risk: <0
Moderate: 1-2
High : >2

Cost

Strengths

Limitations

Free

System cause of
deficit
identified.
Allows focused
treatment.

Time to complete.
No falls risk.
Requires
equipment.

Unknown

Physiological
cause of deficit
identified.
Allows focused
treatment. Falls
risk.

Time to complete.
Requires
equipment. Some
measures not
precise. No
functional task
measurement

ADL = Activities of Daily Living, admin = administrator, APTA = American Physical Therapy Association, ass = assessment, CMS =
Centers for Medicare and Medicaid Services, eval = evaluation, Fx = functional, min = minute(s), sec = seconds
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single-pedestal unit will only measure the vertical component of the force being applied, whereas
a multi-pedestal unit will measure the vertical component as well as the horizontal, or shear,
force. By measuring both vertical and horizontal components of force, a multi-pedestal unit is
able to provide additional information including center of pressure, which can be used as a
measure of postural sway. For analysis of ground reaction forces, force plates are the gold
standard, providing force and moment data in the X, Y, and Z planes (Goldie, Bach, & Evans,
1989).
There are three primary aspects of balance which force plates have been used to measure,
including dynamic stability (Lord, Ward, & Williams, 1996; Nichols, 1997), symmetry (Pyöriä,
Era, & Talvitie, 2004), and steadiness (Black, O'Leary, Wall 3rd, & Furman, 1977; Murray,
Seireg, & Sepic, 1975; Prieto, Myklebust, Hoffmann, Lovett, & Myklebust, 1996). Here,
dynamic stability describes the ability to move and control the center of gravity around a
supporting base, symmetry describes the ability to evenly distribute weight across the base of
support, and steadiness describes the ability to remain motionless (Goldie et al., 1989). And
while the specific aspect of balance to evaluate depends upon the research question, a number of
force plate outputs are regularly used to quantify these aspects of balance. These include
variability and magnitude in the measured horizontal forces, variability of the center of pressure,
and total sway area (Goldie et al., 1989; Prieto et al., 1996). Additionally, in an effort to
standardize the evaluation of force plate based measures of balance, the International Society of
Posturography recommends using two center of pressure based measures, including mean
velocity, and root-mean-squared (RMS) distance (Kapteyn et al., 1983).
The rationale for utilizing center of pressure measures is that, according to the inverted
pendulum model, postural control is defined by the relationship between the center of pressure
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and the subjects center of mass (Winter, 1995). The center of pressure measures obtained by the
force plate can then be utilized to estimate the location and activity of the subject’s center of
mass. There are multiple methods for calculating a subject’s center of mass. These include the
kinematic method, which utilizes motion capture equipment, the zero-point-to-zero-point double
integration technique, and the low-pass filter method, which both use a force plate. Lafond,
Duarte, and Prince (Lafond, Duarte, & Prince, 2004) compared these three methods of center of
mass estimation during different balance tasks. RMS differences in center of pressure and center
of mass trajectories were calculated and compared. The authors report no significant differences
were found between the kinematic method and the zero-point-to-zero-point double integration
technique. However, significant differences in the anterior-posterior direction were found when
comparing the low pass filter method to both the kinematic method and zero-point-to-zero-point
double integration technique. While the authors do not specifically recommend the use of one
method over another, they do state that the zero-point-to-zero-point double integration technique
to be more attractive clinically as it only requires the use of a force plate (Lafond et al., 2004).
A number of studies have reported on the accuracy, reliability and validity of the use of
force plates. Mitka and colleagues (Mitka et al., 1993) found that the accuracy of the measured
point of force varied with decreasing load. Investigators reported that with a 10kg load, the point
of pressure can vary, as measured by RMS, by up to 18mm and 12mm in the X and Y axis’
respectively. The authors report that the force plate error stems from three primary causes,
including: (1) non-linearity of the load cell, (2) deformation of the top plate secondary to
application of a load, and (3) individual load cells and amplifier characteristics. The authors
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proposed the use of a correction algorithm, which reduced the error in both X and Y axes to less
than one millimeter, thus improving the accuracy of center of pressure measures (Mitka et al.,
1993).
The reliability and validity of force measures obtained from force plates has been
investigated. Hanke and Rogers (Hanke & Rogers, 1992) found that force plate measures of
ground reaction forces during dynamic stance to be reliable. Diss (Diss, 2001) found measures to
be reliable during running, and Cordova and Armstrong (Cordova & Armstrong, 1996) found
them to be reliable during vertical jump. Despite these findings, variability in force plate
measures have been reported. However, these seem to stem from subject performance issues as
opposed to from problems with the equipment. Oggero and colleagues (Oggero, Pagnacco, Morr,
Simon, & Berme, 1998a) report that, for a force plate to correctly obtain measures, the subjects
base of support must be fully inside the surface of the force plate. Additionally, there must be no
other forces applied to the force plate. The observed variability tends to occur during gait
analysis while the subject is walking over the force plate. Either their foot will not be completely
on the force plate, or their other foot will strike the edge of the plate prior to the foot of interest
contacting the plate. To correct this, the authors suggest utilizing a force plate that is not so large
that the subject must alter their gait to strike the plate properly (Oggero et al., 1998a; Oggero,
Pagnacco, Morr, Simon, & Berme, 1998b).
Additionally, Popovic and colleagues (Popović et al., 2000) attempted to establish a
quantitative measure of stability for use in reliably assessing a subjects stance. Here, subjects
participated in unperturbed and perturbed standing. Subjects performed each trial standing on a
force plate where center of pressure was measured. Subjects posture was also recorded by a
motion capture system with a set of 13 markers attached to the body. The authors report that,
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during quiet standing, subjects center of pressure can be found within a very small area during
99% of the recording. This area was labeled the “high preference zone”. The “low preference
zone” is then the area where the center of pressure is found for the remaining 1% of the
recording. An “undesirable zone” was defined as the area of the center of pressure where the
subject had to change posture, and an “unstable zone” was when the subjects were forced to
change their base of support to maintain stability. For each subject, an ellipse was fitted around
each zone. To establish generic stability zones, the ellipses for all subjects were then averaged
(Popović et al., 2000).
However, despite these findings, along with the recommendations from the International
Society of Posturography, disagreement still exists within the literature with regard to the
reliability and validity of force plate measures commonly used to quantify balance. Goldie, Bach,
and Evans (Goldie et al., 1989) state that balance, with regard to force plate measures, has not
been theoretically defined. Additionally, these authors argue, that the necessary external
criterion, by which to establish the validity of center of pressure based measures, does not exist
(Goldie et al., 1989). In an attempt to establish the correlations between force measures and
center of pressure measures, these authors found that measures of force variability are more
reliable for the assessment of balance than are center of pressure measures. These authors,
therefore, recommend the use of measures of force variability, such as standard deviations, in Fx
and Fy when utilizing force plates to assess postural stability (Goldie et al., 1989).
2.5.3.2 Biodex Balance System
The BIODEX Balance System SD (BBS) (BIODEX Medical Systems, Shirley, NY) is a
multiaxial tilting platform capable of providing postural stability measures similar to that of a
force plate (Guskiewicz & Perrin, 1996) (Figure 2.2). This system measures postural stability
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utilizing a circular platform measuring 55cm in diameter (Figure 2.3). The BBS includes
multiple balance training and postural stability testing protocols and is capable of measuring both
static and dynamic postural stability for bilateral and unilateral stances (Hinman, 2000). During
static postural stability protocols, the platform remains locked in a fixed horizontal position. For
dynamic postural stability testing protocols, the platform is unlocked and free to simultaneously
move about the anterior-posterior (AP) and medial-lateral (ML) axes. Here the platform is
capable of tilting 20 degrees in any direction. For dynamic postural stability testing protocols, the
platform is additionally capable of providing 12 stability levels. This is accomplished through the
use of springs which vary the resistance force applied to the underside of the platform during the
test. The stability level of the platform is adjusted to preset resistance levels established by the
manufacturer depending of the specific protocol utilized (Arnold & Schmitz, 1998; Balance
System SD Operation / Service Manual, 1999). For all protocols, the BBS sample rate is 20 Hz
(Schmitz & Arnold, 1998).
Prior to beginning a testing procedure, the subject stands on the platform and their
feet/foot are/is placed according to procedures specific to the testing protocol being used. The
purpose of this is to ensure that the subject is centered on the platform. Once verified, the
location of the feet/foot are/is recorded. Upon completion of the testing protocol, balance scores
are generated. Scores are reported as an Overall Stability Index (OSI), Anterior-Posterior
Stability Index (APSI), and Medial-Lateral Stability Index (MLSI). These indexes are standard
deviations calculated by measuring the platforms varying degrees of tilt from horizontal away
from the subject preset center position (Arnold & Schmitz, 1998; Schmitz & Arnold, 1998). The
APSI and MLSI represent the variance in the AP and ML directions, respectively, while the OSI
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FIGURE 2.2: BIODEX BALANCE SYSTEM SD

FIGURE 2.3: BIODEX BALANCE SYSTEM SD PLATFORM
79

is a composite of both, and represents the subjects overall postural stability (Arnold & Schmitz,
1998). For all indexes, a lower score represents better postural stability. In addition to reporting
the subject OSI, APSI, and MLSI scores, population norms are reported for comparison.
Additionally, a graphical representation of the scores, with normal score ranges, are presented for
comparison.
The reliability of the BBS has been reported by a number of investigators. Overall, the
reliability of the BBS stability index scores have been found to be acceptable for clinical postural
stability testing (Arnold & Schmitz, 1998; Cachupe, Shifflett, Kahanov, & Wughalter, 2001;
Hinman, 2000; Hornyik, 2001; Karimi, Ebrahimi, Kahrizi, & Torkaman, 2008; Parraca et al.,
2011; Schmitz & Arnold, 1998). Table 2.8 summarizes a number of selected studies examining
the validity and reliability of the BBS.
2.5.3.3 Accelerometers
Accelerometers are electromechanical sensors that produce an electrical output
proportional to an acceleration input (Village & Morrison, 2008), and are capable of measuring
accelerations associated with dynamic movement. Accelerometers can be uni-axial or multiaxial. Uni-axial units provide accelerometric data in one direction, whereas multi-axial units can
measure data in multiple directions. While many types of accelerometers exist, they all operate in
a similar manner. A mechanical sensing element consisting of a seismic mass is attached to a
suspension system within a reference frame. As inertial forces are applied, the seismic mass
becomes deflected. The displacement of the seismic mass is then measured electrically (Yang &
Hsu, 2010). Today, most multi-axis accelerometers are tri-axial accelerometers, meaning they
can measure acceleration in X, Y, and Z planes relative to the orientation of the device. This
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TABLE 2.8
SELECTED STUDIES EXAMINING THE VALIDITY AND RELIABILITY OF THE BIODEX BALANCE SYSTEM
Author
Schmitz &
Arnold
(1998)

Assessment
Intertester and
Intratester
reliability

Subjects
19 (8m, 11f),
Age: 24.4 + 4.2 yrs,
Healthy

Arnold &
Schmitz
(1998)

Establish normal
patterns of
stability using
the BBS

19 (8m, 11f),
Age: 24.4 + 4.2 yrs,
Healthy

Hinman
(2000)

Describe testretest reliability
differences.

Study 1: 50 (19m,
31f); Age: 32.9 +
11.5
Study 2: 50 (13m,
37f); Age: 22.5 +
2.9yrs
Study 3: 79 (32m,
47f); Age: 74.4 +
15.3yrs
Study 4: 44 (7m,
37f); Age: 26 +
6yrs

Methods
Day 1: 5 30-s SLS dominant leg balance
tests. Platform stability decreased from
level 8 to 1 over each trial
Day 2: 3 30-s SLS dominant leg balance
tests with decreasing stability. Admin A
directed 1 test, Admin B directed other 2,
randomized.
Dynamic protocol was used
30-s SLS dominant leg balance test.
Platform stability decreased from level 8
to 1 during the test. OSI, APSI, MLSI,
and quadrant time recorded.
Dynamic protocol was used

Results
Intertester ICC:
OSI=0.70,
APSI=0.68,
MLSI=0.42
Intratester ICC:
OSI=0.82,
APSI=0.80,
MLSI=0.43
Stepwise multiple
regression using
MLSI and APSI to
predict OSI. APSI is
primary contributor
(95%) to OSI

Balance tests performed in 4 different
studies. Each required 2 30-s tests under
varying conditions. Test-retest reliability
coefficients were calculated or OSI and
LOS.
Static protocol was used

Static: ICC= 0.89 0.44
LOS: ICC= 0.89 0.77

Discussion
OSI is reliable within
clinical ranges for
assessing balance
using the single leg
balance protocol

APSI and MLSI can
be used separately to
assess specific
balance deficits.
Healthy subjects
spend majority of
time within 0-5 deg
from horizontal.
Test-retest reliability
is acceptable for
clinical balance
assessment

m = male, f = female, yrs = years of age, -s = seconds, ICC = Intertester/Intratester Correlation, OSI = Overall Stability Index, APSI = Anterior
Posterior Stability Index, MLSI = Medial Lateral Stability Index
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TABLE 2.8 (continued)
Author
Hornyik
(2001)

Assessment
Test-retest
reliability

Subjects
23 (13m, 10f);
Age: 23.78 +
5.67yrs

Methods
LOS evaluated using BBS dynamic LOS
protocol.

Results
BBS: test-retest
ICC=0.82; test
duration ICC=0.71

Discussion
BBS demonstrates
moderate/high testretest reliability

Cachupe
et al.
(2001)

Reliability of
dynamic balance

Group 1: 20 (10m,
10f); active
university students
Group 2: 27 (10m,
17f) Division I
collegiate athletes

Group 1: Dynamic SLS balance on
dominant leg for 20-s. 8 trials or until
volitional fatigue.
Group 2: Dynamic SLS balance on
dominant leg for 20-s. 4 trials or until
volitional fatigue.

Recommend 2
practice trials and 2
experimental trials
when evaluating
dynamic SLS balance

Karimi et
al. (2008)

Reliability of
dynamic balance
assessment in
those with and
without LBP

23m with low back
pain (age:
30.4+6.5yrs); 20m
healthy (age:
29.8+6.4yrs)

Unilateral and bilateral stability assessed
on dominant leg for 20-s with eyes open
and closed.

Group 1: OSI:
R=0.90, APSI:
R=0.95, MLSI:
R=0.93.
Group 2: OSI:
R=0.92, APSI:
R=0.89, MLSI:
R=0.93.
LBP: ICC= 0.97-0.91
Healthy: ICC=0.960.88

Parraca et
al. (2011)

Determine
reliability in
elderly
population

45 (4m, 41f); Age:
66 + 5.5yrs.
Healthy and
physically active

Tested 2 separate occasions 7 days apart.
Measured reliability, Fall Risk Test,
Postural Stability Test. Completed Falls
Efficacy Scale (FES)

OSI: ICC=0.69
Falls Risk Index:
ICC=0.80

Significant
differences between
groups in OSI and
MLSI, but not APSI.
Highly reliable for
assessing dynamic
stability for those
with/without LBP.
BBS measures are
reliable and
appropriate for
balance assessment in
the elderly

m = male, f = female, yrs = years of age, -s = seconds, ICC = Intertester/Intratester Correlation, OSI = Overall Stability Index, APSI = Anterior
Posterior Stability Index, MLSI = Medial Lateral Stability Index
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acceleration data can then be converted into velocity and distance moved data. Velocity is
calculated as the integral over time of acceleration, whereas distance moved is defined as the
integral over time of velocity (BIOPAC Systems).
Generally, accelerometers have a high frequency response allowing them to be sample at
high rates. This makes them ideal for analyzing impacts and vibration (McGinnis, 2005). The
most commonly used types of accelerometers include piezoresistive, piezoelectric, and
differentiable capacitive. Additionally, advances in microelectromechanical systems (MEMS)
have allowed for the size of accelerometers to be reduced as well as reduced the cost of
manufacturing them (Godfrey et al., 2008).
Accelerometers have many different applications with regard to assessing human
physical activity including postural analysis (Dalton et al., 2013; Fahrenberg, Foerster, Smeja, &
MÜLLER, 1997; Hansson et al., 2001; Moe-Nilssen, 1998b; Moe-Nilssen & Helbostad, 2002),
falls detection (Lee & Carlisle, 2011; Narayanan, Lord, Budge, Celler, & Lovell, 2007;
Narayanan et al., 2008; Shany, Redmond, Narayanan, & Lovell, 2012), gait analysis (Bautmans,
Jansen, Van Keymolen, & Mets, 2011; Clements, Buller, Welles, & Tharion, 2012; Mathie,
Coster, Lovell, & Celler, 2004; Moe-Nilssen, 1998a), assessment of physical activity level
(Bouten, Koekkoek, Verduin, Kodde, & Janssen, 1997; Nichols, Morgan, Sarkin, Sallis, &
Calfas, 1999; Olguın & Pentland, 2006), and exposure to risk factors for the development of
work-related musculoskeletal disorder (Jorgensen & Viswanathan, 2005; Village & Morrison,
2008), just to name a few. Researchers are also beginning to utilize the accelerometers built into
mobile consumer electronic devices to assess balance and movement (Brezmes, Gorricho, &
Cotrina, 2009; Lee & Carlisle, 2011; Lemoyne, Mastroianni, Cozza, & Coroian, 2010b;
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LeMoyne, Mastroianni, Cozza, Coroian, & Grundfest, 2010c; LeMoyne, Mastroianni, &
Grundfest, 2011; Patterson, Amick, Thummar, & Rogers, 2011; Patterson et al., 2014b).
With all studies of human movement utilizing accelerometers, the placement of the
accelerometer(s) is important. Placement is dependent upon the movement being studied as well
as the body part(s) that will be moving (Mathie et al., 2004). With regard to balance, multiple
sites of attachment have been proposed in the research literature. With the purpose of assessing
posture and motion using accelerometers, Fahrenberg and colleagues (Fahrenberg et al., 1997)
attached multiple sensors to various sites on the body including lower leg, thigh, waist and subclavicular region of the chest. While these investigators found considerable differences between
sensor recordings depending on the activities being performed, they do not recommend using the
sub-clavicular region for the assessment of balance as this location is susceptible shoulder
movements (Fahrenberg et al., 1997).
Another potential site of sensor attachment for balance assessment is the sternum. In an
investigation of gait and balance in those with Huntington’s disease, Dalton and colleagues
(Dalton et al., 2013) attached a single tri-axial accelerometer to the sternum just inferior to the
suprasternal notch. Here, balance was assessed utilizing four Rhomberg balance tests including
feet together with eyes open and closed, and feet apart eyes open and closed. Results indicate
that accelerometric data recorded from the sternum was able to differentiate between presymptomatic and symptomatic Huntington’s disease patients. However, the authors further state
that this site of attachment was chosen as they wish to include fall detection capabilities in the
future, and that the majority of their work utilizes an attachment site at the level of the third
lumbar vertebrae (L3) (Dalton et al., 2013). Janssen and colleagues (Janssen, Kulcu, Horemans,
Stam, & Bussmann, 2008) additionally attached accelerometers to the sternum to assess balance
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during sit-to-stand movements. Here, subjects performed sit-to-stand movements on a force plate
with an accelerometer placed over the sternum. These investigators report correlation coefficient
of 0.77 between force plate and accelerometric data. However, the authors state that the purpose
of the study was to quantify trunk movements during the sit-to-stand test, and not to use the
attachment site data as a corollary to balance as assessed by center of mass variables (Janssen et
al., 2008). While the primary purpose of these studies was not to validate the sternum as a viable
attachment site for accelerometric assessment of balance, they do indicate that data recorded
from this site can potentially provide valuable measures of balance.
The most common site of attachment is along the lumbar spine at the approximate
location of the estimated center of gravity. This corresponds to a position of approximately 55%
and 57% of stature for women and men respectively (McGinnis, 2005). However, there is still
inconsistency in the literature as to the exact placement of the accelerometer. In a study
comparing accelerometry and center of pressure measures, Whitney and colleagues (Whitney et
al., 2011) attached an accelerometer to a gait belt and fastened the belt around the subjects pelvis
at the height of the anterior superior iliac spine (ASIS) and posterior superior iliac spine (PSIS).
The accelerometer was positioned on the posterior aspect of the subject. When comparing the
accelerometer and center of pressure measures, the investigators report the measures showed
good correlation. Additionally, the accelerometer showed excellent test-retest reliability that is
comparable to that found with the force plate (Whitney et al., 2011). In a study of balance as
evaluated with a tri-axial accelerometer and a force plate, Mayagoitia and colleagues
(Mayagoitia, Lötters, Veltink, & Hermens, 2002) also attached an accelerometer to a belt and fit
the belt to subjects. However, instead of using the boney landmarks of the ASIS and PSIS, these
investigators describe the accelerometer placement as being “level with the widest part of the
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hips and at the centre of the back of the subject” (Mayagoitia et al., 2002). In using this location,
investigators report that the data from both the force plate and accelerometer, while having
different sensing principles, behave in the same way. Additionally, it is reported that in 75% of
subjects, both the force plate and accelerometer were able to distinguish between the balance
testing conditions. The authors further report that, in 20% of subjects, the accelerometer detected
balance differences that the force plate did not. These differences were found in mean radius,
anterior-posterior displacement, and medial-lateral displacement variables when comparing the
test conditions of comfortable foot position with eyes open to comfortable foot position with
eyes closed. A fourth difference was found in mean frequency when comparing the testing
conditions of comfortable foot position with eyes closed to feet together foot position with eyes
closed. The overall conclusion was that the accelerometer may be more sensitive to detecting
balance than is a force platform (Mayagoitia et al., 2002).
A number of other studies have used locations of specific vertebrae, generally L3, within
the vertebral column to represent the estimated center of gravity. Moe-Nilssen (Moe-Nilssen,
1998b) evaluated the test-retest reliability of trunk accelerometry in subjects while standing and
walking. Here, for the standing balance portion of the experiment, subjects performed various
standing balance tests with eyes open and eyes closed. A tri-axial accelerometer was attached to
the lumbar spine at the level of L3. The author justifies this location as it is near the approximate
level of the estimated center of gravity and, while walking, the divergent rotations of the pelvis
and trunk are neutralized. For the balance conditions, the author reports no significant test-retest
differences, indicating that accelerometry measured at the level of L3 is a reliable method of
balance assessment (Moe-Nilssen, 1998b). In a similar study, Moe-Nilssen and Helbostad (MoeNilssen & Helbostad, 2002) evaluated balance control of young and older subjects with a tri-
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axial accelerometer attached to the low back at the L3 level. Using the accelerometric data, the
authors were able to discriminate between groups (young – older) as well as between balance
conditions (Moe-Nilssen & Helbostad, 2002). O’Sullivan and colleagues (O'Sullivan, Blake,
Cunningham, Boyle, & Finucane, 2009), in an effort to determine the correlation of
accelerometry with the BBS and TUG in older fallers and non-fallers, attached a tri-axial
accelerometer to the lumbar spine at the level of L3. Here, investigators report a high correlation
between accelerometer RMS and both BBS and TUG scores. Additionally, the accelerometric
measures were able to distinguish between fallers and non-fallers (O'Sullivan et al., 2009).
Aderton, Moritz, and Moe-Nilssen (Adlerton, Moritz, & Moe-Nilssen, 2003) simultaneously
measured the effects of muscle fatigue on postural control with a force plate and a tri-axial
accelerometer attached to the back at the level of L3. While the authors state that the force plate
and accelerometer are measuring different aspects of balance control, they do report moderate
correlation between the center of pressure and accelerometer data, indicating that the measures
are related (Adlerton et al., 2003).
A number of other studies have also attached an accelerometer to the low back, however
not at the L3 level. Mancini and colleagues (Mancini, Rocchi, Cappello, & Chiari, 2008)
compared accelerometric data recorded from the level of the 5th lumbar vertebrae (L5) to force
plate center of pressure measures during multiple balance tests. The authors report that the data
obtained from both devices behave similarly. Additionally, a high correlation between the
accelerometer and force plate data was observed in both the anterior-posterior and medial-lateral
directions (Mancini et al., 2008). Mancini and others (Mancini et al., 2011) similarly evaluated
the postural stability of subject with untreated Parkinson’s disease. Here, subjects performed
multiple balance tests with eyes open and eyes closed while standing on a force plate and with a
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tri-axial accelerometer attached to the low back at the L5 level. The authors report that the
accelerometric data was able to detect balance impairments in untreated Parkinson’s patients,
when compared to control subjects, at least as well as force plate center of pressure measures
(Mancini et al., 2011). Lindemann and colleagues (Lindemann, Moe-Nilssen, Nicolai, Becker, &
Chiari, 2012) evaluated the standing balance of elderly inpatients via force plate and
accelerometry. Here, subjects performed multiple balance assessments while standing on a force
plate and with a tri-axial accelerometer attached to the L5 level of the low back. These authors
report poor to fair correlations between force plate center of pressure and accelerometer data.
They attribute this to their study population, stating that older adults tend to rely on the hip
strategy as opposed to the ankle strategy. This could result in balance correction movements
without a corresponding change in center of pressure on the force plate. The authors conclude
that for the elderly, accelerometric data obtained from the low back should not be used as a
proxy for center of pressure measures (Lindemann et al., 2012).
In another study utilizing an accelerometer attached to the low back, Kamen and
colleagues (Kamen, Patten, Du, & Sison, 1998) sought to evaluate balance and postural sway
with a uni-axial accelerometer attached to the low back at the level of S2. The investigators state
that they used this attachment site as it provided the most consistent results compared to other
attachment sites from previous investigations. Subjects performed multiple balance assessments
with eyes open, eyes closed, and with visual conflict over multiple days. Accelerations were only
recorded in the anterior-posterior plane. The authors reported the accelerometer demonstrated
high reliability in discriminating eyes open and eyes closed conditions as well as balance tasks of
increasing difficulty. Additionally, the authors report preliminary data which indicates the ability
to discriminate healthy older adults from those at risk of frequent falls (Kamen et al., 1998).
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Together, these studies indicate that accelerometers are sensitive devices that can provide
valid and reliable information with regard to balance assessment. However, as described by
Moe-Nilssen and Helbostad (Moe-Nilssen & Helbostad, 2002), it is important to consider the
gravitational component inherent in the medial-lateral and anterior-posterior signals if the
accelerometer is not perfectly aligned. That is, if a measuring axis is not perfectly horizontal, the
accelerometer may record a gravitational component with movement. This tilt can result from
improper attachment of the accelerometer to the body, or through anatomic features associated
with commonly used attachment sites. The tilt results in error and variability in the data, which
could ultimately reduce the validity of an investigators findings. These authors have developed
an algorithm to correct for this tilt. It is based upon the assumption that during undisturbed
standing, the mean acceleration over time for any axis is zero and that any mean acceleration
diverging from zero can be assumed to be a result of a gravitational component in the signal
(Moe-Nilssen & Helbostad, 2002). Correcting for the tilt is necessary to obtain accurate data
when converting the acceleration data into velocity and/or Cartesian coordinate data.
2.5.3.4 Micro-electromechanical Systems Accelerometers
Micro-electromechanical systems (MEMS) accelerometers are accelerometers in the
traditional sense. They operate according to the same principles as traditional accelerometers
described above. Here a mechanical sensing element consisting of a seismic mass is attached to a
suspension system within a reference frame. As inertial forces are applied, the seismic mass
becomes deflected. The displacement of the seismic mass is then measured electrically (Yang &
Hsu, 2010). What is unique about MEMS accelerometers, when compared to their traditional
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counterparts, is their size. MEMS devices are generally constructed from components ranging
from 1 to 100 micrometers in size. The STMicroelectronics LIS331DLH model of MEMS
accelerometer, as a whole device, only measures 3mm×3mm×1mm.
The MEMS accelerometers found in most consumer electronics devices today are
capacitive accelerometers. They consist of a proof mass with integrated beams which extend
along each side. These beams correspond to opposing beams integrated in the housing. This
orientation creates multiple parallel plate capacitors that sense motion in the plane to which they
are oriented (Petsch & Kaya, 2012). As the seismic mass moves, the distance between the
opposing sets of beams changes. This creates an electrical current. The amount of current
detected correlates to the amount of acceleration of the seismic mass. That is, a larger
acceleration of the seismic mass will result in a larger electrical current. Figures 2.4 and 2.5
illustrate the construction of the STMicroelectronics MEMS tri-axial accelerometers.
STMicroelectronics accelerometers are presented here as they are utilized in Apple, Inc. devices
such as the iPhone and iPod Touch.
Recently, advances in MEMS have allowed for the physical size, and cost of
manufacturing, of accelerometers to be reduced (Godfrey et al., 2008). This has allowed for
accelerometers to be incorporated into many different off the shelf mobile consumer electronic
devices such as smartphones, tablet computers, gaming systems, and other multimedia devices.
Figure 2.6 illustrates the location of the accelerometer on the iPhone4 logic board, while Figure
2.7 illustrates an exploded view of the construction of the iPhone4. For these devices to
effectively utilize and incorporate accelerometers in their operation, proper orientation of the
accelerometer axis is important. Figure 2.8 illustrates the axis orientation of Apple, Inc.
consumer electronic devices.
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FIGURE 2.4: STMICROELECTRONICS LIS331DLH TRI-AXIAL
ACCELEROMETER (Dixon-Warren, 2010)
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FIGURE 2.5: STMICROELECTRONICS LIS331DLH TRI-AXIAL
ACCELEROMETER AT 650x MAGNIFICATION (Dixon-Warren, 2010)

92

FIGURE 2.6: iPHONE 4 LOGIC BOARD (Dilger, 2010)
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FIGURE 2.7: iPHONE 4 EXPLODED VIEW (Dilger, 2010)
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FIGURE 2.8: AXIS ORIENTATION OF APPLE DEVICES (Apple Inc.)

The concept of a wireless accelerometry system for the purpose of assessing gait and
balance has been demonstrated by Lemoyne and colleagues (Lemoyne, Coroian, & Mastroianni,
2009b; Lemoyne, Mastroianni, Cozza, & Coroian, 2010a; Lemoyne et al., 2010b; Lemoyne,
Mastroianni, Cozza, Coroian, & Grundfest, 2010d; LeMoyne et al., 2011). Here, these
investigators have repeatedly demonstrated the ability to utilize mobile consumer electronic
devices for the purpose of capturing and storing data samples that can later be exported for
processing.
Mobile consumer electronic devices have also been utilized in an attempt to determine
falls risk in older adults. Here, Guimaraes and colleagues (Guimarães, Teixeira, Monteiro, &
Elias, 2012) assessed gait patterns in older adults utilizing a smartphone secured to the lumbar
region of subjects. Accelerometric data was used to detect step length, duration and velocity
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during various walking speeds. The author’s state that this information could then be utilized to
classify older adults falls risk. However, while the data presented suggests that kinematic
variable related to falls can be detected by sensors within the smartphone device, these authors
have yet to fully develop a smartphone based falls risk screening tool (Guimarães et al., 2012).
Additionally, Amick and colleagues (Amick, Patterson, & Jorgensen, 2013) have shown
that the tri-axial accelerometer installed within iPod touch devices demonstrated highly
consistent sensitivity. However, further studies are needed to evaluate mobile consumer
electronics software applications designed to assess human standing balance. Table 2.9
summarizes selected studies utilizing MEMS for the assessment of human movement.
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is an FDA approved
mobile device software application which, when installed on a mobile consumer electronic
device, accesses the MEMS tri-axial accelerometer output to assess balance through a series of
balance tests. The SWAY balance test consists of five stances (Figure 2.9) including bipedal
(feet together), tandem stance (left foot forward), tandem stance (right foot forward), single leg
stance (right), and single leg stance (left). Each stance is performed on a firm surface with eyes
closed for a period of 10 seconds. For the duration of each stance, the subject holds the
measuring device upright against the mid-point of their sternum. Deflections of the tri-axial
accelerometer are recorded throughout each of the balance test stances and utilized to calculate a
final balance score. The units representing the balance score are interpretations of the
acceleration of deflections within the accelerometers, and are calculated by undisclosed
calculations from SWAY Medical.
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TABLE 2.9
SELECTION OF STUDIES UTILIZING MEMS TO MEASURE TO MOVEMENT
Author
(Year)
Lindemann
et al.,
(2005)

Assessment

Device

Results

Fall detection

MEMS
accelerometer
placed inside of a
hearing aid
Nokia N95 mobile
phone

The developed algorithm was able to
discriminate between ADLs and intentional
falls. Sensitivity and specificity was better than
other devices worn at the wrist or hip
System was able to successfully identify
multiple activity patterns including Walking
(90%), Stair Climbing- Up/Dwn (80%/80%),
Sitting Dwn (70%), Standing Up (70%), and
Falling (90%)
iPhone attached to left leg above the lateral
malleolus. High levels of consistency found in
time averaged acceleration of the gait cycle and
step duration cycle.
iPhone mounted to L5-S1 region of spine. High
level of consistency in identifying gait step
cycle respective to both legs.
iPod attached to left leg above the lateral
malleolus. System was accurate and consistent
in identifying averaged acceleration of the gait
cycle and step duration cycle.
Phone attached by belt to the lumbar spine. The
phone sensors can be used to quantify gait and
other movements, however this study was
unsuccessful in categorizing fall risk
Phone (and an independent accelerometer)
were attached to waist. Demonstrated high
sensitivity and specificity for detecting falls.
Phone measures agreed with independent
accelerometer measures.
Body worn sensory and sensors attached to
exercise equipment communicate with
smartphone via Bluetooth. Software was
reliable in activity identification
System provided real-time vibrotactile cues to
inform user of corrective postural responses.
Suggests this system can be used in a
rehabilitation setting for balance training to
reduce postural sway
Apple iPod’s placed in different positions on a
calibrated level table. Consistent sensitivity was
demonstrated across multiple devices.

Brezmes
et al.,
(2009)

Real-time
activity
pattern
recognition

LeMoyne
et al.,
(2010)

Quantification
of gait
characteristics

Apple iPhone

LeMoyne
et al.,
(2010)
LeMoyne
et al.,
(2011)

Quantification
of gait
characteristics
Quantification
of gait
characteristics

Apple iPhone

Fall risk
prediction

Android 2.3 based
smartphone

Lee
et al.,
(2011)

Fall detection

Seeger
et al.,
(2011)

Identification
of daily
activity levels

Google G1
smartphone with
Bosch BMA150
3-axis
accelerometer
Wearable sensors
with a smartphone
aggregator

Lee
et al.,
(2012)

Balance
training

Apple iPhone

Amick
et al.,
(2013)

Device
sensitivity

Apple iPod

Guimaraes
et al.,
(2011)

Apple iPod

ADL’s = Activities of Daily Living, Dwn = down, L5 = fifth lumbar vertebrae, S1 = first sacral
vertebrae,
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1. Bipedal Stance

2. Tandem Stance Left
Foot Forward

4. Single Leg Stance
Right Leg

3. Tandem Stance Right
Foot Forward

5. Single Leg Stance Left
Leg

Figure 2.9: SWAY BALANCE MOBILE APPLICATION BALANCE STANCES
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Currently, SWAY has only been assessed utilizing the Apple, Inc. iPhone and iPod touch
devices. One advantage of using these devices for measuring balance is that they are easy to use,
relatively inexpensive, and are readily available. It has been reported that, as of the end of the
third quarter of fiscal year 2013, Apple, Inc. had sold more than 387 million iPhone’s and more
than 100 million iPod Touches globally (Smith, 2013; Statista, 2013). As the SWAY Mobile
Application software is available for download on the Apple iTunes software based online digital
media store, millions of users could potentially have the ability to quantifiably and objectively
assess balance without the need to purchase expensive laboratory equipment. Additionally,
SWAY does not rely on the skill or experience of the test administrator for interpreting a
subject’s performance to produce a score. Therefore, it is not subject to the potential inclusion of
bias as are functional assessment methods.
Preliminary testing has indicated that SWAY yields consistent and reliable measures of
human standing balance. Pilot testing was performed comparing the consistency of SWAY
balance scores to those measured concurrently with the BBS (Patterson et al., 2011). Here,
postural stability was recorded in the anterior-posterior direction as subjects performed a static
Single Leg Athlete’s Test. Overall results showed no significant difference between mean actual
stability scores recorded with SWAY and the BBS. Additionally, subject feedback was recorded
with regard to the usability of SWAY. Subjects reported that the SWAY software application
was easy to navigate and that testing instructions were clear and easy to follow. However, this
study was limited to measuring posture only in the anterior-posterior directions. The rational for
this is that an early iteration of the SWAY platform was used which had not yet incorporated
accelerations detected in the medial-lateral direction. The current version of the SWAY platform
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does now incorporate accelerations in all axes for the calculation of a balance score. Therefore,
additional validity and reliability testing of this updated version of SWAY is necessary.
2.5.4 Summary
A number of different types of balance and falls risk assessment techniques are currently
available including both subjective and objective techniques. Both types of balance assessments
have strengths and weaknesses depending on the goal of the assessment and the environment in
which the assessment will be performed. Subjective assessments include comprehensive
assessments, nursing assessments, and clinical assessments. Clinical assessments can further be
classified as functional assessments, physiological systems assessments, and objective
assessments. Subjective techniques generally include a set of testing and scoring procedures yet
rely on the clinical knowledge and experience of the test administrator to score and interpret the
results. Conversely, objective techniques tend to utilize testing equipment which produce
quantifiable outcomes.
Functional balance assessments are generally performed in an out-patient setting and tend
to focus on the functional limitations of a patient. There are a number of these assessments
widely utilized, and a number of factors contribute to how a clinician selects which test is most
appropriate to administer. The primary benefit of many of these assessment methods is that they
are free of cost, easy to administer, and do not requires any specialized equipment. Ultimately,
this helps to keep overall treatment costs down in that clinicians can perform these assessments
without expensive specialized equipment.
However, functional assessment methods have a number of limitations. A primary
limitation of this assessment type is that their methods generally utilize subjective scoring
criteria, relying on the clinical knowledge and experience of the evaluator to determine a
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patient’s functional status. This reliance on subjective criteria can introduce a number of types of
error into the evaluation process, including those which originate from the patient, the clinician,
and/or from the assessment method itself (Jette, 1989). Jette (Jette, 1989) states that the
overreliance on subjective assessments may yield results which are limited with regard to their
real value, especially from a research perspective. Another limitation of many functional
assessments is that they rely on dichotomous or ordinal scoring scales. This may create difficulty
in the aggregation and interpretation of an individual’s true functional limitations, especially
between test administrators (Podsakoff, MacKenzie, Lee, & Podsakoff, 2003).
Physiological systems assessments were developed as an alternative to functional
assessments. As opposed to functional assessments, which generally only identify if the patient
has a balance deficit, physiological systems assessments determine either the physiological risk
factors (PPA), or system(s) (BESTest) contributing to the balance deficit. The primary benefit of
these assessments is that they provide a more in depth assessment of the patient, which allows
the clinician to develop a treatment program specific to the needs of the patient. However,
limitations of these assessments are that they are lengthy, requiring 30 minutes or more to
administer, and require a large amount of equipment. For these reasons, physiological
assessments are not widely utilized in outpatient settings.
Objective assessments typically utilize laboratory type equipment which quantitatively
measures the characteristics of a patient’s task performance. Here, the gold standard assessment
method utilizes a force plate. However, alternative and more cost efficient methods have been
developed, including the use of accelerometers. And while force plates and accelerometers
measure posture characteristics differently, they both provide data which can be quantitatively
analyzed. However, limitations of objective assessment techniques are that they typically require
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expensive, specialized equipment. Additionally, data processing techniques tend to be complex
and require specialized training. These two factors, cost and complexity, have traditionally
prohibited the use of objective balance assessment equipment and methods in the clinical setting.
Recently, MEMS accelerometers installed in off-the-shelf consumer electronic devices
have demonstrated the capability to provide the same type of movement analysis data as
traditional accelerometers. The benefit of these devices is that they are affordable and don’t
necessarily require any specialized equipment beyond the device within which they are installed.
While the technology is relatively new, a number of researchers have already found these
devices to be reliable for the analysis of gait and balance. However, as this technology is new,
very little research currently exists with regard to the use of these devices for the assessment of
human physiological and biomechanical variables.
SWAY Medical has recently developed a balance assessment method which utilizes
MEMS accelerometers installed in off the shelf consumer electronic devices such as the Apple
iPhone and iPod Touch. The assessment consists of five balance stances performed for 10
seconds each. Deflections of the tri-axial accelerometer are recorded throughout each of the
balance test stances and utilized to calculate a final balance score. And while preliminary testing
has indicated that SWAY yields consistent and reliable measures of human standing, additional
testing is needed to establish the reliability and validity of the assessment method.
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TABLE 2.10
SELECTED EQUIPMENT FOR THE OBJECTIVE ASSESSMENT OF BALANCE
Equipment

Measures

Balance Variables

Cost

Limitations
Complex data
analysis. Requires
Function and design
Objective.
Acceleration in
specialized software
Accelerometers
Postural sway
dependent. Can cost
Quantifiable data.
XYZ planes
specific training.
> $1,000.00
Generally portable.
Can be difficult to
use.
Complex data
Objective.
Accelerometers Acceleration in
analysis. Requires
Postural sway
< $100.00
Quantifiable data.
MEMS
XYZ planes
specialized software
Portable
specific training.
Large and lacks
portability. Cost.
Objective.
Requires specific
Biodex Balance
Strain gauge or
OSI, APSI, MLSI
> $12,000.00
Quantifiable data.
training. Reduced
System SD
platform tilt
Easy to use.
reliability if testing
methods not closely
followed.
Complex data
analysis. Requires
Ground reaction
Function dependent.
Dynamic stability,
Objective.
specialized software
forces. Force and
Research grade can
Forceplate
symmetry and
Generates
and specific
moment in XYZ
cost in excess of
steadiness.
quantifiable data
training. Cost.
planes.
$20,000.00
Difficult to use.
Lacks portability
APSI = anterior posterior stability index, MLSI = medial lateral stability index, OSI = overall stability index
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Strengths

2.6 Conclusion
Human balance is a complex and multi-dimensional process which allows for the
maintenance of a specific posture, or postures, while executing any number of different tasks.
These tasks can vary from simple activities of daily living such as sitting upright or static
standing, to more complex skilled activities executed while performing work duties or
recreational activities. Our ability to perform this wide range of activities is dependent upon our
capacity to coordinate and control various components of multiple intrinsic systems which
contribute to the process of maintaining balance (Rose, 2005). It is this complex nature that can
make balance difficult to measure and quantify.
The literature has shown that a number of different methods for assessing ones balance and
falls risk are currently available. These methods range from various clinical assessment
techniques to methods typically only accessible in laboratory environments such as
accelerometers and force plates. However, it may be, that with recent changes in the
requirements for Medicare and Medicaid functional limitations reporting, typical clinical
assessment methods may not provide the objective, quantitative assessment now required by
CMS. This highlights the need for a rapid, quantifiable method for tracking a patient’s
functional limitations. It is possible that this can be accomplished with tri-axial accelerometers
currently built into off-the-shelf consumer electronic devices.
However, current literature investigating these devices as physiological and biomechanical
assessment tools is very limited. Investigators have demonstrated that MEMS tri-axial
accelerometers installed in a consumer electronics device demonstrated highly consistent
sensitivity, however, the number of units tested was small (Amick et al., 2013). A number of
studies seem to be replicating studies that were completed utilizing traditional accelerometers.
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Here, numerous variables are being assessed such as gait patterns and balance characteristics
with the electronic device attached to the subject at varying locations. However these studies
tend to be proof of concept studies which detail the development process of a measurement tool.
The current need is for the development and assessment of a clinical tool utilizing MEMS triaxial accelerometers installed in off-the-shelf mobile consumer electronic devices for the
assessment of a defined physiological or biomechanical variable. Furthermore, this tool needs to
undergo reliability and validity testing, and then establish age-corrected normative values.
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CHAPTER III
RATIONALE AND OBJECTIVES
3.1 Introduction
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is an FDA approved
mobile device software application which, when installed on a mobile consumer electronic
device such as an iPhone or iPod Touch, accesses the MEMS tri-axial accelerometer output to
assess balance through a series of balance tests. The SWAY balance test consists of five stances
including bipedal (feet together), tandem stance (left foot forward), tandem stance (right foot
forward), single leg stance (right), and single leg stance (left). Each stance is performed on a firm
surface with eyes closed for a period of 10 seconds. For the duration of each stance, the subject
holds the measuring device upright against the mid-point of their sternum. Deflections of the triaxial accelerometer are recorded throughout each of the balance test stances and utilized to
calculate a final balance score. The units representing the balance score are interpretations of the
acceleration of deflections within the accelerometers, and are calculated by undisclosed
calculations from SWAY Medical.
Currently, SWAY has only been assessed utilizing the Apple, Inc. iPhone and iPod
Touch devices. The advantage of using these devices for measuring balance is that they are easy
to use, relatively inexpensive, and are readily available. Additionally, by accessing the outputs
generated from tri-axial accelerometers installed within these devices, an objective and
quantifiable balance score can be calculated. Therefore, SWAY may provide a means by which
clinicians can assess a patient’s balance without relying on subjective functional assessment
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methods, or purchasing large, instrumented platforms which are expensive and difficult to use.
Additionally, because SWAY is an objective assessment, it may be an ideal assessment method
for clinicians who are required to submit functional limitations information on all Medicare and
Medicaid patients.
However, while MEMS accelerometric data recorded from an iPod Touch has been
shown to produce outputs consistent with those obtained from laboratory based balance
assessment instruments (Patterson et al., 2014b), additional testing in both healthy and special
populations, with regard to the reliability and validity of SWAY, is necessary. This is because,
without established reliability and validity, the usefulness of SWAY as a clinical tool will be
limited.
3.2 Purpose
The overall purpose of this study was to investigate the use of MEMS accelerometers
found in mobile consumer electronic devices for the quantitative evaluation of human standing
balance. Specifically, the purpose of this study was threefold. First, this study sought to
determine the reliability of the SWAY Balance Mobile Application balance assessment. Second,
this study sought to determine the relationship between balance scores concurrently obtained
from the SWAY Balance Mobile Application and a validated laboratory and clinically based
assessment method. Finally, this study sought to determine the relationship between the SWAY
Balance Mobile Application score compared to a commonly used functional assessment method.
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3.3 Research Questions
3.3.1 Research Question 1
Does the SWAY Balance Mobile Application provide a consistent and reliable output for
the assessment of human standing balance?
3.3.2 Research Question 2
What is the association between the SWAY Balance Mobile Application balance score
and the laboratory and clinically based BIODEX Balance System SD?
3.3.3 Research Question 3
What is the association between the SWAY Mobile Application balance score and the
commonly used BESS assessment?
3.4 Hypotheses
3.4.1 Hypothesis 1
SWAY Balance Mobile Application scores will yield consistent and reliable balance
scores for the assessment of human standing balance.
3.4.2 Hypothesis 2
The SWAY Balance Mobile Application balance score will show a significant
association with the Athlete Single Leg Stance test OSI scores performed on the BIODEX
Balance System SD.
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3.4.3 Hypothesis 3
The SWAY Balance Mobile Application balance score will show a significant
association with the Abbreviated BESS functional assessment scores when scored by an
experienced evaluator.
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CHAPTER IV
TEST-RETEST RELIABILITY OF THE SWAY BALANCE MOBILE APPLICATION
4.1 Introduction
Accelerometers are electromechanical sensors that produce an electrical output
proportional to an acceleration input (Village & Morrison, 2008), and are capable of measuring
accelerations associated with dynamic movement. Accelerometers can be uni-axial or multiaxial. Uni-axial units provide accelerometric data in one direction, whereas multi-axial units can
measure data in multiple directions. While many types of accelerometers exist, they all operate in
a similar manner. A mechanical sensing element consisting of a seismic mass is attached to a
suspension system within a reference frame. As inertial forces are applied, the seismic mass
becomes deflected. The displacement of the seismic mass is then measured electrically (Yang &
Hsu, 2010). Today, most multi-axis accelerometers are tri-axial accelerometers, meaning they
can measure acceleration in the X, Y, and Z planes relative to the orientation of the device.
Accelerometers have many different applications with regard to assessing human
physical activity including postural analysis (Dalton et al., 2013; Fahrenberg et al., 1997;
Hansson et al., 2001; Moe-Nilssen, 1998b; Moe-Nilssen & Helbostad, 2002), falls detection (Lee
& Carlisle, 2011; Narayanan et al., 2007; Narayanan et al., 2008; Shany et al., 2012), gait
analysis (Bautmans et al., 2011; Clements et al., 2012; Mathie et al., 2004; Moe-Nilssen, 1998a),
assessment of physical activity level (Bouten et al., 1997; Nichols et al., 1999; Olguın &
Pentland, 2006), and exposure to risk factors for the development of work-related
musculoskeletal disorder (Jorgensen & Viswanathan, 2005; Village & Morrison, 2008), just to
name a few. However, the use of accelerometers for the assessment of human physical activity is
rarely seen in clinical settings and has generally been limited to the laboratory environment. This
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is because data processing techniques tend to be complex and require specialized equipment,
software, and training. These factors tend to be prohibitive in a clinical environment, where the
ability to quickly and reliably assess a patient in a cost efficient manner is preferred.
Recently, advances in micro-electromechanical systems (MEMS) have allowed for the
physical size and cost of manufacturing of accelerometers to be reduced (Godfrey et al., 2008).
This has allowed for accelerometers to be incorporated into many different off the shelf mobile
consumer electronic devices, such as smartphones, tablet computers, gaming systems, and other
multimedia devices. This has provided for the opportunity to utilize these consumer electronics
devices for the assessment of gait and posture.
The concept of a wireless accelerometry system for the purpose of assessing gait has been
demonstrated by Lemoyne and colleagues (Lemoyne et al., 2010b; Lemoyne et al., 2010d;
LeMoyne et al., 2011). Here, these investigators have repeatedly demonstrated the ability to
utilize mobile consumer electronic devices for the purpose of capturing and storing data samples
that can later be exported for processing. However, while these authors have demonstrated the
ability of mobile electronic devices to be utilized for the recording of gait parameters, these
results are limited in that their study design was for purposes of proof of concept, and data were
only collected on a single subject. Despite this limitation, their results are supported by the
findings of Amick and colleagues (Amick et al., 2013), who have shown that the tri-axial
accelerometers installed within iPod touch devices demonstrated highly consistent sensitivity
with regard to the precision with which it measures acceleration.
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is an FDA approved
mobile device software application which, when installed on a mobile consumer electronic

111

device, accesses the MEMS tri-axial accelerometer output to assess balance through a series of
balance tests. This assessment method is intended to provide professionals in various healthcare
fields the ability to perform quantitative functional limitations assessments and fall risk
assessments. Additionally, it can potentially be utilized by practitioners in sports medicine, such
as athletic trainers, to provide supporting information to be utilized when making return-to-play
decisions after an athlete has suffered an injury.
The SWAY balance test consists of five stances (Figure 4.1) including bipedal (feet
together), tandem stance (left foot forward), tandem stance (right foot forward), single leg stance
(right), and single leg stance (left). Each stance is performed on a firm surface with eyes closed
for a period of 10 seconds. For the duration of each stance, the subject holds the measuring
device upright against the mid-point of their sternum. Deflections of the tri-axial accelerometer,
which are produced by accelerations which occur secondary to postural control movements, are
recorded throughout each of the balance test stances. Upon completion of the five stances, these
deflections are utilized to calculate a final balance score ranging from 0-100, with higher scores
indicating better balance. The units representing the balance score are interpretations of the
acceleration of deflections within the accelerometers, and are calculated by undisclosed
calculations from SWAY Medical.
Preliminary testing has indicated that SWAY yields consistent and reliable measures of
human standing balance. Pilot testing was performed comparing the consistency of SWAY
balance scores to those measured concurrently with the BIODEX Balance System SD (BBS)
(Patterson et al., 2014b). Here, postural stability was recorded in the anterior-posterior direction
as subjects performed a static Athlete’s Single Leg Test protocol. This test required subjects to
stand on the balance platform on their non-dominant foot for a period of 10 seconds. Upon
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1. Bipedal Stance

2. Tandem Stance Left
Foot Forward

4. Single Leg Stance
Right Leg

3. Tandem Stance Right
Foot Forward

5. Single Leg Stance Left
Leg

Figure 4.1: SWAY BALANCE MOBILE APPLICATION BALANCE STANCES
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completion of the test, an overall stability score was produced. Overall results showed no
significant difference between mean actual stability scores recorded with SWAY and the BBS.
Additionally, subject feedback was recorded with regard to the usability of SWAY. Subjects
reported that the SWAY software application was easy to navigate and that testing instructions
were clear and easy to follow. However, this study was limited to measuring posture only in the
anterior-posterior directions. The rational for this is that an early iteration of the SWAY platform
was used which had not yet incorporated accelerations detected in the medial-lateral direction.
The current version of the SWAY software (version 1.6) does now incorporate
accelerations in all axes for the calculation of a balance score. However, the intersession and
intrasession reliability of SWAY has not been determined. Intersession reliability refers to the
variation in scores recorded during different testing sessions, whereas intrasession reliability
refers to the variation in scores recorded on the same day. Establishing the intersession and
intrasession reliability of the SWAY protocol is necessary because this provides an indication of
the degree to which SWAY produces consistent balance scores. If measures of intersession and
intrasession reliability are high, this would indicate that SWAY does produce reliable and
consistent scores. Additionally, it would provide evidence that the SWAY protocol may be an
appropriate tool to use for clinical balance assessments. However, if reliability scores are low, it
would indicate that the SWAY protocol may not be clinically useful as the balance scores
produced would lack consistency. Therefore, the purpose of this study was to determine the
intersession and intrasession test-retest reliability of the SWAY Balance Mobile Application.
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4.2 Methodology
4.2.1 Site Selection
This study was completed at Wichita State University, Wichita, Kansas. Testing was
completed in the Human Performance Laboratory, Department of Human Performance Studies,
College of Education. This laboratory was selected because it was a convenient testing location
for participating subjects. Additionally it provided adequate space for completing all testing
while providing an environment with little external disruption.
4.2.2 Subjects
Subjects recruited for this study were a sample of convenience. Subjects included
undergraduate and graduate students recruited from Wichita State University, Wichita, Kansas.
Subjects were recruited on a volunteer basis via direct classroom communication. Upon
expressing interest in participating, subjects were contacted via direct communication, or by
electronic mail to schedule testing sessions.
All methods and procedures were approved by the Wichita State University Institutional
Review Board for Research involving Human Subjects (IRB No. 2952; Appendix A and B). An
Informed Consent form (Appendix C) describing the nature of the testing to be completed, as
well as exclusion criteria, was provided to all subjects upon arrival to the testing facility. Testing
procedures were then explained to all subjects and exclusion criteria confirmed verbally. A
signed Informed Consent form was obtained from all study participants. Subjects were excluded
from participation if they reported any pre-existing condition that may alter their ability to
balance normally or met any of the exclusion criteria presented in Table 4.1.
This study was powered for precision. Therefore, in determining the minimum number of
subjects required for this study, guidelines for determining precision error in a clinical
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measurement were followed (International Society for Clinical Densitometry, 2014). These
guidelines state that a minimum of 15 subjects are required for studies where a measure is
repeated on 3 or more occasions. In total, 25 non-athlete individuals (15 male, 10 female; aged
26.08 ± 5.9 years) volunteered to participate in this study. Of the initial 25 volunteers, none of
the subjects were found to meet one or more exclusion criteria. However, one subject was
excluded due to improper testing procedures. Therefore, data was analyzed for 24 non-athlete
individuals (15 male, 9 female; aged 25.96 ± 5.78 years).

TABLE 4.1
SUBJECT EXCLUSION CRITERIA
1. Male or female under the age of 18
2. Current illness
3. Medical history which includes:
a. Neurological dysfunction (including concussion) without full medical release
b. Current or previous musculoskeletal injury affecting balance
c. Uncorrected vision
d. Vestibular damage or disease
e. Current, un-prescribed pharmacological intervention

4.2.3 Demographic Information
For all subjects, demographic information including date of birth, sex, and self identified
dominant leg were collected.
4.2.4 Anthropometric Measures
A number of anthropometric variables were measured and recorded for each subject.
Weight was recorded using a digital scale (Zieis, Apple Valley, MN, USA). Anthropometric
measures were collected using a GPM calibrated anthropometer (Siber-Hegner, Switzerland).
Anthropometric measures recorded include standing height, height from floor of the suprasternal
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notch, height from floor of the xiphoid process, and height from floor of the third lumbar
vertebrae as determined by palpation. Height from floor of the suprasternal notch and xiphoid
process were averaged to determine the sternal mid-point. Standing height and weight were used
to calculate each subject’s body mass index (BMI). For all measures, subjects did not wear
shoes.
4.2.5 SWAY Balance Mobile Application
SWAY Balance (SWAY Medical, Tulsa, OK, USA) is a mobile device application
software which accesses the MEMS tri-axial accelerometer output to measure balance through a
series of balance tests. The SWAY Balance testing protocol developed by SWAY Medical, LLC
consists of five stances performed for 10 seconds. Stances include bipedal standing (feet
together), tandem standing (heel-to-toe with right foot behind left), tandem standing (heel-to-toe
with left foot behind right), single leg standing (right foot), and single leg standing (left foot).
Each stance is performed on a firm surface with eyes closed.
The SWAY balance test was administered utilizing an Apple iPod Touch (Apple
Computer Inc., Cupertino, CA, USA) loaded with the SWAY software. For each balance stance,
subjects were instructed to hold the device upright, using both hands to press the face of the
device against the mid-point of their sternum, so that the top of the device was below a line
horizontal with the clavicles. Instructions for each balance stance were presented on the iPod
screen sequentially so that upon the completion of a balance stance, instructions for the next
stance were automatically displayed. Once all balance stances were completed, a final balance
score ranging from 0-100 was produced and recorded, with a higher score indicating better
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balance. The units representing the balance score are interpretations of the acceleration of
deflections within the accelerometers, and are determined by undisclosed calculations from Sway
Medical LLC.
SWAY Balance tests were administered during three testing sessions. Three sessions
were chosen to better determine if a training effect occurred throughout the course of the study.
However, to minimize the potential for introducing a training effect, each testing session was
separated by a minimum of seven days (Steffen & Seney, 2008). During the first testing session,
a familiarization trial was administered, per SWAY recommendations. The familiarization trial
was then followed by two experimental SWAY trials. Here, an experimental trial is defined as
the full completion of the SWAY protocol. During the second and third testing sessions, only
two experimental trials were administered. It was determined that two within day SWAY trials
would sufficiently allow for the assessment of intrasession reliability without introducing a
learning effect. This is because the serial administration of multiple balance assessments have
demonstrated a greater likelihood of introducing a learning effect (Nordahl, Aasen, Dyrkorn,
Eidsvik, & Molvaer, 2000). All intrasession trials were separated by a minimum of two minutes.
Subjects performed all evaluations without shoes.

FIGURE 4.2: EXPERIMENTAL PROTOCOL
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4.2.6 Data Analysis
Statistical analysis for this study was completed with the use of Statistical Packages for
the Social Science (SPSS) version 21.0 with a level of significance set at α<0.05. A
Kolmogorov-Smirnov test was performed to evaluate all balance scores for normality of
distribution. A 2x6 (SEX x TRIAL) mixed factorial ANOVA with repeated measures was used
to analyze changes in SWAY scores between groups and across trials. Intraclass correlation
coefficient (ICC) was calculated, which represents a ratio of actual score variance to overall
variance. Here, an ICC(3,1) model was utilized as this model assesses only the reliability of the
measurement by considering subjects as random effects and the measurement tool as a fixed
effect (Vincent & Weir, 2012; Weir, 2005). Additionally, for interpreting the ICC values, the
Fleiss classification was used where “excellent” reliability is indicated by an ICC > 0.75, ICC
ranging from 0.40 – 0.75 indicates “fair to good” reliability, and an ICC < 0.40 indicates “poor”
reliability (Fleiss, 1986).
The ICC was then used to determine the standard error of the measure (SEM), as well as
the minimum difference to be considered real (MD). Here the SEM represents an absolute
estimate of the reliability of the test by providing an indication of the expected variation in
observed scores that occur due to measurement error. This allows for the determination of a
range of scores within which a true score is likely to fall based upon an observed score (Vincent
& Weir, 2012). A low SEM would produce a smaller range around an observed score, indicating
better reliability of the test. The MD represents the change in score on a repeated evaluation
necessary to reflect an actual change in performance. Similarly, the percent coefficient of
variation (%CV) was calculated which represents the percent score change necessary to be
considered an actual change in performance (Vincent & Weir, 2012).
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4.3 Results
Subject demographic information is presented in Table 4.2. All balance scores were
found to be normally distributed. Descriptive statistics for each of the six experimental trials are
reported in Table 4.3. A 2x6 (SEX x TRIAL) mixed factorial ANOVA with repeated measures
revealed that male and female subjects did not differ significantly with regard to SWAY scores
for any trial (F(1,22) = 0.075, p = 0.787). Repeated measures ANOVA revealed no significant
mean differences between SWAY balance scores of the experimental trials (F(5,115) = 0.673; p =
0.645).
TABLE 4.2
SUBJECT DEMOGRAPHIC INFORMATION
Mean ± SD

Maximum

Minimum

Median

Overall (N = 24)
Age (years)
25.96 ± 5.78
37.00
19.00
23.00
Weight (kg)
78.20 ± 16.52
110.10
53.15
78.33
Stature (cm)
173.22 ± 11.09
196.90
153.50
174.15
BMI (kg/m2)
25.93 ± 4.26
34.52
18.92
26.09
3rd Lumbar Vertebrae (cm)
108.45 ± 7.64
124.50
93.20
108.95
Sternal Mid-Point (cm)
131.10 ± 9.05
147.75
115.45
132.10
Male (n = 15)
Age (years)
26.60 ± 5.32
37.00
21.00
24.00
Weight (kg)
86.80 ± 13.02
110.10
58.15
85.45
Stature (cm)
179.60 ± 7.59
196.90
170.00
177.80
BMI (kg/m2)
26.87 ± 3.41
32.23
19.07
26.55
rd
3 Lumbar Vertebrae (cm)
112.60 ± 5.63
124.50
105.40
110.50
Sternal Mid-Point (cm)
136.49 ± 5.86
147.75
128.00
135.05
Female (n = 9)
Age (years)
24.89 ± 6.68
36.00
19.00
22.00
Weight (kg)
63.86 ± 10.85
84.65
53.15
62.60
Stature (cm)
162.58 ± 7.03
173.80
153.50
162.90
BMI (kg/m2)
24.37 ± 5.25
34.52
18.92
24.00
3rd Lumbar Vertebrae (cm)
101.52 ± 5.10
110.70
93.20
101.20
Sternal Mid-Point (cm)
122.12 ± 5.46
131.60
115.45
120.20
BMI = Body Mass Index, cm = Centimeters, kg = Kilograms, m2 = Meters Squared
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TABLE 4.3
SWAY SCORE DESCRIPTIVE STATISTICS
Overall (N = 24)
SWAY Trial 1 (Week 1)
SWAY Trial 2 (Week 1)
SWAY Trial 3 (Week 2)
SWAY Trial 4 (Week 2)
SWAY Trial 5 (Week 3)
SWAY Trial 6 (Week 3)
Male (n = 15)
SWAY Trial 1 (Week 1)
SWAY Trial 2 (Week 1)
SWAY Trial 3 (Week 2)
SWAY Trial 4 (Week 2)
SWAY Trial 5 (Week 3)
SWAY Trial 6 (Week 3)
Female (n = 9)
SWAY Trial 1 (Week 1)
SWAY Trial 2 (Week 1)
SWAY Trial 3 (Week 2)
SWAY Trial 4 (Week 2)
SWAY Trial 5 (Week 3)
SWAY Trial 6 (Week 3)

Mean ± SD

Maximum

Minimum

Median

87.93 ± 9.61
88.46 ± 11.12
86.90 ± 14.37
89.57 ± 10.59
88.49 ± 11.71
89.90 ± 11.19

99.70
99.90
99.80
99.90
99.70
99.90

68.60
57.10
39.60
66.30
65.20
59.10

90.10
92.85
91.55
93.30
95.48
93.75

89.67 ± 9.43
89.35 ± 10.03
86.43 ± 16.66
89.41 ± 12.13
89.45 ± 11.31
88.62 ± 13.10

99.70
99.90
99.80
99.90
99.70
99.90

68.60
67.90
39.60
66.30
67.00
59.10

93.00
92.40
94.20
96.20
96.00
94.50

85.04 ± 9.74
86.98 ± 13.26
87.69 ± 10.33
89.83 ± 8.04
86.89 ± 12.87
92.02 ± 7.19

98.30
99.50
99.00
99.70
99.60
99.50

72.20
57.10
67.00
78.00
65.20
78.00

81.90
93.30
89.90
92.10
90.80
93.30
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FIGURE 4.3: MEAN SWAY SCORES BY TRIAL AND DAY

SWAY balance scores from trials 1, 3, and 5, and then 2, 4, and 6 were used to calculate
the intersession reliability. For trials 1, 3, and 5, a good degree of reliability was found (ICC(3,1)
= 0.61; SEM = 7.51). The MD and %CV were also determined to be 20.81 and 10.47%
respectively. For trials 2, 4, and 6, an excellent degree of reliability was found (ICC(3,1) = 0.76;
SEM = 5.39) . The MD and %CV were also determined to be 14.951 and 5.95% respectively.
These data are summarized in Table 4.4. Intrasession reliability of SWAY Balance scores are
summarized in Table 4.5. Here, the degree of reliability ranged from good in week one, to
excellent in weeks two and three.
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TABLE 4.4
SWAY INTERSESSION RELIABILITY
Trials 1-3-5
Trials 2-4-6
ICC (3,1)
0.61
0.76
SEM
7.51
5.39
MD
20.81
14.95
%CV
10.47%
5.95%
ICC = Intraclass Correlation Coefficient, SEM = Standard Error of the
Measure, MD = Minimum Difference to be Considered Real, %CV =
Percent Coefficient of Variation

TABLE 4.5
SWAY INTRASESSION RELIABILITY
Trials 1-2
Trials 3-4
Trials 5-6
(Week1)
(Week 2)
(Week 3)
ICC (3,1)
0.47
0.78
0.75
SEM
7.56
5.82
5.77
MD
20.96
16.13
15.99
%CV
8.41%
6.8%
6.43%
ICC = Intraclass Correlation Coefficient, SEM = Standard Error of the Measure, MD =
Minimum Difference to be Considered Real, %CV = Percent Coefficient of Variation

4.4 Discussion
Recently, MEMS accelerometers installed in off-the-shelf consumer electronic devices
have demonstrated the capability to provide the same type of movement analysis data as
traditional accelerometers (Brezmes et al., 2009; Clements et al., 2012; Lee & Carlisle, 2011;
Seeger, Buchmann, & Laerhoven, 2011). The benefit of these devices is that they are affordable
and don’t necessarily require any specialized equipment beyond the device within which they are
installed. While the technology is relatively new, a number of researchers have already found
these devices to be reliable for the analysis of gait and balance (Lemoyne et al., 2010b; Lemoyne
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et al., 2010d; LeMoyne et al., 2011; Patterson et al., 2014b). However, of the limited research
which does exist which utilizes mobile consumer electronic devices for the assessment of human
physiological and biomechanical variables, the majority are limited to proof of concept and pilot
investigations.
4.4.1 Intersession Reliability
This study is the first to examine the intersession and intrasession test-retest reliability of
the SWAY Balance Mobile Application protocol in a sample of university graduate and
undergraduate students. To determine the reliability of the SWAY protocol, subjects were asked
to perform two balance trials per testing session with each session separated by a minimum of
seven days. To investigate intersession reliability, ICC and SEM values were calculated utilizing
balance scores from the 1st, 3rd, and 5th trials (trials 1-3-5), and again calculated utilizing the 2nd,
4th, and 6th trials (trials 2-4-6). When comparing the two data sets, slight differences can be seen.
The ICC of trials 1-3-5 was found to be good (ICC = 0.61), compared to an excellent ICC for
trials 2-4-6 (ICC = 0.76). Additionally, the SEM was slightly higher for trials 1-3-5 (SEM =
7.51) when compared to trials 2-4-6 (SEM = 5.39). This indicates that, for each testing session,
subjects tended to perform slightly better on the second trial than they did on the first. This may
indicate that a practice effect occurs after the first assessment.
Further evidence supporting poorer performance on the first trial of each testing session
when compared to the second, can be seen when comparing the MD and %CV of each data set.
The MD indicates the minimum change in score that can be attributed to an actual change in
balance, whereas the %CV indicates the minimum percentage score change that can be attributed
to an actual change in balance. Here we see that for trials 1-3-5, a relatively large score change of
approximately 21 must occur before a change in balance can be assumed to occur. However, for
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trials 2-4-6, a score change of approximately 15 must occur. Additionally, for trials 1-3-5, the
percent change in score to be considered real is nearly 10.5%, whereas it is approximately 6% for
trials 2-4-6.
Taking into account the differences between the two data sets of trials 1-3-5 and trials 24-6, it may be possible to improve the overall reliability of SWAY. One method would be to
have subjects perform two trials of the SWAY protocol, and then average their scores to get an
overall SWAY balance score. To determine if this does in fact improve the intersession
reliability of SWAY, the averages were calculated for trials 1-2, 3-4, and 5-6 respectively.
Reliability values were then calculated. Here, an excellent degree of reliability was found
(ICC = 0.80; SEM = 4.7) (Table 4.6). Additionally, when compared to the individual data sets of
trials 1-3-5 and 2-4-6, the MD was further reduced to 13.04. However, when compared to the
intersession reliability of trials 2-4-6, %CV increased from 5.95% to 6.03%.

TABLE 4.6
SWAY INTERSESSION RELIABILITY: INTRASESSION SCORES
AVERAGED
ICC (3,1)
0.80
SEM
4.7
Minimum Difference
13.04
%CV
6.03%
ICC = Intraclass Correlation Coefficient, SEM = Standard Error of the
Measure, MD = Minimum Difference to be Considered Real, %CV =
Percent Coefficient of Variation
Despite the improved reliability values found when averaging the intrasession SWAY
scores to calculate intersession reliability, the improved reliability gained from averaging two
trials, when compared to that of trials 2-4-6, is relatively small. The overall reliability remains
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excellent, while the SEM improved by less than one point. Additionally, the MD is only reduced
by two points. Therefore, the averaging of multiple test trials may not significantly improve the
reliability of SWAY.
A second method to improve the overall reliability of SWAY may be to have subjects
perform a familiarization trial at the beginning of each testing session, especially when testing
sessions are separated by seven days or more. A comparison between the trials 1-3-5 and trials 24-6 data sets revealed that subjects tended to perform better on the second within day trial, which
may indicate that a practice effect occurs after the first assessment. Therefore, administering a
familiarization trial at the beginning of each testing session would retain the excellent
intersession reliability values calculated utilizing the trials 2-4-6 dataset. Additionally, it has
been suggested that administering a familiarization trial may be an effective method for reducing
random error (Evans, Goldie, & Hill, 1997). Furthermore, when considering the nature of how
SWAY may be utilized for clinical and on-field sideline balance testing, requiring test
administrators to perform additional calculations to determine a subject’s balance may prove
prohibitive, especially in environments with time and duty constraints. Therefore, by performing
a familiarization trial followed by an experimental trial, SWAY reliability is maintained while
reducing additional work required by averaging multiple trials.
4.4.2 Intrasession Reliability
Similar to intersession reliability, overall intrasession reliability was found to range from
good to excellent. Intrasession reliability values for week 2 and week 3 were found to be
excellent, with ICC’s of 0.78 (SEM = 5.82) and 0.75 (SEM = 5.77) respectively, while week 1
was found to be good (ICC = 0.47; SEM = 7.56). The improved reliability values may be an
indication that a learning effect occurred. However, the repeated measures ANOVA revealed this
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not to be the case as no significant differences between mean SWAY scores were observed
between experimental trials. Despite a lower intrasession ICC for week 1 compared to week 2
and 3, we are confident in stating that the intrasession reliability of SWAY is excellent as
multiple testing sessions indicated an ICC of 0.75 or greater. Additionally, when comparing the
SEM across weeks, we see that while the week 1 SEM is higher than those for week 2 and 3, it is
by less than 2. Furthermore, while the %CV for week 1 compared to weeks 2 and 3 was higher, it
was so by less than 2%. Therefore, while the week 1 ICC differs from weeks 2 and 3, the error
within the measurements are relatively similar.
4.4.3 Ceiling Effect
The results of this study may indicate that SWAY demonstrates a ceiling effect. A ceiling
effect refers to when a measurement or assessment tool exhibits a specific upper limit for
possible scores, and a majority of those evaluated score near that limit (Lewis-Beck, Bryman, &
Liao, 2004). For SWAY, the balance scores produced fall within a possible range of 0-100, with
higher scores indicating better balance. Here, for all experimental trials, the overall mean SWAY
balance scores ranged from 86.90 to 89.90. Additionally, the SEM values for trials 1-3-5 and
trials 2-4-6 are 7.51 and 5.39 respectively, and MD for trials 1-3-5 and trials 2-4-6 were 20.81
and 14.95 respectively. If we utilize the SEM and MD values from trials 2-4-6, using the SEM
we would be able to determine if a subject’s true score demonstrates a positive change, so long
as their observed score is below approximately 94. However, we would not be able to determine
if that change was due to a real change in balance. This is because, as indicated by the MD, a
balance score change of approximately 15 must occur before we can say that an actual change in
balance occurred.
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We see that in these healthy subjects, SWAY is limited in its ability to detect a positive
change in balance because the average score is within 15 of the maximum possible score. This
could ultimately limit the usability of SWAY, especially to detect balance changes in those who
already demonstrate good balance. However, to assess those who already have good balance, it
may be possible to modify the SWAY protocol. One potential method to do this would be to
have subjects perform SWAY while standing on a compliant floor surface, such as a foam pad.
This would potentially alter somatosensory feedback, thus increasing the difficulty of
maintaining balance. This in turn may result in reduced balance scores generated by SWAY,
allowing for balance assessments to be conducted on those with good balance. However, if the
protocol is to be modified in this manner, baseline and familiarization trials would likely need to
be completed with the compliant floor surface as well.
4.6 Limitations
While the primary finding of this study was that SWAY demonstrated overall excellent
intersession and intrasession reliability, caution should be utilized when generalizing these
findings to different population samples. First, the data from this study were obtained from a
sample of healthy young adults. Therefore, both intersession and intrasession reliability may be
significantly different in other populations such as older adults and those with physical or
physiological conditions affecting balance performance. Additionally, this subject sample was
one of convenience, where the majority of subjects were graduate and undergraduate students in
an Exercise Science academic program. Therefore, their knowledge of balance and motor skills
may have introduced a bias that was not controlled for. And lastly, while all subjects were nonathletes, this study did not control for leisure time physical activity.
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4.7 Conclusion
This study determined the intersession and intrasession reliability of the SWAY Balance
Mobile Application in a sample of young healthy adults. Results indicate that SWAY provides
excellent overall reliability. However, results indicated that for each testing session, subjects
tended to perform slightly better on the second balance trial than they did on the first. Therefore,
to maintain reliability, it may be appropriate to have subjects perform a familiarization trial at the
beginning of each testing session, especially when testing sessions are separated by seven days
or more.
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CHAPTER V
COMPARISSON OF THE SWAY BALANCE MOBILE APPLICATION TO AN
INSTRUMENTED BALANCE ASSESSMENT METHOD

5.1 Introduction
Balance is a complex and multi-dimensional process which allows for the maintenance of
a specific posture, or postures, while executing any number of different tasks. These tasks can
vary from simple activities of daily living such as sitting upright or static standing, to more
complex skilled activities executed while performing work duties or recreational activities. Our
ability to perform this wide range of activities is dependent upon our capacity to coordinate and
control various components of multiple intrinsic systems which contribute to the process of
maintaining balance (Rose, 2005). These include biomechanical, motor, and sensory components
which are further influenced by task demands, environmental constraints, and individual
capabilities (Berg, 1989a; Horak, 1987; Horak, 2006; Rose, 2005; Shumway-Cook &
Woollacott, 2001).
A number of different balance assessment techniques are currently available and widely
used. These include both subjective and objective assessments. Subjective balance assessment
methods vary in methodology and test complexity, ranging from static standing, to more
complex assessments which systematically remove or alter available sensory feedback (Bell et
al., 2011; Berg, 1989b; Guccione et al., 2005; Khasnis & Gokula, 2003; O'Sullivan & Schmitz,
2007). The benefits of most balance assessments of this type are that they can generally be
administered in only a few minutes, require little to no equipment, and are free of cost. However,
while many, such as the Balance Error Scoring System (BESS), Berg, and Tinetti, have been
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shown to be valid and reliable assessments in various populations (Bell et al., 2011; Berg, 1989b;
Canbek et al., 2013; Raîche et al., 2000; Wirz et al., 2010), they lack quantifiable outcomes,
relying on the test administrators knowledge and clinical experience to score the assessment
appropriately (Rogers, Rogers, Takeshima, & Islam, 2003). Additionally, a reliance on
subjective scoring criteria can potentially introduce a number of types of bias in the evaluation
process, including those which originate from the patient, the clinician, and/or from the
assessment method itself, which can limit, or reduce, the reliability of the assessment (Jette,
1989). It has additionally been stated that the overreliance on subjective assessments may yield
results which are limited with regard to their real value, especially from a research perspective
(Jette, 1989).
Due to the subjective nature of many balance assessments utilized today, it may be more
appropriate to assess balance through objective, instrumented techniques. This is because they
provide quantifiable outcomes without relying on subjective scoring criteria. The most widely
used method for quantitatively assessing balance is with the use of force plates. Force plates, or
force platforms, are instruments which measure the ground reaction forces generated between the
body and its support surface. They are generally classified as being single-pedestal or multipedestal. A single-pedestal unit will only measure the vertical component of the force being
applied, whereas a multi-pedestal unit will measure the vertical component as well as the
horizontal, or shear, force. By measuring both vertical and horizontal components of force, a
multi-pedestal unit is able to provide additional information including center of pressure, which
can be used as a measure of postural sway.
For the analysis of balance, force plates are the gold standard, providing force and
moment data in the X, Y, and Z planes (Goldie et al., 1989). However, these systems are rarely
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used in a clinical setting. This is because they are large and expensive pieces of equipment which
require dedicated software to operate. Additionally, data processing techniques tend to be
complex and require specialized training. Therefore, while capable of providing reliable and
valid data for the assessment of balance, the cost and technical demands of operation tend to
prohibit the use of force plates in a clinical setting.
An alternative to the traditional force plate is the BIODEX Balance System SD (BBS)
(BIODEX Medical Systems, Shirley, NY). The BBS is a multiaxial tilting platform capable of
providing postural stability measures similar to that of a force plate (Guskiewicz & Perrin, 1996)
(Figure 5.1). This system measures postural stability utilizing a circular platform measuring
55cm in diameter (Figure 5.2). The BBS includes multiple balance training and postural stability
testing protocols and is capable of measuring both static and dynamic postural stability for
bilateral and unilateral stances (Hinman, 2000). During static postural stability protocols, the
platform remains locked in a fixed horizontal position. For dynamic postural stability testing
protocols, the platform is unlocked and free to simultaneously move about the anterior-posterior
(AP) and medial-lateral (ML) axes. Here the platform is capable of tilting 20 degrees in any
direction. For dynamic postural stability testing protocols, the platform is additionally capable of
providing 12 stability levels. This is accomplished through the use of springs which vary the
resistance force applied to the underside of the platform during the test. The stability level of the
platform is adjusted to preset resistance levels established by the manufacturer depending on the
specific protocol utilized (Arnold & Schmitz, 1998; Balance System SD Operation / Service
Manual, 1999).
Advantages of the BBS compared to traditional force plates are that the BBS is easier to
use in a clinical setting. Upon completion of a balance assessment protocol, the system
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FIGURE 5.1: BIODEX BALANCE SYSTEM SD

FIGURE 5.2: BIODEX BALANCE SYSTEM SD PLATFORM
133

automatically processes the raw data and calculates three balance scores along with the standard
deviation of each. The balance scores include an overall stability index (OSI), anterior-posterior
stability index (APSI), and a medial-lateral stability index (MLSI). In addition to providing
quantifiable scores, the BBS also provides normative values for both scores and standard
deviations for comparison, along with a graphical representation of the patients balance
performance. The reliability of the BBS has been reported by a number of investigators. Overall,
the reliability of the BBS stability index scores has been found to be acceptable for clinical
postural stability testing (Arnold & Schmitz, 1998; Cachupe et al., 2001; Hinman, 2000;
Hornyik, 2001; Karimi et al., 2008; Parraca et al., 2011; Schmitz & Arnold, 1998). However,
despite providing quantifiable balance assessments with a more usable interface, the BBS is still
a large and expensive piece of equipment which prohibits its widespread use in many clinical
settings.
One potential method for quantifiably assessing patient postural stability is through
accelerometry. Accelerometers are electromechanical sensors that produce an electrical output
proportional to an acceleration input (Village & Morrison, 2008), and are capable of measuring
accelerations associated with dynamic movement. Accelerometers have been shown to provide
valid and reliable information for the assessment of balance and posture (Hansson et al., 2001;
Moe-Nilssen, 1998b; Moe-Nilssen & Helbostad, 2002). Recently, advances in microelectromechanical systems (MEMS) have allowed for the physical size and cost of
manufacturing of accelerometers to be reduced (Godfrey et al., 2008). This has allowed for
accelerometers to be incorporated into many different off the shelf mobile consumer electronic
devices, such as smartphones, tablet computers, gaming systems, and other multimedia devices.

134

The concept of a wireless accelerometry system for the purpose of assessing gait and
balance has been demonstrated by Lemoyne and colleagues (Lemoyne et al., 2009b; Lemoyne et
al., 2010a, 2010b; Lemoyne et al., 2010d; LeMoyne et al., 2011). Here, these investigators have
repeatedly demonstrated the ability to utilize mobile consumer electronic devices for the purpose
of capturing and storing data samples that can later be exported for processing. Additionally,
Amick and colleagues (Amick et al., 2013) have shown that the tri-axial accelerometer installed
within iPod touch devices demonstrated highly consistent sensitivity with regard to the precision
with which it measures acceleration. However, further studies are needed to evaluate mobile
consumer electronics software applications designed to assess human standing balance.
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is an FDA approved
mobile device software application which, when installed on a mobile consumer electronic
device, accesses the MEMS tri-axial accelerometer output to assess balance through a series of
balance tests. This assessment method is intended to provide professionals in various healthcare
fields the ability to perform quantitative functional limitations assessments and fall risk
assessments. Additionally, it can potentially be utilized by practitioners in sports medicine, such
as athletic trainers, to provide supporting information to be utilized when making return-to-play
decisions after an athlete has suffered an injury.
The SWAY balance test consists of five stances (Figure 5.3) including bipedal (feet
together), tandem stance (left foot forward), tandem stance (right foot forward), single leg stance
(right), and single leg stance (left). Each stance is performed on a firm surface with eyes closed
for a period of 10 seconds. For the duration of each stance, the subject holds the measuring
device upright against the mid-point of their sternum. Deflections of the tri-axial accelerometer,
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1. Bipedal Stance

2. Tandem Stance Left
Foot Forward

4. Single Leg Stance
Right Leg

3. Tandem Stance Right
Foot Forward

5. Single Leg Stance Left
Leg

Figure 5.3: SWAY BALANCE MOBILE APPLICATION BALANCE STANCES
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which are produced by accelerations which occur secondary to postural control movements, are
recorded throughout each of the balance test stances. Upon completion of the five stances, these
deflections are utilized to calculate a final balance score ranging from 0-100, with higher scores
indicating better balance. The units representing the balance score are interpretations of the
acceleration of deflections within the accelerometers, and are calculated by undisclosed
calculations from SWAY Medical.
Preliminary testing has indicated that SWAY yields consistent and reliable measures of
human standing balance. Pilot testing was performed comparing the consistency of SWAY
balance scores to those measured concurrently with the BBS (Patterson et al., 2014b). Here,
postural stability was recorded in the anterior-posterior direction as subjects performed a static
Athlete’s Single Leg Test protocol. This test required subjects to stand on the balance platform
on their non-dominant foot for a period of 10 seconds. Upon completion of the test, an overall
stability score was produced. Overall results showed no significant difference between mean
actual stability scores recorded with SWAY and the BBS. Additionally, subject feedback was
recorded with regard to the usability of SWAY. Subjects reported that the SWAY software
application was easy to navigate and that testing instructions were clear and easy to follow.
However, this study was limited to measuring posture only in the anterior-posterior directions.
The rationale for this is that an early iteration of the SWAY platform was used which had not yet
incorporated accelerations detected in the medial-lateral direction. The current version of the
SWAY software (version 1.6) does now incorporate accelerations in all axes for the calculation
of a balance score. Given that a more complete version of SWAY, incorporating accelerometric
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deflections in all axes, is now available, the objective of this study was to compare the SWAY
Balance Mobile Application to a validated instrumented balance assessment device.
5.2 Methodology
5.2.1 Site Selection
This study was completed at Wichita State University, Wichita, Kansas. Testing was
completed in the Human Performance Laboratory, Department of Human Performance Studies,
College of Education. This laboratory was selected because it was a convenient testing location
for participating subjects. Additionally it provided adequate space for completing all testing
while providing an environment with little external disruption.
5.2.2 Subjects
Subjects recruited for this study were a sample of NCAA Division I Track & Field
athletes recruited from Wichita State University, Wichita, Kansas. The rationale for assessing a
sample of this population was to compare the SWAY to an instrumented balance assessment
technique specifically designed to assess athletes. Subjects were recruited on a volunteer basis
via direct communication. Upon expressing interest in participating, subjects were contacted via
direct communication or by electronic mail to schedule testing sessions.
All methods and procedures were approved by the Wichita State University Institutional
Review Board for Research involving Human Subjects (IRB No. 2952; Appendix A and B). An
Informed Consent form (Appendix C) describing the nature of the testing to be completed, as
well as exclusion criteria, was provided to all subjects upon arrival to the testing facility. Testing
procedures were then explained to all subjects and exclusion criteria confirmed verbally. A
signed Informed Consent form was obtained from all study participants. Subjects were excluded
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from participation if they reported any pre-existing condition that may alter their ability to
balance normally or met any of the exclusion criteria presented in Table 5.1.

TABLE 5.1
SUBJECT EXCLUSION CRITERIA
1. Male or female under the age of 18
2. Current illness
3. Medical history which includes:
a. Neurological dysfunction (including concussion) without full medical release
b. Current or previous musculoskeletal injury affecting balance
c. Uncorrected vision
d. Vestibular damage or disease
e. Current, un-prescribed pharmacological intervention
This study was powered according to the recommendations of Tabachnick and Fidell,
who state that for regression analysis, the total number of subjects should be between 20 and 40
per each independent study variable (Tabachnick & Fidell, 2007). In total, 60 individuals (29
male, 31 female; aged 19.72 ± 1.24 years) volunteered to participate in this study. Of the initial
60 volunteers, 16 were excluded for meeting one or more of the exclusion criteria including 9 for
previous concussion, 4 for previous musculoskeletal injury, 2 for uncorrected vision, and 1 for
vestibular damage/disease. Therefore, data were analyzed for 44 individuals (22 male, 22 female;
aged 19.59 ± 1.23 years).
5.2.3 Demographic Information
For all subjects, demographic information including date of birth, sex, and self identified
dominant leg were collected.
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5.2.4 Anthropometric Measures
A number of anthropometric variables were measured and recorded for each subject.
Body mass was recorded using a digital scale (Zieis, Apple Valley, MN, USA). Anthropometric
measures were collected using a GPM calibrated anthropometer (Siber-Hegner, Switzerland).
Anthropometric measures recorded include standing height, height from floor of the suprasternal
notch, height from floor of the xiphoid process, and height from floor of the third lumbar
vertebrae as determined by palpation. Height from floor of the suprasternal notch and xiphoid
process were averaged to determine the sternal mid-point. Standing height and weight were used
to calculate each subject’s body mass index (BMI). For all measures, subjects did not wear
shoes.
5.2.5 SWAY Balance Mobile Application
SWAY Balance (SWAY Medical, Tulsa, OK, USA) is a mobile device application
software which accesses the MEMS tri-axial accelerometer output to measure balance through a
series of balance tests. The SWAY Balance testing protocol developed by SWAY Medical, LLC
consists of five stances, each performed for 10 seconds. Stances include bipedal standing (feet
together), tandem standing (heel-to-toe with right foot behind left), tandem standing (heel-to-toe
with left foot behind right), single leg standing (right foot), and single leg standing (left foot).
Each stance is performed on a firm surface with eyes closed and without shoes. However, for this
study, the SWAY protocol was modified so that each balance stance was performed for 20
seconds. The rationale for this was so that a direct comparison between the SWAY and a
subjective balance assessment technique. Results of this comparison can be found in Chapter VI
of this manuscript.
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The SWAY balance test was administered utilizing an Apple iPod Touch (Apple
Computer Inc., Cupertino, CA, USA) loaded with the SWAY software. For each balance stance,
subjects were instructed to hold the device upright, using both hands to press the face of the
device against the mid-point of their sternum, so that the top of the device was below a line
horizontal with the clavicles. Instructions for each balance stance were presented on the iPod
screen sequentially so that upon the completion of a balance stance, instructions for the next
stance were automatically displayed. Once all balance stances were completed, a final balance
score ranging from 0-100 was produced and recorded, with a higher score indicating better
balance. The units representing the balance score are interpretations of the acceleration of
deflections within the accelerometers, and are determined by undisclosed calculations from Sway
Medical LLC. During the testing session, a familiarization trial was administered, per SWAY
recommendations. The familiarization trial was then followed by an experimental trial. Here, a
trial is defined as the full completion of the SWAY protocol. The familiarization and
experimental trials were separated by a minimum of two minutes.
5.2.6 BIODEX Balance System SD
The BIODEX Balance System SD (BBS) (BIODEX Medical Systems, Shirley, NY) is a
multiaxial tilting platform capable of providing postural stability measures similar to that of a
force plate (Guskiewicz & Perrin, 1996). This system measures postural stability utilizing a
circular platform, measuring 55cm in diameter, which is capable of tilting up to 20 degrees in
any direction. The platform is additionally capable of providing 12 stability levels, which can be
adjusted to preset resistance levels established by the manufacturer depending of the specific
balance testing protocol utilized (Arnold & Schmitz, 1998; Balance System SD Operation /
Service Manual, 1999). For this assessment, the Athletes Single Leg Stability Test protocol was
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utilized with a stability level of 4. This protocol was chosen as it was designed to allow clinicians
to assess athletes balance performance (Balance System SD Operation / Service Manual, 1999).
Prior to beginning the testing procedure, each subject’s non-dominant foot was placed on
the platform according to the manufacturers recommended procedures specific to the testing
protocol being used. The purpose of this is to ensure that the subject is centered on the platform.
Once verified, the location of the foot was recorded into the BBS computer. Subjects then
performed a single leg stance for a period of 20 seconds. A total of three trials were performed
with a minimum of 10 seconds rest between each trial. For each trial, subjects were instructed to
place their hands across their sternum and look forward. Trials were performed without shoes
and with the eyes open.
Upon completion of the testing protocol, balance scores were generated. Scores were
reported as an Overall Stability Index (OSI), Anterior-Posterior Stability Index (APSI), and
Medial-Lateral Stability Index (MLSI). These indexes are standard deviations calculated by
measuring the platforms varying degrees of tilt from horizontal away from the subject preset
center position (Arnold & Schmitz, 1998; Schmitz & Arnold, 1998). The APSI and MLSI
represent the variance in the AP and ML directions, respectively, while the OSI is a composite of
both, and represents the subjects overall postural stability (Arnold & Schmitz, 1998). For all
indexes, a lower score represents better postural control. In addition to reporting the subject OSI,
APSI, and MLSI scores, population norms were reported for comparison. Additionally, a
graphical representation of the scores, with normal score ranges, were presented for comparison.
5.2.7 Data Analysis
Statistical analysis for this study was completed with the use of Statistical Packages for
the Social Science (SPSS) version 21.0 with a level of significance set at α<0.05. A
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Kolmogorov-Smirnov test was performed to evaluate all test variables for normality of
distribution. For SWAY and BBS scores, Independent Samples t-Test comparing the mean
balance scores of male and female subjects were calculated to determine if mean balance sex
differences exist. A bivariate linear regression model was performed to determine the slope of
coefficient, constant, and standard error of the estimate (SEE). Pearson Product Moment
Correlation Coefficient (r) was calculated to determine degree of correlation between the SWAY
balance scores and the BIODEX OSI. The Coefficient of Determination (r2) was then calculated
to determine the amount of shared variance between the SWAY balance scores and the BIODEX
OSI.
5.3 Results
Subject demographic information is presented in Table 5.2. The BIODEX OSI, APSI,
MLSI and SWAY balance scores were all found to be normally distributed. Descriptive statistics
for each of the balance measures are reported in Table 5.3. The mean OSI was 2.32±1.04 while
the mean SWAY score was 81.79±14.06. Independent Samples t-Test comparing the mean
SWAY scores of male and female subjects to determine if sex differences exist found no
significant difference (t(42) = -1.573, p = 0.123). A second Independent Samples t-Test
comparing the mean BIODEX OSI scores of male and female subjects to determine if sex
differences exist found no significant difference (t(42) = 1.267, p = 0.212). Pearson product
moment correlation coefficient (r) was calculated, where a significant negative correlation was
found between the BIODEX OSI and SWAY scores (r = -0.407, p = 0.003). The SWAY balance
score significantly predicted the BIODEX OSI (p = 0.006), where SWAY balance accounted for
16.5 percent of the variance observed in the BIODEX OSI score. A summary of the bivariate
linear regression can be found in Table 5.4 and is illustrated in Figure 5.4.
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5.4 Discussion
As technology in consumer electronics has continued to advance, personal electronic
devices such as Smartphone’s, media players, and computers have began to incorporate tri-axial
accelerometers. The incorporation of tri-axial accelerometers allows for the increasing potential
for the use of these personal electronic devices in the biomechanical analysis of balance, posture,

TABLE 5.2
SUBJECT DEMOGRAPHIC INFORMATION
Mean ± SD
Maximum Minimum Median
Overall (N = 44)
Age (years)
19.59 ± 1.23
23.00
18.00
19.00
Weight (kg)
75.29 ± 15.60
124.40
53.70
72.75
Stature (cm)
174.40 ± 12.78
192.80
116.90
174.70
BMI (kg/m2)
24.88 ± 5.26
45.41
19.08
23.23
3rd Lumbar Vertebrae (cm)
107.35 ± 5.48
120.50
95.60
107.10
Sternal Mid-Point (cm)
132.03 ± 6.19
145.10
119.40
132.08
Male (n = 22)
Age (years)
19.77 ± 1.31
23.00
18.00
20.00
Weight (kg)
82.69 ± 15.36
124.40
63.05
77.60
Stature (cm)
182.40 ± 6.48
192.80
172.00
181.25
BMI (kg/m2)
24.82 ± 4.22
35.80
19.79
23.96
rd
3 Lumbar Vertebrae (cm)
110.39 ± 4.99
120.50
104.00
108.75
Sternal Mid-Point (cm)
136.23 ± 4.70
145.10
127.85
135.70
Female (n = 22)
Age (years)
19.41 ± 1.14
22.00
18.00
19.00
Weight (kg)
67.89 ± 12.17
102.00
53.70
62.88
Stature (cm)
166.40 ± 12.58
179.10
116.90
168.50
BMI (kg/m2)
24.94 ± 6.24
45.41
19.08
22.45
3rd Lumbar Vertebrae (cm)
104.31 ± 4.14
110.70
95.60
104.40
Sternal Mid-Point (cm)
127.82 ± 4.39
135.75
119.40
127.60
BMI = Body Mass Index, cm = Centimeters, kg = Kilograms, m2 = Meters Squared
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TABLE 5.3
DESCRIPTIVE STATISTICS OF BALANCE MEASURES
Overall (N = 44)
SWAY
OSI
APSI
MLSI
Male (n = 22)
SWAY
OSI
APSI
MLSI
Female (n = 22)
SWAY
OSI
APSI
MLSI

Mean ± SD

Maximum

Minimum

Median

81.79 ± 14.06
2.32 ± 1.04
1.68 ± 0.82
1.36 ± 0.68

99.60
6.70
5.10
3.40

52.00
0.80
0.70
0.50

85.85
2.10
1.55
1.10

78.51 ± 15.17
2.51 ± 1.18
1.78 ± 0.95
1.49 ± 0.72

97.80
6.70
5.10
3.40

53.20
1.20
0.80
0.70

85.45
2.30
1.55
1.35

85.06 ± 12.33
2.12 ± 0.86
1.59 ± 0.67
1.23 ± 0.61

99.60
3.90
3.20
2.80

52.00
0.80
0.70
0.50

89.00
1.95
1.60
1.05

OSI = Overall Stability Index, APSI = Anterior-Posterior Stability Index, MLSI = Medial-Lateral
Stability Index.

TABLE 5.4
SUMMARY OF BIVARIATE LINEAR REGRESSION
Constant
Slope Coefficient
SEE

Value
4.8
-0.03
0.96
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95% Confidence Interval
3.0 – 6.5
-0.05 - -0.009

FIGURE 5.4: SCATTERPLOT OF PREDICTED BIODEX OVERALL STABILITY INDEX
AGAINST ACTUAL SWAY BALANCE SCORE
and movement (LeMoyne, Coroian, & Mastroianni, 2009a; Lemoyne et al., 2010a, 2010b;
Lemoyne et al., 2010d; LeMoyne et al., 2011; Patterson et al., 2011, 2014b). Initial testing has
shown that the accelerometers within mobile consumer electronic devices provide consistent and
reliable outputs (Amick et al., 2013; Patterson et al., 2014b).
In this study, the SWAY Balance Mobile Application was compared to the BIODEX
Balance System SD Athletes Single Leg Stability Test protocol with a stability level of four. The
Athletes Single Leg Stability Test protocol was chosen because it was designed to assess
athletes. The low stability level, combined with an unlocked and freely moving platform, allow
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for a balance assessment which is challenging for athletes (Balance System SD Operation /
Service Manual, 1999). Additionally, normative data derived from other studies utilizing the
BIODEX is used for performance comparison.
When comparing performance on the BIODEX to the reported BIODEX norms, we see
that this subject sample performed much better. Here, subject mean OSI was 2.32 (± 1.04),
compared to a normal reported values of 3.9 (± 1.9). This, however, is expected as all of the
subjects were current NCAA Division I track athletes, and balance has been shown to improve
with exercise training (DiStefano, Clark, & Padua, 2009; Judge, Lindsey, Underwood, &
Winsemius, 1993; Nagy et al., 2004).
When comparing the SWAY and BIODEX protocols, we seen that there is a negative low
correlation which is statistically significant (r = -0.407, p = 0.003). This correlation is negative,
reflecting the scoring paradigm of each of the respective tests. For the BIODEX assessment, a
subject’s score depends upon their ability to control the tilt angle of the platform around a center
point. The larger and more frequently that the platform is tilted, the higher the subject’s score
will be. Therefore, an increasing score reflects poorer balance. Conversely, the SWAY
assessment scores balance based upon deflections recorded from the tri-axial accelerometer. As
more deflections occur and with greater magnitude, the subject’s score will decrease, therefore a
higher SWAY score indicates better balance.
The correlation between the SWAY and BIODEX assessments, while statistically
significant, was low. This may be a result of the available range of scores from each of the
assessment methods. While the SWAY scores ranged from 99.6 to 52.0, the BIODEX OSI scores
ranged from 6.7 to 0.8. The limited range of BIODEX OSI scores, compared to SWAY scores,
may limit the ability to observe a stronger correlation.
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The low correlation may also be a result of the different ways by which the two
assessments assess balance. While the BIODEX may appear to measure balance in a manner
similar to that of force plate systems, the Athlete Single Leg Stability protocol calls for the
platform to be unlocked and free to move about any axis. Therefore, instead of measuring
balance in terms of center of pressure (COP) deviations during a static condition, such as a force
plate system, BIODEX assesses balance by measuring the degree of platform tilt during a
dynamic condition. Therefore, the BIODEX may provide balance information that is more
specific to ankle joint movement than to overall balance performance (Arnold & Schmitz, 1998).
Conversely, the SWAY protocol utilizes deflections of a tri-axial accelerometer placed at
chest level to assess balance through a series of balance tests. The balance tests progress from a
more stable stance to less stable stance and include assessing both dominant and non-dominant
legs. A composite balance score is calculated from the acclerometric deflections that occur
during the entire assessment. In this sense, by having the accelerometer record above the center
of mass (COM) through a series of balance tests, balance is being assessed in multiple stances,
each requiring a different postural control strategy to maintain upright stance. Therefore, the
balance score generated by SWAY may provide an overall representation of the subject’s ability
to balance.
5.5 Limitations
While the primary finding of this study was that a low correlation that is statistically
significant was found between the SWAY and BIODEX Athlete Single Leg Stability protocols,
caution should be utilized when generalizing these findings. First, the data were obtained from a
sample of healthy young adults. Therefore, the observed correlation may differ across other
populations such as older adults and those with physical or physiological conditions affecting
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balance performance. Additionally, subjects from this sample were all NCAA Division I track
athletes. Therefore, results may not generalize to non-athletes of the same age group. Lastly, this
study utilized the BIODEX Athlete Single Leg Stability protocol, and the results may not
translate to other BIODEX protocols as scores for static and dynamic testing protocols are
calculated differently (Balance System SD Operation / Service Manual, 1999).
5.6 Conclusion
Advances in technology have greatly improved the ability to objectively and quantifiably
measure balance through the use of tri-axial accelerometers installed in current off-the-shelf
mobile consumer electronic devices. The SWAY Balance Mobile Application shows significant
correlation to the BIODEX Athlete Single Leg Stability protocol. This new method of assessing
balance may provide medical professionals, physical education coaches, parents and the athletic
community a new means to quantifiably assess balance in an objective manner.
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CHAPTER VI
COMPARISON OF THE SWAY BALANCE MOBILE APPLICATION TO A
COMMONLY USED SUBJECTIVE BALANCE ASSESSMENT METHOD
6.1 Introduction
Balance is a complex and multi-dimensional process which allows for the maintenance of
a specific posture, or postures, while executing any number of different tasks. These tasks can
vary from simple activities of daily living such as sitting upright or static standing, to more
complex skilled activities executed while performing work duties or recreational activities. Our
ability to perform this wide range of activities is dependent upon our capacity to coordinate and
control various components of multiple intrinsic systems which contribute to the process of
maintaining balance (Rose, 2005). These include biomechanical, motor, and sensory components
which are further influenced by task demands, environmental constraints, and individual
capabilities (Berg, 1989a; Horak, 1987; Horak, 2006; Rose, 2005; Shumway-Cook &
Woollacott, 2001).
A number of different balance assessment techniques are currently available and widely
used. These include both subjective and objective assessments. Subjective balance assessment
methods vary in methodology and test complexity, ranging from static standing, to more
complex assessments which systematically remove or alter available sensory feedback. The
benefits of most balance assessments of this type are that they can generally be administered in
only a few minutes, require little to no equipment, and are free of cost.
A more recently developed balance evaluation is the Balance Error Scoring System
(BESS). The BESS is a clinical balance assessment utilizing modified Romberg stances which
are performed on two different surfaces. The assessment consisting of a total of 6 balance trials,
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each lasting 20 seconds performed with the eyes closed. Subjects perform bipedal standing,
single leg standing (non-dominant leg), and tandem standing (non-dominant leg in back) on a
solid support surface. The stances are then repeated while standing on a foam support surface.
During each trial, a test administrator counts the number of pre-defined errors that occur. A final
score is calculated by totaling the errors for both floor conditions, with a maximum possible
score of 60 (Bell et al., 2011). BESS errors are described in Table 6.1.
TABLE 6.1
BESS SCORING ERRORS
1.
2.
3.
4.
5.
6.

Moving the hands off of the hips
Opening the eyes
Step, stumble, or fall
Hip flexion or abduction greater than 30o
Lifting the forefoot or heel off of the testing surface
Remaining out of testing position for more than 5 seconds

Normative data for BESS is available for score comparison (Iverson et al., 2008). The
BESS has been found to have moderate to good overall reliability for the assessment of static
balance (Bell et al., 2011) and has shown to be a valid assessment tool for those with concussion
(Guskiewicz et al., 2001; Riemann & Guskiewicz, 2000), exertional fatigue (Erkmen et al., 2009;
Fox et al., 2008; Susco et al., 2004), ankle instability (Broglio et al., 2009a), and increasing age
(Iverson et al., 2008). However, it has been reported that both intrarater and interrater reliability
of the assessment can vary greatly. With regard to intrarater reliability, overall BESS score ICC
values range from 0.60 to 0.92 (Hunt et al., 2009; McLeod, Armstrong, Miller, & Sauers, 2009).
However, intrarater ICC values for individual stances comprising the BESS range from 0.50 to
0.98, with reliability decreasing with increasing stance difficulty (Finnoff, Peterson, Hollman, &
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Smith, 2009; Valovich-McLeod et al., 2004). The overall BESS score interrater reliability ICC
values range from 0.57 to 0.85 (Finnoff et al., 2009; McLeod et al., 2009). Interrater ICC values
for individual stances ranged from 0.44 to 0.96, again with reliability decreasing as stance
difficulty increases (Finnoff et al., 2009; Riemann et al., 1999).
The reason for such a wide range in reported reliability values can stem from a number of
factors. These include the subject’s familiarity with the assessment, experience of the test
administrator(s), consistency of test administrator to subject tests, and the number of test
administrators scoring each assessment, As such, a number of procedures have been
recommended to improve reliability of the BESS. These include establishing a baseline by
administering the test on multiple occasions and averaging the total scores, having test
administrators participate in formalized training and establish their individual reliability, always
having the same test administrator assess the subject, as well as have three test administrators
score each evaluation and average the overall scores (Bell et al., 2011; Broglio et al., 2009b).
A modified version of the BESS assessment is also used by clinicians (King et al., 2013).
This version, the Abbreviated BESS, requires the subject to perform the same three balance
stances as the original BESS, including bipedal stance, non-dominant single leg stance, and
tandem stance with non-dominant foot in rear. However, this version removes the compliant
foam condition, only having subjects to perform the stances on a non-compliant surface (Iverson
& Koehle, 2013). This version of the BESS was originally designed to measure the balance
component of the Sport Concussion Assessment Tool 2 (SCAT2) (McCrory et al., 2009;
McCrory et al., 2013), however, due to its ease of use it has come to be increasingly used as a
standalone functional assessment, especially in the athletic training community (Bomgardner,
2013). It has additionally
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been stated that it is appropriate for use in non-athletic clinical settings as well (Iverson &
Koehle, 2013). Scoring of the Abbreviated BESS is the same as for the traditional BESS,
however, here the maximum possible score is 30.
Despite increasing use of this test, both the BESS and Abbreviated BESS demonstrate a
number of limitations. The primary limitation is that it is a subjective assessment, relying on the
knowledge and experience of the test administrator to correctly identify and score the balance
errors that occur in each trial. This reliance on purely observational scoring has the potential to
introduce bias into the subjects final balance score, as well as reduce the reliability of the
assessment. To address this, it has been recommended that multiple test administrators
concurrently score each subject’s assessment, and then average those scores to determine the
subject’s final overall score. However, this limits the practicality of the assessment as a clinical
tool as multiple test administrators are rarely available for the assessment of a single subject.
Additionally, it has been reported that the Abbreviated BESS may demonstrate a reduced ability
to identify balance deficits when compared to the standard BESS, and may have a limited ability
to identify balance improvements in those who already demonstrate good balance (Iverson &
Koehle, 2013; McLeod et al., 2012).
Due to the subjective nature of the BESS, as well as similar balance assessments, it may
be more appropriate to assess balance through objective, instrumented techniques. This is
because they provide quantifiable outcomes without relying on a clinician’s subjective
interpretation of a subject’s performance. And as discussed above, subjective assessments such
as the BESS, are subject to a number of factors that may reduce test reliability. One potential
method for quantifiably assessing patient postural stability is through accelerometry.
Accelerometers are electromechanical sensors that produce an electrical output proportional to
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an acceleration input (Village & Morrison, 2008), and are capable of measuring accelerations
associated with dynamic movement. Accelerometers have been shown to provide valid and
reliable information for the assessment of balance and posture (Hansson et al., 2001; MoeNilssen, 1998b; Moe-Nilssen & Helbostad, 2002). Recently, advances in microelectromechanical systems (MEMS) have allowed for the physical size and cost of
manufacturing of accelerometers to be reduced (Godfrey et al., 2008). This has allowed for
accelerometers to be incorporated into many different off the shelf mobile consumer electronic
devices, such as smartphones, tablet computers, gaming systems, and other multimedia devices.
Recently, a new method for assessing standing balance was developed by SWAY
Medical, LLC. This tool, the SWAY Balance Mobile Application (SWAY), is an FDA approved
mobile device software application which, when installed on a mobile consumer electronic
device, accesses the MEMS tri-axial accelerometer output to assess balance through a series of
balance tests. This assessment method is intended to provide professionals in various healthcare
fields the ability to perform quantitative functional limitations assessments and fall risk
assessments. Additionally, it can potentially be utilized by practitioners in sports medicine, such
as athletic trainers, to provide supporting information to be utilized when making return-to-play
decisions after an athlete has suffered an injury.
The SWAY balance test consists of five stances (Figure 6.1) including bipedal (feet
together), tandem stance (left foot forward), tandem stance (right foot forward), single leg stance
(right), and single leg stance (left). Each stance is performed on a firm surface with eyes closed
for a period of 10 seconds. For the duration of each stance, the subject holds the measuring
device upright against the mid-point of their sternum. Deflections of the tri-axial accelerometer,
which are produced by accelerations which occur secondary to postural control movements, are
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1. Bipedal Stance

2. Tandem Stance Left
Foot Forward

4. Single Leg Stance
Right Leg

3. Tandem Stance Right
Foot Forward

5. Single Leg Stance Left
Leg

Figure 6.1: SWAY BALANCE MOBILE APPLICATION BALANCE STANCES
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recorded throughout each of the balance test stances. Upon completion of the five stances, these
deflections are utilized to calculate a final balance score ranging from 0-100, with higher scores
indicating better balance. The units representing the balance score are interpretations of the
acceleration of deflections within the accelerometers, and are calculated by undisclosed
calculations from SWAY Medical.
Preliminary testing has indicated that SWAY yields consistent and reliable measures of
human standing balance. Pilot testing was performed comparing the consistency of SWAY
balance scores to those measured concurrently with the BBS (Patterson et al., 2014b). Here,
postural stability was recorded in the anterior-posterior direction as subjects performed a static
Athlete’s Single Leg Test protocol. This test required subjects to stand on the balance platform
on their non-dominant foot for a period of 10 seconds. Upon completion of the test, an overall
stability score was produced. Overall results showed no significant difference between mean
actual stability scores recorded with SWAY and the BBS. Additionally, subject feedback was
recorded with regard to the usability of SWAY. Subjects reported that the SWAY software
application was easy to navigate and that testing instructions were clear and easy to follow.
However, this study was limited to measuring posture only in the anterior-posterior directions.
The rationale for this is that an early iteration of the SWAY platform was used which had not yet
incorporated accelerations detected in the medial-lateral direction. The current version of the
SWAY software (version 1.6) does now incorporate accelerations in all axes for the calculation
of a balance score. As SWAY now calculates a balance score utilizing accelerations recorded in
all axes, a comparison of SWAY to commonly used balance assessments is warranted.
Therefore, the objective of this study was to compare the SWAY Balance Mobile Application to
the subjective and commonly used Balance Error Scoring System. The rationale for this
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comparison is that the BESS has been shown to be a valid assessment of standing balance and
was designed for use in both clinical and on-field environments (Bell et al., 2011; Guskiewicz et
al., 2001; McCrea et al., 2003; Riemann & Guskiewicz, 2000; Riemann et al., 1999). Results of
this study may then yield evidence supporting the use of SWAY in the same environments.
6.2 Methodology
6.2.1 Site Selection
This study was completed at Wichita State University, Wichita, Kansas. Testing was
completed in the Human Performance Laboratory, Department of Human Performance Studies,
College of Education. This laboratory was selected because it was a convenient testing location
for participating subjects. Additionally it provided adequate space for completing all testing
while providing an environment with little external disruption.
6.2.2 Subjects
Subjects recruited for this study were a sample of NCAA Division I Track & Field
athletes recruited from Wichita State University, Wichita, Kansas. The rationale for assessing a
sample of this population was to compare the SWAY to a commonly used, subjective balance
assessment technique which is commonly used to assess athletes. Subjects were recruited on a
volunteer basis via direct communication. Upon expressing interest in participating, subjects
were contacted via direct communication or by electronic mail to schedule testing sessions.
All methods and procedures were approved by the Wichita State University Institutional
Review Board for Research involving Human Subjects (IRB No. 2952; Appendix A and B). An
Informed Consent form (Appendix C) describing the nature of the testing to be completed, as
well as exclusion criteria, was provided to all subjects upon arrival to the testing facility. Testing
procedures were then explained to all subjects and exclusion criteria confirmed verbally. A
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signed Informed Consent form was obtained from all study participants. Subjects were excluded
from participation if they reported any pre-existing condition that may alter their ability to
balance normally or met any of the exclusion criteria presented in Table 6.2.

TABLE 6.2
SUBJECT EXCLUSION CRITERIA
4. Male or female under the age of 18
5. Current illness
6. Medical history which includes:
a. Neurological dysfunction (including concussion) without full medical release
b. Current or previous musculoskeletal injury affecting balance
c. Uncorrected vision
d. Vestibular damage or disease
e. Current, un-prescribed pharmacological intervention
This study was powered according to the recommendations of Tabachnick and Fidell,
who state that for regression analysis, the total number of subjects should be between 20 and 40
per each independent study variable (Tabachnick & Fidell, 2007). In total, 60 individuals (29
male, 31 female; aged 19.72 ± 1.24 years) volunteered to participate in this study. Of the initial
60 volunteers, 16 were excluded for meeting one or more of the exclusion criteria including 9 for
previous concussion, 4 for previous musculoskeletal injury, 2 for uncorrected vision, and 1 for
vestibular damage/disease. Therefore, data were analyzed for 44 individuals (22 male, 22 female;
aged 19.59 ± 1.23 years).
6.2.3 Demographic Information
For all subjects, demographic information including date of birth, sex, and self identified
dominant leg were collected.
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6.2.4 Anthropometric Measures
A number of anthropometric variables were measured and recorded for each subject.
Body mass was recorded using a digital scale (Zieis, Apple Valley, MN, USA). Anthropometric
measures were collected using a GPM calibrated anthropometer (Siber-Hegner, Switzerland).
Anthropometric measures recorded include standing height, height from floor of the suprasternal
notch, height from floor of the xiphoid process, and height from floor of the third lumbar
vertebrae as determined by palpation. Height from floor of the suprasternal notch and xiphoid
process were averaged to determine the sternal mid-point. Standing height and weight were used
to calculate each subject’s body mass index (BMI). For all measures, subjects did not wear
shoes.
6.2.5 Abbreviated Balance Error Scoring System
The Abbreviated BESS is a clinical postural control assessment consisting of three
balance conditions, each lasting 20 seconds. The balance conditions included bipedal standing,
single leg standing, and tandem standing. Bipedal standing was described as standing with the
feet side by side and touching. Single leg standing was described as standing on the nondominant leg with the hip and knee of the dominant leg flexed so that the foot was not touching
the support surface. Tandem standing was described as standing heel-to-toe with the dominant
foot directly in front of the non-dominant foot, and the toe of the non-dominant foot touching the
heel of the dominant foot. Each of the balance stances were performed on a solid support surface
without shoes and with the eyes closed. To better reflect the SWAY testing position, the
Abbreviated BESS assessment was modified to have subjects hold their hands crossed along the
mid-point of their sternum. This was to hold to SWAY measuring device in its recommended
testing position. It was assumed that this modification would not affect overall BESS test
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performance. The BESS scoring criteria were subsequently modified to reflect the altered hand
position where an error would be recorded if the subject removed their hand(s) from their chest
during the assessment. For all conditions, subjects were instructed to maintain the testing stance
with their eyes closed and hands crossed across their chest. A stop watch was used to time each
test condition.
For all subjects, a spotter was positioned near the subject for the duration of each
condition to assist the subject if they appeared to become unstable and begin to fall. Performance
was scored by a single test administrator. The test administrator was an experienced athletic
trainer with extensive experience in clinical functional assessment testing. A maximum score of
10 is allowed for each test condition. Errors include moving the hands off of the chest, opening
the eyes, abduction or flexion of the hip in excess of 30 degrees, lifting the heel or forefoot off of
the testing surface, moving out of the testing stance through a step, stumble or fall, and
remaining out of the testing stance for more than 5 seconds. The overall BESS score was
determined by summing the number of errors observed for each of the test conditions. The
maximum score possible was 30. A lower score indicated better balance.
6.2.6 SWAY Balance Mobile Application
SWAY Balance (SWAY Medical, Tulsa, OK, USA) is a mobile device application
software which accesses the MEMS tri-axial accelerometer output to measure balance through a
series of balance tests. The SWAY Balance test consists of five stances performed for 10
seconds. Stances include bipedal standing (feet together), tandem standing (heel-to-toe with right
foot behind left), tandem standing (heel-to-toe with left foot behind right), single leg standing
(right foot), and single leg standing (left foot). Each stance is performed on a firm surface with
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eyes closed. However, for this study, the SWAY protocol was modified so that each balance
stance was performed for 20 seconds. The rationale for this was so that a direct comparison
between the SWAY protocol and the BESS could be made.
The SWAY balance test was administered utilizing an Apple iPod Touch (Apple
Computer Inc., Cupertino, CA, USA) loaded with the SWAY software. Subjects were instructed
to hold the device upright, using both hands to press the face of the device against the mid-point
of their sternum, so that the top of the device was below a line horizontal with the clavicles. All
subjects first completed a familiarization trial, immediately followed by an experimental trial.
Here, a trial is defined as the full completion of the SWAY protocol. Upon completion of each
balance stance, instructions for the next balance stance were given on the device screen. Once all
balance stances were completed, a final balance score ranging from 0-100 was produced and
recorded, with a higher score indicating better balance. The units representing the balance score
are interpretations of the acceleration of deflections within the accelerometers, and are calculated
by undisclosed calculations from Sway Medical LLC. Subjects performed all balance
assessments without shoes.
6.2.7 Data Analysis
Statistical analysis for this study was completed with the use of Statistical Packages for
the Social Science (SPSS) version 21.0 with a level of significance set at α<0.05. A
Kolmogorov-Smirnov test was performed to evaluate the Abbreviated BESS and SWAY scores
for normality of distribution. For SWAY and Abbreviated BESS scores, an Independent Samples
t-Test comparing the mean balance scores of male and female subjects were calculated to
determine if mean balance sex differences exist. A bivariate linear regression model was
performed to determine the slope of coefficient, constant, and standard error of the estimate
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(SEE). Pearson Product Moment Correlation Coefficient (r) was calculated to determine the
degree of correlation between the SWAY balance scores and the Abbreviated BESS scores. The
Coefficient of Determination (r2) was then calculated to determine the amount of shared variance
between the SWAY balance scores and the Abbreviated BESS scores.
6.3 Results
Subject demographic information is presented in Table 6.3. Abbreviated BESS and
SWAY scores were found to be normally distributed. Descriptive statistics for each of the
balance measures are reported in Table 6.4. The mean Abbreviated BESS score was 5.93± 4.45
while the mean SWAY score was 81.79±14.06. Pearson product moment correlation coefficient
(r) was calculated, where a significant negative correlation was found between the Abbreviated
BESS and SWAY scores (r = -0.601, p < 0.0001). The SWAY balance score significantly
predicted the Abbreviated BESS score (p < 0.0001), where SWAY balance accounted for 36.1
percent of the variance observed in the Abbreviated BESS score. A summary of the bivariate
linear regression can be found in Table 6.5 and is illustrated in Figure 6.2.
6.4 Discussion
As technology in consumer electronics has continued to advance, personal electronic
devices such as Smartphone’s, media players, and computers have began to incorporate tri-axial
accelerometers. The incorporation of tri-axial accelerometers allows for the increasing potential
for the use of these personal electronic devices in the biomechanical analysis of balance, posture,
and movement (LeMoyne et al., 2009a; Lemoyne et al., 2010a, 2010b; Lemoyne et al., 2010d;
LeMoyne et al., 2011; Patterson et al., 2011, 2014b). Initial testing has shown that the
accelerometers within mobile consumer electronic devices provide consistent and reliable
outputs (Amick et al., 2013; Patterson et al., 2014b).
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In this study, the SWAY Mobile Application was compared to the Abbreviated BESS assessment
in a sample of NCAA Division I track athletes. The Abbreviated BESS assessment was chosen
because it is a commonly used clinical field assessment which has been recommended for
widespread use in sports (Iverson & Koehle, 2013; McCrory et al., 2009). Additionally,
normative data is available for score comparison (Iverson & Koehle, 2013).

TABLE 6.3
SUBJECT DEMOGRAPHIC INFORMATION
Mean ± SD

Maximum

Minimum

Median

Overall (N=44)
Age (years)
19.59 ± 1.23
23.00
18.00
19.00
Weight (kg)
75.29 ± 15.60
124.40
53.70
72.75
Stature (cm)
174.40 ± 12.78
192.80
116.90
174.70
BMI (kg/m2)
24.88 ± 5.26
45.41
19.08
23.23
3rd Lumbar Vertebrae (cm)
107.35 ± 5.48
120.50
95.60
107.10
Sternal Mid-Point (cm)
132.03 ± 6.19
145.10
119.40
132.08
Male (n=22)
Age (years)
19.77 ± 1.31
23.00
18.00
20.00
Weight (kg)
82.69 ± 15.36
124.40
63.05
77.60
Stature (cm)
182.40 ± 6.48
192.80
172.00
181.25
BMI (kg/m2)
24.82 ± 4.22
35.80
19.79
23.96
rd
3 Lumbar Vertebrae (cm)
110.39 ± 4.99
120.50
104.00
108.75
Sternal Mid-Point (cm)
136.23 ± 4.70
145.10
127.85
135.70
Female (n=22)
Age (years)
19.41 ± 1.14
22.00
18.00
19.00
Weight (kg)
67.89 ± 12.17
102.00
53.70
62.88
Stature (cm)
166.40 ± 12.58
179.10
116.90
168.50
BMI (kg/m2)
24.94 ± 6.24
45.41
19.08
22.45
3rd Lumbar Vertebrae (cm)
104.31 ± 4.14
110.70
95.60
104.40
Sternal Mid-Point (cm)
127.82 ± 4.39
135.75
119.40
127.60
BMI = Body Mass Index, cm = Centimeters, kg = Kilograms, m2 = Meters Squared
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TABLE 6.4
DESCRIPTIVE STATISTICS OF BALANCE MEASURES
Mean ± SD

Maximum

Minimum

Median

Overall (N=44)
SWAY
81.79 ± 14.06
99.60
52.00
85.85
BESS
5.93 ± 4.45
17.00
0.00
5.00
Male (n=22)
SWAY
78.51 ± 15.17
97.80
53.20
85.45
BESS
6.36 ± 4.42
14.00
0.00
6.50
Female (n=22)
SWAY
85.06 ± 12.33
99.60
52.00
89.00
BESS
5.50 ± 4.54
17.00
0.00
4.00
2
BMI = Body Mass Index, cm = Centimeters, kg = Kilograms, m = Meters Squared

TABLE 6.5
SUMMARY OF BIVARIATE LINEAR REGRESSION
Constant
Slope Coefficient
SEE

Value
21.5
-0.19
3.6
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95% Confidence Interval
14.9 - 28.0
-0.27 - -0.11

FIGURE 6.2: SCATTERPLOT OF PREDICTED BESS SCORE AGAINST ACTUAL SWAY
BALANCE SCORE
When comparing Abbreviated BESS scores from this study to the normative data
reported by Iverson and colleagues (Iverson & Koehle, 2013), we find that subjects in this study
performed slightly worse on the assessment than what may be expected. The mean Abbreviated
BESS score for this study was 5.93 (±4.45 errors), whereas normative data indicates the mean
score for adults aged 20-29 years is 2.0 (±2.5). These authors further classify performance on the
assessment as above average (0 errors), broadly normal (1-4 errors), below average (5-6 errors),
poor (7-10 errors), and very poor (11+ errors) (Iverson & Koehle, 2013). Therefore, subjects in
this study would generally be classified as having normal to below average performance.
However, it is indicated that the presented normative data should be considered preliminary and
may not be generalizable to the overall population (Iverson & Koehle, 2013).
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Despite the differences in Abbreviated BESS performance compared to normative data,
the results of this study show a moderate correlation between the SWAY and Abbreviated BESS
assessments which is statistically significant (r = -0.601, p = 0.000). This correlation is negative,
reflecting the scoring paradigm of each of the respective tests. For the Abbreviated BESS
assessment, a test subject begins with a score of zero, and increases as balance perturbations are
observed. In this sense, an increasing score reflects poorer balance. Conversely, the SWAY
assessment scores balance on a scale of zero to 100. During the evaluation, deflections resulting
from balance perturbations are recorded from the tri-axial accelerometer. As the final SWAY
score is produced, a higher score indicates better balance.
The results here are consistent with previously reported work which compared the
SWAY balance assessment protocol to the standard BESS assessment (Patterson, Amick,
Pandya, Hakansson, & Jorgensen, 2014a). Here a sample of non-athlete graduate and
undergraduate students performed the SWAY and BESS in a randomized order. These results
showed that the mean BESS score was 10.4 (±5.98), while the mean SWAY score was 79.62
(±18.28). Additionally, a strong negative correlation, which is statistically significant, was found
between these scores (r = -0.767, p < 0.01) (Patterson et al., 2014a).
While both of these studies have found a significant correlation between the SWAY
assessment and BESS assessment, the strength of associations fall within different levels of
categorical interpretation (Taylor, 1990). With regard to the previous work comparing SWAY to
the standard BESS, the strength of association can be categorized as strong, while the current
study found a moderate association. This may be due to the differences between the standard
BESS and the Abbreviated BESS. The Abbreviated BESS does not utilize the compliant floor
condition as does the standard BESS, therefore a subject’s balance control systems are not
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stressed in the same manner with the two assessments. Comparatively, while the SWAY does not
utilize a compliant floor condition, it does assess subjects balance on both dominant and nondominant legs. Therefore, because subjects are performing more balance tests, five instead of
three, there is more opportunity for a perturbation to occur.
The significant correlation observed between the SWAY and Abbreviated BESS
assessments may indicate the potential for SWAY to be used to assess balance in an athletic
population. The advantage of using the Smartphone based SWAY assessment for measuring
balance is that it is mobile, utilizing mobile communications devices that are readily available,
relatively inexpensive, and easy to use. Additionally, as opposed to many currently used clinical
or field assessments, the SWAY assessment is objective and does not rely on the test
administrators’ clinical knowledge or experience in interpreting a subjects performance to
produce a score.
6.5 Limitations
While the primary finding of this study was that a statistically significant moderate
correlation was found between the SWAY and Abbreviated BESS assessments, caution should
be utilized when generalizing these findings. First, the data were obtained from a sample of
healthy young adults. Therefore, the observed correlation may differ across other populations
such as older adults and those with physical or physiological conditions affecting balance
performance. Additionally, subjects from this sample were all NCAA Division I track athletes.
Therefore, results may not generalize to non-athletes of the same age group.
6.6 Conclusion
Advances in technology have greatly improved the ability to objectively and quantifiably
measure balance through the use of tri-axial accelerometers installed in current off-the-shelf
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mobile consumer electronic devices. The SWAY Mobile Application shows significant
correlation to the Abbreviated BESS, providing medical professionals, physical education
coaches, parents and the athletic community a means to quantifiably assess balance in an
objective manner.
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CHAPTER VII
GENERAL DISCUSSION AND CONCLUSIONS
7.1 Overview
The series of research studies comprising this dissertation focused on evaluating the
reliability of MEMS accelerometers installed in off-the-shelf consumer electronic devices for the
assessment of human standing balance. Throughout this series of studies, subjects balance was
assessed utilizing a number of different balance assessment protocols. These included the
Abbreviated BESS, BIODEX Balance System SD, and the SWAY Balance Mobile Application
software. SWAY Balance is a mobile device application software which accesses the MEMS triaxial accelerometer output of the device within which it is installed, to measure balance through
a series of balance tests. It is the deflections of the tri-axial accelerometer recorded during each
SWAY balance trial which are used to calculate a balance score. In this series of studies, an
Apple iPOD Touch loaded with the SWAY software was used for the balance assessments.
The overall purpose of this study was to investigate the use of MEMS accelerometers
found in mobile consumer electronic devices for the quantitative evaluation of human standing
balance. Specifically, the purpose of this study was threefold. First, this study sought to
determine the reliability of the SWAY Balance Mobile Application balance assessment. Second,
this study sought to determine the relationship between balance scores concurrently obtained
from the SWAY Balance Mobile Application and a validated objective laboratory and clinically
based assessment method. Finally, this study sought to determine the relationship between the
SWAY Balance Mobile Application score compared to a commonly used functional assessment
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method which utilizes subjective scoring criteria. Based upon the information found in the
review of literature, as well as that obtained from previous work and pilot studies, the following
research hypotheses were derived:
Hypothesis 1: The SWAY Balance Mobile Application scores will yield consistent and
reliable balance scores for the assessment of human standing balance.
Hypothesis 2: The SWAY Balance Mobile Application balance scores will show a significant
association with the Athlete Single Leg Stance test OSI scores performed on
the BIODEX Balance System SD.
Hypothesis 3: The SWAY Balance Mobile Application balance scores will show a significant
association with the Abbreviated BESS assessment scores when scored by an
experienced evaluator.
7.2 Major Findings
The major findings from this dissertation are that MEMS tri-axial accelerometers
installed in off-the-shelf consumer electronic devices are capable of providing a reliable method
for assessing human standing balance when using the SWAY Balance Mobile Application
protocol. Answers to each of the specific research questions are discussed below.
7.2.1 Research Question 1: Does the SWAY Balance Mobile Application provide a
consistent and reliable output for the assessment of human standing balance?
Results of this dissertation indicate that the MEMS tri-axial accelerometers installed in
Apple iPod Touch do provide a consistent and reliable output for the assessment of human
standing balance when utilizing the SWAY Balance Mobile Application. As discussed in
sections 4.4.1 and 4.4.2, the intersession and intrasession ICC values ranged from good to
excellent with a low SEM, suggesting that the assessment is reliable with low trial-to-trial noise
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(Vincent & Weir, 2012). Additionally, the MD and %CV were relatively low, indicating that the
balance score must change by approximately 15, or about 6%, to be considered a real change in
balance.
However, when taking into account the differences observed between trials performed on
the same day, it may be possible to improve the reliability of SWAY through methodological
considerations. This would primarily include having subjects perform a familiarization trial at
the beginning of each testing session, as opposed to only doing so prior to the initial assessments.
The recommendation for administering a familiarization trial is consistent not only with previous
work investigating SWAY, but also with previous work where motor skills are assessed (Evans
et al., 1997; Goldie, Matyas, Spencer, & McGinley, 1990; Patterson et al., 2014b; Rohleder,
2012).
7.2.2 Research Question 2: What is the association between the SWAY Balance Mobile
Application balance score and the laboratory and clinically based BIODEX Balance
System SD?
When comparing the SWAY Balance and BIODEX protocols, we see that there is a
negative low correlation which is statistically significant (r = -0.407, p = 0.003). While
statistically significant, the low correlation may be a result of the different ways by which the
two assessments assess balance. While the BIODEX may appear to measure balance in a manner
similar to that of force plate systems, the Athlete Single Leg Stability protocol calls for the
platform to be unlocked and free to move about any axis. Therefore, instead of measuring
balance in terms of center of pressure deviations during a static floor condition, such as a force
plate system, BIODEX assesses balance by measuring the degree of platform tilt during a
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dynamic floor condition. Therefore, the BIODEX may provide balance information that is more
specific to ankle joint movement than to overall balance performance (Arnold & Schmitz, 1998).
Conversely, the SWAY protocol utilizes deflections of a tri-axial accelerometer placed at
chest level to assess balance through a series of balance tests. The balance tests progress from a
more stable stance to less stable stance and include assessing both dominant and non-dominant
legs. A composite balance score is calculated from the acclerometric deflections that occur
during the entire assessment. In this sense, by having the accelerometer record above the center
of mass through a series of balance tests, balance is being assessed in multiple stances, each
requiring a different postural control strategy to maintain upright stance. Therefore, the balance
score generated by SWAY may provide an overall representation of the subject’s ability to
balance.
Overall these results are consistent with those found in earlier work completed during the
SWAY developmental process (Rohleder, 2012). Here, balance was concurrently assessed using
an iPod loaded with the SWAY software and the BIODEX Balance System SD. Subjects
performed multiple balance stances on both firm and compliant floor conditions. Balance stances
included bipedal standing with eyes open, bipedal standing with eyes closed, single leg standing
with eyes open and single leg standing with eyes closed. While a correlational analysis was not
performed, results of this study consistently show that both SWAY and BIODEX scores
increased with more unstable balance stances. However they do not necessarily increase to the
same degree (Rohleder, 2012). And as discussed above, this may result due to the differences in
how the SWAY and BIODEX systems assess balance. It may additionally result due to the
limitations of the study. First, as the SWAY software was still in development, only
accelerations in the anterior-posterior direction were analyzed. This limits the potential to fully
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compare the data obtained from SWAY to that from BIODEX. Second, the SWAY scoring
paradigm had not yet been fully developed. And lastly, the BIODEX platform was in a locked
position.
7.2.3 Research Question 3: What is the association between the SWAY Mobile Application
balance score and the commonly used BESS assessment?
The results of this study show a moderate correlation between the SWAY and
Abbreviated BESS assessments which is statistically significant (r = -0.601, p < 0.0001). The
results here are consistent with previously reported work which compared the SWAY balance
assessment protocol to the standard BESS assessment (Patterson et al., 2014a). Here a sample of
non-athlete graduate and undergraduate students performed the SWAY and BESS in a
randomized order. These results showed that the mean BESS score was 10.4±5.98, while the
mean SWAY score was 79.62±18.28. Additionally, a strong negative correlation, which is
statistically significant, was found between these assessment methods (r = -0.767, p < 0.01)
(Patterson et al., 2014a).
While both of these studies have found a significant correlation between the SWAY
assessment and BESS assessment, the strength of associations fall within different levels of
categorical interpretation (Taylor, 1990). With regard to the previous work comparing SWAY to
the standard BESS (Patterson et al., 2014a), the strength of association can be categorized as
strong, while the current study found a moderate association. This may be due to the differences
between the standard BESS and the Abbreviated BESS. The Abbreviated BESS does not utilize
the compliant floor condition as does the standard BESS, therefore a subject’s balance control
systems are not stressed in the same manner with the two assessments (Iverson & Koehle, 2013).
Comparatively, while the SWAY does not utilize a compliant floor condition, it does assess
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subjects balance on both dominant and non-dominant legs. Therefore, because subjects are
performing more balance tests, five instead of three, there is more opportunity for a perturbation
to occur.
7.3 Utilization of mobile consumer electronics devices in clinical settings
Human balance is a complex and multi-dimensional process which allows for the
maintenance of a specific posture, or postures, while executing any number of different tasks.
These tasks can vary from simple activities of daily living such as sitting upright or static
standing, to more complex skilled activities executed while performing work duties or
recreational activities. Our ability to perform this wide range of activities is dependent upon our
capacity to coordinate and control various components of multiple intrinsic systems which
contribute to the process of maintaining balance (Rose, 2005). These include biomechanical,
motor, and sensory components which are further influenced by task demands, environmental
constraints, and individual capabilities (Berg, 1989a; Horak, 1987; Horak, 2006; Rose, 2005;
Shumway-Cook & Woollacott, 2001).
As balance has been identified as a chief component in maintaining mobility, performing
activities of daily living, and falls prevention, the assessment of balance is an important tool in
identifying those with balance impairments (Berg & Norman, 1996; Campbell, Reinken, Allan,
& Martinez, 1981). In clinical settings, functional assessments are typically used to assess
balance. The primary benefit of many of these assessment methods is that they are free of cost,
easy to administer, and do not requires any specialized equipment. Ultimately, this helps to keep
overall treatment costs down in that clinicians can perform these assessments without expensive
specialized equipment. However, functional assessment methods have a number of limitations. A
primary limitation of this assessment type is that their methods generally utilize subjective
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scoring criteria, relying on the clinical knowledge and experience of the evaluator to determine a
patient’s functional status. This reliance on subjective criteria can introduce a number of types of
error into the evaluation process, including those which originate from the patient, the clinician,
and/or from the assessment method itself. And this overreliance of subjective scoring criteria
may yield results which are limited with regard to their real value, especially from a research
perspective (Jette, 1989).
Conversely, to reduce the potential error inherent in subjective assessments, a number of
objective balance assessment methods are available. Objective assessments typically utilize
laboratory type equipment which quantitatively measures the characteristics of a patient’s task
performance. Here, a patients balance can be objectively and quantitatively measured and
compared to normative values, as opposed to drawing conclusions based upon an opinion of the
patient’s performance. The gold standard assessment objective balance assessment method
utilizes a force plate. However, alternative and more cost efficient methods have been developed,
including the use of accelerometers. And while force plates and accelerometers measure posture
characteristics differently, they both provide data which can be quantitatively analyzed.
However, limitations of objective assessment techniques are that they typically require
specialized equipment which may be expensive and lack portability. Additionally, data collected
during the evaluation may require processing techniques which tend to be complex and require
specialized training. These factors, cost and complexity, have traditionally prohibited the use of
objective balance assessment equipment and methods in clinical and field settings.
Recently, advances in mobile consumer electronics technology has significantly changed
the way business is conducted in many different industries, including healthcare. This is due to
the capabilities of devices such as smartphones, which incorporate sensors such as

175

accelerometers, gyroscopes, cameras, global positioning systems (GPS), magnetometers, and
microphones with increasingly efficient operating systems, microprocessors, and batteries
(Mellone et al., 2012; Ozdalga, Ozdalga, & Ahuja, 2012). Within the healthcare field, these
advancements have allowed for an increasingly prominent role of consumer electronic devices in
patient monitoring, diagnostics, communication, and medical education (Ozdalga et al., 2012).
The benefit of these devices is that they are affordable and don’t necessarily require any
specialized equipment beyond the device within which they are installed.
Of specific interest here is the application of mobile consumer electronic devices in the
role of patient care and monitoring. For this purpose, a number of different smartphone based
applications have been developed utilizing the various sensors installed in these devices. The
iWander application has been developed which utilizes GPS to continuously monitor patients
with dementia and/or Alzheimer disease. Here, if a patient appears to have uncharacteristically
left home, the phones communications functions can be utilized to notify caregivers (Sposaro,
Danielson, & Tyson, 2010). Smartphone based technology has also been evaluated for use in
monitoring patients in cardiac and stroke rehabilitation programs (Edgar, Swyka, Fulk, &
Sazonov, 2010; Worringham, Rojek, & Stewart, 2011), as well as at home monitoring of those
with sleep apnea (Bsoul, Minn, & Tamil, 2011), diabetes (Harvey, Woodward, Datta, &
Mulvaney, 2011), and mental disorders (Puiatti, Mudda, Giordano, & Mayora, 2011).
As discussed in section 2.5.3.4, advances in MEMS accelerometers installed in off-theshelf consumer electronic devices have also demonstrated the capability to provide patient
monitoring functions by allowing for the same type of movement analysis data as traditional
accelerometers. This technology has allowed for the development of a number of different
balance assessment, falls detection, and activity recognition tools which could potentially be
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available for use in clinical settings (Galán-Mercant & Cuesta-Vargas, 2014; Guimarães et al.,
2012; Lee & Carlisle, 2011; Mellone et al., 2012; Nishiguchi et al., 2012; Patterson et al., 2014a;
Patterson et al., 2014b; Rigoberto, Toshiyo, & Masaki, 2010; Yamada et al., 2012).
However, despite the increasing potential, availability, and access of mobile device
applications which provide patient monitoring functions, caution should be exercised when
utilizing these systems. This is because the development and application of these assessments are
unregulated by governing and/or standards agencies such as the U.S. Food and Drug
Administration (FDA), with developers being unverified sources of clinical diagnostic
information (Franko, 2012). Additionally, the degree and quality of reliability and validity
testing varies greatly among these systems (Ozdalga et al., 2012). With regard to balance, gait,
and falls, when considering the development of an assessment, a number of guidelines have been
developed. These guidelines state that the measurement tool should be quantitative, provide
normative values for comparison, reflect the subject’s functional capabilities, be sensitive to
abnormalities in postural control, be valid and reliable, as well as be inexpensive and easy to use
(Horak, 1987).
One such device application which meets many of these criteria is the SWAY Balance
Mobile Assessment. As discussed in section 2.5.3.4, SWAY is a mobile device software
application which, when installed on a mobile consumer electronic device, accesses the MEMS
tri-axial accelerometer output to assess balance through a series of balance tests. Deflections of
the tri-axial accelerometer are recorded throughout five balance test stances and utilized to
calculate a final balance score. The results of this dissertation suggest that the SWAY Balance
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Mobile Application may have the potential to meet the criteria outlined by Horak (1987).
Additionally to date, SWAY is the first, and only, balance assessment device to gain approval
from the FDA.
First, SWAY is a quantitative balance assessment. As the mobile electronics device is
held against the chest during the balance stances, deflections of the tri-axial accelerometer are
recorded and utilized to calculate a final balance score. This score can then be used by the
clinician in determining the subject’s functional status, as well as documenting changes in
performance. Second, the SWAY protocol reflects the subject’s capabilities in that the balance
stances progress from stable to increasingly unstable. In this way, the subject’s functional
capabilities are able to be determined by exposing them to different balance stances which
require different control strategies to maintain.
Third, a growing body of evidences is beginning to show that MEMS tri-axial
accelerometers, along with the SWAY Balance Mobile Application, are valid and reliable. In
previous work we have shown that the tri-axial accelerometer installed within iPod touch devices
demonstrated highly consistent sensitivity (Amick et al., 2013), and as discussed in Chapter 4 of
this dissertation, the SWAY Balance Mobile Application software has demonstrated excellent
intersession and intrasession reliability. Additionally, as discussed in Chapters 5 and 6 of this
dissertation, concurrent validity was determined by comparing the SWAY balance score to two
commonly used balance assessment methods, one a functional assessment and the other an
objective instrumented device. When compared to the functional assessment method, a moderate
correlation was found which was statistically significant. However, when compared to the

178

objective instrumented device, a low correlation was found, although this was statistically
significant. This low correlation may result due to the differences in how the two methods
measure balance.
Fourth, while formal usability studies have not been completed, throughout multiple
investigations and pilot studies, both test administrators and test subjects have reported the
SWAY Balance Mobile Application as being easy to use, and quick to administer (Patterson et
al., 2014a; Patterson et al., 2011, 2014b). Both text and illustrated instructions are provided on
the device screen prior to beginning each balance trial, and aural tones indicate the beginning and
end of each trial. Additionally, in total, the time required to administer the assessment is less than
one minute. This is significantly less time than what is required by many functional assessments
currently utilized in clinical practice.
Lastly, the SWAY assessment is relatively inexpensive and does not require any special
equipment beyond the electronic device in which it is installed. Currently, SWAY has only been
assessed utilizing the Apple, Inc. iPhone and iPod touch devices. One advantage of using these
devices for measuring balance is that they are easy to use, relatively inexpensive, and are readily
available. And while a cost is associated with acquiring these devices, they can be purchased for
less than $200.00, depending on available memory options. This is considerably less expensive
than other instrumented measurement devices which can cost in excess of $10,000.00 (U.S.
Dollars).
An additional benefit of SWAY is that it is an objective measurement. This is an
important consideration when choosing an appropriate functional assessment. As discussed in
section 2.4, CMS has changed how outpatient therapy service providers evaluate and report
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patient functional limitations, requiring clinicians to utilize objective evaluations when assessing
a patient. The objective nature of SWAY may reduce the amount of error to which many
common functional assessments are subject.
However, the SWAY Balance Mobile Application does not yet fully meet the criteria
described above (Horak, 1987). We have yet to establish normative data for a number of
different sub-populations including adolescent, older adult, and those populations with disease or
disability affecting balance. Additionally, as discussed in section 4.4.1, while the minimum
change to be considered real was determined, it is unclear if this value provides sufficient
sensitivity to accurately detect balance abnormalities. Furthermore, these studies did not consider
anthropometric variables which may affect balance including subject height and weight. This
potential effect was not evaluated as none of the balance assessment methods presented here,
SWAY, BIODEX Athlete Single Leg Stance, and BESS consider height or weight in the
production of a balance score. However, conflict does exist within the literature with regard to
the effects of height and weight on postural SWAY (Ekdahl, Jarnlo, & Andersson, 1989; Era &
Heikkinen, 1985; Kejonen, Kauranen, & Vanharanta, 2003; Sugano & Takeya, 1970). These
limitations continue to be addressed through ongoing research.
Despite these limitations, the SWAY Balance Mobile Application addresses the
limitations of both commonly utilized functional assessments and instrumented objective
assessments. SWAY provides an objective and quantitative evaluation of a subject’s balance,
limiting subjective bias. It requires less than one minute to administer, limiting time and clinical
schedule constraints. It is cost effective, requiring only the purchase of an electronic device
capable of running the SWAY software. It is small and portable, and does not require a large
amount of clinical space to store and operate. And lastly, it does not require complex data
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processing techniques. For these reasons, along with FDA approval, SWAY may provide a new
method for assessing a patient’s functional limitations in a fast, quantitative, and clinically
meaningful way while also meeting functional limitations reporting requirements set forth by
CMS.
7.4 Conclusions
The main conclusions found in this research are summarized below.
1. MEMS accelerometers installed in the Apple iPod Touch provide consistent and
reliable balance scores when utilizing the SWAY Balance Mobile Application.
2. The SWAY Balance Mobile Application demonstrates good to excellent intersession
reliability.
3. The SWAY Balance Mobile Application demonstrates good to excellent intrasession
reliability.
4. The SWAY Balance Mobile Application demonstrates a low but significant
correlation with the BIODEX Balance System SD Athlete Single Leg Stance
protocol.
5. The SWAY Balance Mobile Application demonstrates a moderate and statistically
significant correlation with the Abbreviated BESS.
7.5 Recommendations for future work
Based upon the results of the studies which comprise this dissertation, it is suggested that
studies be completed to answer the following research questions:
1. Is the SWAY Balance Mobile Application sufficiently sensitive to detect abnormalities in
postural control?
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2. What is the clinical acceptance of the SWAY Balance Mobile Application as a clinical
balance assessment tool as determined by medical service providers?
3. Does the SWAY Balance Mobile Application provide a consistent and reliable output for
the assessment of human standing balance when utilizing mobile consumer electronic
devices with Android based operating systems?
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