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Cathleen Brown Crowell
Exercise programs that are individualized and moderately challenge balance
to address falls risk factors are recommended for preventing falls in communitydwelling older adults. Little is known regarding the biomechanical and postural
control demands in exercises commonly performed in falls prevention programs.
Twenty-two non-sedentary, healthy older adults (11 men, 11 women, mean age 69 ±
5 years) performed 5 standing exercises (hip abduction (HA), side step (SS), squat
(SQ), forward lunge (FL), and side lunge (SL)) commonly performed in efficacious
falls prevention programs. A biomechanical analysis of the dominant limb was
performed using motion-capture and kinetic data to calculate peak joint angles and
peak net joint moments, peak power and total work at the ankle, knee and hip in
multiple planes. Center of pressure (CoP) measures of mean time-to-boundary
(TTB), mean velocity, path length, and 95% confidence ellipse area were also
analyzed during performance of the SS and HA exercises.
Significant differences and some degree of ranking in characteristics of
biomechanical demand was found along with significant differences in characteristics

of postural control demand between the SS and HA. Greater joint angles at the ankle,
knee and hip were generally found during the SQ exercise. The FL demonstrated
characteristics of greater hip extension demand while the SL demonstrated greater
knee extension moment. The SS and HA exercises generally demonstrated greater or
similar demand to other exercises in sagittal plane ankle and frontal plane hip
kinetics. Differences in characteristics of postural control were found between the
HA and SS exercises. Study findings suggest the SS exercise provided greater
challenge to postural stability in the AP direction while the HA moved the CoP to a
greater extent and provided greater challenge to postural control in the ML direction
than the SS.
Varying lower extremity joint angles, kinetics, and characteristics of postural
control found during performance of the selected exercises suggest that combinations
of these exercises may assist clinicians in tailoring exercise programs. Our results
also suggest that postural control demand in the SS and HA may be similar to balance
activities often included in falls prevention programs. Thus, clinicians may address
falls risk factors related to mobility and balance deficits in older adults by including
the selected exercises in a fall prevention program.
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CHAPTER 1: GENERAL INTRODUCTION

Falls are a major public health concern because they are a leading cause of
fatal and nonfatal injuries in adults who are at least 65 years of age, and the incidence
of falls is only expected to increase in our aging society without intervention (Bergen,
Stevens, and Burns, 2016; Centers for Disease Control, 2016; Maki and McIlroy,
2005; World Health Organization, 2007). Fall death rates in older adults have
increased 30% in the United States between 2007 and 2016, and if rates continue to
rise, projections estimate seven deaths every hour by 2030 (Burns and Kakara, 2018;
Centers for Disease Control, 2017). Approximately 30% of older adults fall annually
and falls are associated with a doubling of fall risk, fear of falling, reduced activity
levels, greater likelihood of nursing home admittance, and greater morbidity
(American Geriatrics Society, 2010; Bergen, Stevens, and Burns, 2016; Blake et al.,
1988; Centers for Disease Control, 2017; Morgan et al., 2004; World Health
Organization, 2007). In addition to the potentially devastating personal consequences
associated with falls, societal costs are also high due to 50 billion dollars in fall
related medical costs within a single year in the United States (Centers for Disease
Control, 2017; Florence et al., 2018). Because of the personal and economic hardship
due to falls in a population that is projected to increase from 49.2 million in 2016 to
73.1 million people by 2030 in the United States, prevention must remain a public
health priority (Vespa, Armstrong, and Medina, 2018).
Falls risk involves a complex interplay of multiple factors (Campbell, Borrie
and Spears, 1989; Centers for Disease Control, 2016 and 2017; Chang and Ganz,
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2007; Gehlsen and Whaley, 1990; Lord, Ward, Williams, and Antsey, 1994; Tinetti,
Speechley, and Ginter, 1988; Tinetti and Kumar, 2010; Rose and Hernandez, 2010).
At least 60% of falls in community-dwelling older adults occur due to a combination
of multiple risk factors, rather than any single risk factor (Rose and Hernandez,
2010). Falls risk factors include difficulty with walking, maintaining balance, and
functional mobility, lower body weakness, cognitive impairment, vitamin D
deficiency, vision impairments, and taking certain medications, such as tranquilizers,
sedatives, and antidepressants (Ambrose, Paul, and Hausdorff, 2013; Centers for
Disease Control, 2016, 2017; Marques et al., 2013; Robbins et al., 1989; Tinetti,
Speechley, and Ginter, 1988; Tromp et al., 2001; World Health Organization, 2007).
Additional risk factors include slow reaction time and poor proprioception, sense of
vibration, and flexibility (Gehlsen and Whaley, 1990; Lord, Ward, Williams, and
Anstey, 1994; Tinetti, Speechley, and Ginter, 1988). Fall risk increases with age and
level of frailty, with the greatest risk in adults over the age of 85, and nonfatal fall
rates are higher in women while fatal fall rates are higher in men (American
Geriatrics Society, 2010; Bergens, Stevens, and Burns, 2016; Burns and Kakara,
2018; Centers for Disease control, 2016; World Health Organization, 2007).
Interventions aimed to decrease falls risk in older adults currently include
medication management, vision assessment, vitamin D supplementation,
environmental modifications, and performing strength and balance exercises
(American Geriatrics Society, 2010; Centers for Disease Control and Prevention,
2017). Exercise programs, as a single intervention or part of a multifactorial falls
prevention program, are widely supported as efficacious in prospectively reducing
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number of falls, fall rates, and rates of injury from falls in community-dwelling older
adults with and without a history of falls (Beling and Roller; 2009; Chang et al.,
2004; El-Khoury, Cassou, Charles, and Dargent-Molina, 2013; Gillespie et al., 2012;
Guirguis-Blake, et al., 2018; Robertson et al., 2002; Rose and Hernandez, 2010;
Stubbs, Brefka, and Denkinger, 2015; Sherrington et al., 2016; Weerdesteyn et al.,
2006). In a recent and updated systematic review of the effect of exercise on fall
rates, a 21% reduction as a pooled estimate was found in community-dwelling older
adults (Sherrington et al., 2016). A greater 39% reduction in fall rates was found
when highly challenging balance exercises were included and when exercise
programs were performed 3 or more hours per week (Sherrington et al., 2016).
Benefits of exercise programs are not limited to fall rates. Exercise programs
have shown to improve lower extremity strength and power, functional mobility,
walking ability, obstacle negotiation, balance, and quality of life (Avelar et al, 2016;
Brown, Ni, Schmidt, and Bean, 2017; Delbaere et al., 2006; DiBrezzo et al., 2005;
Jacobson et al., 2011; LaCroix et al., 2016; Lamoureux, Sparrow, Murphy, and
Newton, 2003; Liu-Ambrose et al., 2004; Oddsson, Boissy, and Melzer, 2007). Less
fear of falling and dependence with daily activities has also been shown following
exercise programs, further supporting the impact exercise programs can have in
preventing the profound consequences of falls in older adults (Cyarto et al., 2008;
Delbaere et al., 2006; Yeung, Chan, and Woo, 2015).
Clinical practice guidelines developed by experts in areas such as physical
therapy, orthopedics, occupational therapy, nursing, geriatrics, pharmacy, emergency
medicine and home care currently recommend exercise to prevent falls in
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community-dwelling older adults (American Geriatrics Society, 2010; Avin et al.
2015; Moyer, 2012). The 2010 Summary of the Updated American Geriatrics
Society/British Geriatrics Society Clinical Practice Guideline for Prevention of Falls
in Older Persons states, “All multifactorial interventions for community-residing
older people should have an exercise component (American Geriatrics Society,
2010).” Exercise programs are recommended to specifically include strength,
balance, coordination, and gait training, as well as training in activities of daily living
by a qualified professional in either group or individual settings (American Geriatrics
Society, 2010; Avin et al. 2015; Guirguis-Blake, et al., 2018; Moyer, 2012).
Specificity and intensity of exercise is important for falls prevention and
practice guidelines recommend tailored exercises of moderate intensity to address
individual falls risk factors (Avin et al., 2015; Garber et al., 2011; Longson et al.
2013; Moreland et al., 2003; Moyer et al., 2012; Skelton and Dinan, 1999). Generic
exercise that does not specifically address falls risk factors or is of low intensity is
currently not recommended due to insufficient evidence of its effectiveness (Avin et
al., 2015; Longson et al. 2013; Sherrington et al., 2016). Progression and adjustment
of exercises based on reassessments of abilities and impairments is also important for
falls prevention (American Geriatrics Society, 2010; Avin et al., 2015; Barnett et al.,
2003; Campbell et al., 1997; Clemson et al., 2012; Gardner, Buchner, Robertson, and
Campbell, 2001; Gschwind et al., 2013; Liu-Ambrose et al., 2004; Sherrington et al.,
2016; Skelton and Dinan, 1999; Skelton et al., 2005). Exercise prescription and
progression decisions are based on a variety of factors, such as baseline physical
abilities and health status, subjective feedback on tolerance and preference,
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observation of movement quality, and even 1-repetition maximum estimates
(Delbaere et al., 2006; Gardner et al., 2001; Olson, Chen, and Wang, 2011; Schot,
Knutzen, Poole and Mrotek, 2003; Skelton and Dinan, 1999; Teixeira et al., 2013;
Zaleski et al., 2016). Exercises can be progressed in a variety of ways, such as
reducing the base of support and the use of upper extremities for support, increasing
reaching distance, altering stepping characteristics, and adding resistance with
exercises (Gschwind et al., 2013; LaCroix et al., 2016; Narita et al., 2015;
Sherrington and Tiedemann, 2015).
Exercises often included in effective falls prevention programs target lower
extremity muscles such as the hip and knee extensors, hip abductors, and ankle
plantar flexors and dorsiflexors due to their importance in functional movements and
balance recovery (Campbell, Borrie, and Spears, 1989; Gardner et al., 2001; Maki
and McIlroy, 2006; Nevitt, Cumming, Kidd, and Black, 1989; Schott et al., 2003;
Tinetti, Speechley, and Ginter, 1988). The exercises are often performed while
standing because it is thought to challenge balance and strength (Gardner, Buchner,
Robertson, and Campbell, 2001). Maintaining functional mobility and balance is
important for falls prevention, since fallers have shown impairments in functional
movements such as standing up from a chair, walking, and bending over when
compared to non-fallers (Campbell, Borrie, and Spears, 1989; Nevitt et al., 1989;
O’Loughlin, Robitaille, Bolvin, and Suissa, 1993; Tinetti, Speechley, and Ginter,
1988). Fallers have also demonstrated less stability and limb control when stepping to
prevent a fall (Pavol and Pai, 2007; Pavol, Runtz and Pai, 2004). Exercises that
utilize the lower extremities and resemble functional movements are often included in
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effective falls prevention programs designed to improve strength and balance, and
include squats, walking sideways, standing one limb while moving the other, and
lunges (Barnett et al., 2003; Campbell et al., 1997; Delbaere et al., 2006; Hirase et al.,
2015; Liu-Ambrose et al., 2004; Lord et al., 2005; Skelton, Dinan, Campbell, and
Rutherford, 2005; Suzuki et al., 2004).
Though best practice exercise programs for falls prevention are successful in
reducing falls in older adults, falls prevalence remains high and rates of deaths from
falls have increased since 2007 (Bergen, Stevens, and Burns, 2016; Burns and
Kakara, 2018; Centers for Disease Control, 2016; World Health Organization, 2007).
Because of this, research efforts must continue to improve evidence-based
recommendations for falls prevention. Particular attention should be given to
improving exercise programs since certain characteristics, such as inclusion of highly
challenging balance exercises and participation for 3 or more hours per week, have
shown greater effects on reducing fall rates (Sherrington et al., 2016). Differing
reductions in falls rates based on exercise characteristics suggests a potential for even
greater reduction in falls than currently observed with recommended exercise
interventions (American Geriatrics Society, 2010; Avin et al., 2015; Centers for
Disease Control, 2017; Sherrington et al., 2016).
Current practice guidelines recommend customized and progressive exercise
programs that address specific impairments related to falls risk; however, there is
little information related to mechanical and postural demands of available exercises to
allow for best matching of the exercises to individual abilities, impairments and needs
(Flanagan et al., 2003, 2004, 2005; Kuo, Kao, Chen, and Hong, 2011; LaPier et al.,
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1996; Wang et al., 2003; Wang et al., 2013). Such information would provide
evidence-based guidance regarding the optimization of exercise selection,
combination, and progression important for achieving maximal falls reduction with
exercises that are commonly performed for falls prevention (Avin et al., 2013; Garber
et al., 2011; Gschwind et al., 2013; LaCroix et al., 2016; Longson, et al., 2013;
Moreland et al., 2003; Moyer et al., 2012; Narita et al., 2015; Sherrington and
Tiedemann, 2015; Sherrington et al., 2016; Skelton and Dinan, 1999). Information
on the demands of various exercises would also help minimize the risk of overloading
muscles and joints and avoid redundancies in exercises while ensuring older adults
are challenged sufficiently (Wang et al., 2013).
Biomechanical analyses of some exercises have been performed on older
adults, usually involving the comparison of variations of a single exercise, such as
different types of lunges or squats, or heel raises performed with varying amounts of
resistance (Flanagan et al., 2003; Flanagan, et al., 2004; Flanagan et al., 2005; Mercer
et al., 2009; Novak, Li, Yang and Brouwer, 2011; Reeves et al., 2008; Reid et al.,
2011; Samuel, D., Rowe, P., Hood, V., and Nicol, A., 2011; Wang et al., 2003).
Characteristics of postural control during exercises in falls prevention programs have
also been investigated to some extent in older adults who performed reaching,
throwing, stepping, turning, or static stance activities (da Silva et al., 2013;
Hernandez, Ashton-Miller, and Alexander, 2013; Hurt and Grabiner, 2015; Kuo et al.,
2011; LaPier et al., 1996; Shin and Yoo, 2015, 2016; Tsang et al., 2013). However,
characterization and comparisons of the mechanical demands of multiple exercises in
falls prevention programs, rather than variations of an exercise, and postural control
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demands in dynamic exercises such as a side step and hip abduction exercise, are
largely absent (Pfeiffer, Zhang and Milner, 2014; Samuel, Rowe, and Nicol, 2013).
The goal of this study was to provide evidence-based guidance to clinicians
for optimal tailoring of exercise prescription and progression to individual needs and
abilities. The purpose of this dissertation was to determine the extent to which 1) the
mechanical demands on the lower extremities and 2) the characteristics of postural
control differ during a selection of standing exercises commonly performed by older
adults in effective falls prevention programs. The central hypothesis for this study
was that characteristics of mechanical demand on the lower extremities and postural
control would differ between exercises and an indication of a range of increasing
demand would be demonstrated among characteristics of mechanical demand. The
following aims tested this central hypothesis:
Aim #1: Determine the extent to which the lower extremity kinematics and
kinetics differ during performance of standing exercises commonly performed
by older adults in falls prevention programs. The working hypotheses for this aim
were a) maximum ankle plantar flexion, knee flexion, and hip flexion angles will
differ in magnitude between exercises performed and a ranked order of magnitude
will be observed b) maximum net joint moments at the ankle, knee, and hip will differ
in magnitude between exercises performed and a ranked order of magnitude will be
observed c) maximum power at the ankle, knee, and hip will differ in magnitude
between exercises performed and a ranked order of magnitude will be observed, and
d) total work will differ in magnitude between exercises performed and a ranked
order of magnitude will be observed.
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Aim #2: Determine the extent to which characteristics of postural stability differ
between side step and hip abduction standing exercises commonly performed by
older adults in falls prevention programs. The working hypotheses for this aim
were: a) the center of pressure average velocity in the anteroposterior and
mediolateral directions will differ in magnitude between exercises b) the center of
pressure 95% confidence ellipse area will differ in magnitude between exercises, and
c) the center of pressure path length will differ in magnitude between exercises, and
d) the mean time-to-boundary minima in the anteroposterior will differ in magnitude
between exercises, and e) the mean time-to-boundary minima in the mediolateral
direction will differ in magnitude between exercises. Greater values of center of
pressure measures were considered suggestive of decreased ability to maintain
postural control and indicate a potentially greater challenge to stability by the
exercise. Smaller values of mean time-to-boundary minima were considered
suggestive of decreased ability to maintain postural control and indicated a greater
challenge to stability by the exercise.

9

CHAPTER 2: BIOMECHANICAL DEMANDS OF EXERCISES
COMMONLY PERFORMED BY OLDER ADULTS IN FALLS
PREVENTION PROGRAMS
Abstract:
Background: Exercise programs that are tailored, challenging and progressed to
address risk factors are recommended for preventing falls in community-dwelling
older adults. Little is known about the biomechanical demands of exercises
commonly performed in falls prevention programs needed to support exercise
inclusion and combination for addressing various falls risk factors. Methods:
Twenty-two non-sedentary, healthy older adults (11 men, 11 women, mean age 69 ±
5 years) performed 5 standing exercises (hip abduction (HA), side step (SS), squat
(SQ), forward lunge (FL), and side lunge (SL)) commonly performed in efficacious
falls prevention programs. A biomechanical analysis of the dominant limb was
performed using kinematic and kinetic data to calculate peak joint angles and peak
net joint moments, peak power, and total work at the ankle, knee and hip in multiple
planes. Findings: Greater joint angles at the ankle, knee and hip were generally found
during the SQ exercise, though SQ kinetics suggest less plantar flexion and hip
abduction demand compared to other selected exercises. The FL generally
demonstrated characteristics of greater hip extension demand and the SL
demonstrated greater knee extension and plantar flexion moments than the other
exercises. Lastly, the SS and HA exercises generally demonstrated greater or similar
demand to other exercises in sagittal plane ankle and frontal plane hip kinetics.
Interpretation: Varying lower extremity kinematics and kinetics experienced during
performance of the selected exercises in this study suggest that combinations of these
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exercises matched to individual abilities may assist clinicians in comprehensively
addressing falls risk factors.
Introduction
Falls are a major public health concern because they are a leading cause of
fatal and nonfatal injuries in adults who are at least 65 years of age (Bergen, Stevens,
and Burns, 2016; Centers for Disease Control, 2016; World Health Organization,
2007). Approximately 30% of older adults fall annually and falls are associated with
greater fall risk, fear of falling, reduced activity levels, greater likelihood of nursing
home admittance, and greater morbidity (American Geriatrics Society, 2010; Bergen,
Stevens, and Burns, 2016; Centers for Disease Control, 2017). Falls are also
associated with 50 billion dollars in medical costs within a single year in the United
States (Centers for Disease Control, 2017; Florence et al., 2018).
Exercise programs are widely supported for falls prevention in communitydwelling older adults (Guirguis-Blake, et al., 2018; Sherrington et al., 2016).
Recommended components of exercise programs include strength, balance,
coordination, and gait training, as well as training in activities of daily living to
address risk factors for falls such as impaired mobility, balance, endurance, and lower
extremity strength and power (American Geriatrics Society, 2010; Avin et al. 2015;
Chang and Ganz, 2007; Guirguis-Blake, et al., 2018; LaCroix et al., 2016;
Sherrington and Tiedemann, 2015; Moyer, 2012). Efficacious falls prevention
programs are often prescribed and progressed by qualified health professionals to
challenge individuals at least moderately through consideration of baseline physical
abilities and health status, subjective feedback on tolerance and preference, and
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observation of movement quality (Delbaere et al., 2006; Gardner et al., 2001; Olson,
Chen, and Wang, 2011; Skelton and Dinan, 1999; Zaleski et al., 2016). Exercise
programs are recommended to be regular, tailored, progressed and adjusted based on
personal abilities and to include exercises that are convenient, safe, and effective
(Avin et al., 2015; Barry and Eathorne, 1994; Clemson et al., 2010; Guirguis-Blake,
et al., 2018; Moyer, 2012; Sherrington et al., 2016; Skelton and Beyer, 2003; Skelton
and Dinan, 1999). Exercises often included in falls prevention programs, such as
squats, lunges, stepping, and moving one limb with the other in single limb stance are
convenient to perform, similar to daily activities, and target the lower extremities
important for movements in which fallers have shown impairments (Campbell,
Borrie, and Spears, 1989; Campbell et al., 1999; Clemson et al., 2010; Gardner et al.,
2001; Nevitt, Cumming, Kidd, and Black, 1989; Tinetti, Speechley, and Ginter,
1988).
Currently there is limited information related to the mechanical demands of
exercises frequently included in falls prevention programs and how demands compare
among exercises (Flanagan et al., 2003; Flanagan et al., 2004; Flanagan et al. 2005;
Kuo et al., 2011; Wang et al., 2003). Most exercise programs were developed via
expert opinion and perception of demand or load. To better provide evidence-based
guidance regarding the optimization of exercise selection, combination, and
progression important for falls prevention, more objective biomechanical data are
needed on frequently performed exercises (Flanagan et al., 2004; Flanagan et al.,
2003). The purpose of this study was to determine the extent to which the lower
extremity kinematics and kinetics differ during performance of standing exercises
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commonly performed in falls prevention programs. Hypotheses were that peak joint
angles, moments, and power and total work at the ankle, knee and hip in the sagittal
plane and at the hip in the frontal plane would differ among exercises performed and
a ranked order of magnitude would be observed.
Methods
Participants
An a priori analysis was conducted (G*Power, Version 3.1.9.3, Kiel,
Germany; Faul, Erdfelder, Lang, and Buchner, 2007), using data from previous
studies and the first 6 participants tested in this study to determine the sample size
needed to detect significant differences between kinetic variables (Flanagan et al.,
2003; Flanagan et al, 2004). To determine effect sizes similar to previous studies of
approximately 0.5 for lower extremity joint moments at an alpha level of 0.05 and a
power of 1 - b = .8, we found 20 participants would be needed (Flanagan et al., 2003).
A convenience sample of participants were recruited from the surrounding
community February-May 2019, using emails sent to individuals on the Life Registry
through the university’s Center for Healthy Aging Research, flyers, and word of
mouth (Table 1.1, Figure 1.1). Eligibility was determined through a guided interview
of a Health and Injury and Physical Activity questionnaire (Appendix A) and the
Rapid Assessment of Physical Activity (RAPA) questionnaire (Appendix B)
(Topolski et al., 2006; University of Washington, 2006). Exclusion criteria included
self-report of osteoporosis and an injurious fall or more than one fall that did not
result in injury in the previous year. Self-report of a neurological condition,
cardiovascular or pulmonary condition that limited exercise, and a lower body or
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back injury in the previous 3 months for which medical attention was sought and
currently limited physical activity also excluded participants. Eligible participants
needed to score above a “sedentary” level on the RAPA (≥ 4/7 points on the RAPA 1
section), indicating regular or irregular participation in at least some light or moderate
physical activity (Topolski et al., 2006; University of Washington, 2006). Lastly,
eligibility required completing the TUG test in 12 seconds or less, indicating absence
of impairments in basic mobility skills (Ambrose, Paul, and Hausdorff, 2013;
Bischoff et al., 2003; Bohannon and Schaubert, 2005).
Procedures
Prior to participant arrival, the motion capture system was calibrated through
collection of approximately 6-10,000 samples from each camera with a wanding
RMS error of £ 1 mm and force plates were set to a gain of 5 (Bertec Corporation,
2001; OptiTrack Prime 13 system, NaturalPoint Inc., Corvallis, OR). World axes
were set up with the positive global x-axis, y-axis, and z-axis directed anteriorly,
leftward, and superiorly, respectively, from the participant’s reference standing
position as a modification of ISB recommendations (Wu, 2002). World axes and
force plate set up required an error tolerance of 0.02 m and an RMS error of < 1 cm,
respectively (Innovative Sports Training, Inc., Chicago, IL).
Once participants were consented and eligibility was determined, height,
weight, dominant limb length and shoulder width were measured and recorded.
Dominant limb preference was determined by the preferred limb indicated to step up
onto a step, kick a ball, and step after receiving a forward-directed nudge between the
shoulder blades (Hoffman, Schrader, Applegate, and Koceja, 1998). Dominant limb
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length was measured from the ASIS to the medial malleolus and shoulder width was
measured as the distance from the widest part of each the deltoid muscles (Boudreau
et al., 2009; Dwyer et al., 2010; Haberly, 2013; Stastny et al., 2015; Tayyari and
Smith, 1997). Leg length and shoulder width intra-rater reliability was established
with an intra-class correlation coefficient (2, 1) of 0.99 and 0.96, respectively, with 3
measurements of 3 pilot participants over 3 different days (Shrout and Fleiss, 1979).
Participants then completed a warm-up for 5 minutes on a stationary bicycle.
A total of 12 clusters of reflective markers were placed on the participant’s
posterior upper back, sacrum, and each thigh, shank, foot, upper arm and forearm and
secured with tape and wraps (Figure 1.2). Virtual markers were created through a
standardized digitization procedure that incorporated placement of a calibrated stylus
at the manubrium, C7 spinous process, right and left AC joint, T12/L1 joint, L5/S1
joint, and bilaterally on each of the following: shoulder joint, medial and lateral
elbow and wrist, ASIS, medial and lateral epicondyle, lateral and medial malleoli, and
distal portion of the dorsal second toe (Figure 1.2) (Brown et al, 2008; Norcross,
Blackburn, Goerger, and Padua, 2010). Reflective and virtual marker placement were
based on a modified Helen Hayes marker set (Davies, Davenport, Pratt, and Hughes,
2012; Davis, Ounpuu, Tuburski and Gage, 1991; Kadaba, Ramakrishnan, and
Wootten, 1990).
Kinematic data were recorded at 120 Hz as per previous studies (Foster et al.,
2014; Samuel, Rowe and Nicol, 2013) by 8 cameras (OptiTrack Prime 13 system,
NaturalPoint Inc., Corvallis, OR) and streamed to The MotionMonitor software
(Version 9.32 Innovative Sports Training Inc., Chicago, IL) through a real-time plug-
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in. Kinetic data were recorded at 1200 Hz as per previous studies (Flanagan et al.,
2003; Flanagan et al. 2004; Wang et al., 2003) and synchronized with kinematic data
(Innovative Sports Training, Inc., Chicago, IL) while participants stood on 1 or 2
side-by-side in-ground force plates (Bertec, FP4060-08, Columbus, OH) to perform a
selection of standing exercises. Exercises included standing hip abduction (HA), side
step (SS), squat (SQ), forward lunge (FL) and side lunge (SL). Participants
performed all exercises with a gait belt around their waist and within reach of a
horizontal bar with a spotter standing nearby. Exercises were performed in a
counterbalanced order in right and left directions or with each limb leading in a
counterbalanced order. Standardized video and picture instructions were provided
before 2-3 single-repetitions were performed for practice in each direction or with
each limb leading to a cadence of 60 Hz for each phase (downward/upward or
outward/inward motion) of the exercise. Each exercise was performed for testing
until 5 single-repetitions were performed and recorded successfully or a maximum of
7 single-repetitions were performed. The participant was then asked to provide a
numerical rating of perceived exertion based on the Borg 15-category scale to
indicate the participant’s subjective level of effort for the exercise (Centers for
Disease Control and Prevention, 2015; Borg, 1998).
Exercise Performance:
Exercises were performed similarly to other studies (Campbell and Robertson,
2003; Comfort and Kasim, 2007; Flanagan et al., 2004; Fry, Smith, and Schilling,
2003; Haberly, 2013; Longpre, Acker, and Maly, 2014; McKean, Dunn, and Burkett,
2010; Sparto, Jennings, Furman, and Redfern, 2014; Stastny et al., 2015) (Figure 1.3).

16

Step distance of the lead limb for the SS was based on the step distance previously
found to be the average foot placement for protective lateral stepping in older adults
who did not fall from a waist pull and was 24% of body height (Mille, Johnson,
Martinez, and Rogers, 2005). For the SQ, a horizontal stretch band was placed
behind the participant to indicate the maximal depth desired (90 degrees) (Figure
1.3F). For the FL, participants lowered their body as far as they comfortably could or
until their front thigh was approximately parallel to the floor (Flanagan et al., 2004;
Longpre, Acker, and Maly, 2014; Escamilla et al., 2010).
Data Analysis
MotionMonitor software (Version 9.32, Innovative Sports Training Inc.,
Chicago, IL) was used to reconstruct the 3-D motion of each participant based on
motion-capture data collected during each trial. Motion capture and force plate data
were filtered with MotionMonitor software using a low pass, fourth-order, no-lag
Butterworth filter at 10 Hz determined by performance of a residual analysis
(LabView, National Instruments, Austin, TX; Winter, 2009). A model of the lower
extremities, pelvis, and trunk was created using joint center locations and marker
positions relative to body segments determined from kinematic data from the sensor
set-up process. Hip joint centers were determined using the Bell Method with
digitized locations of the ASIS and the midpoint between each PSIS (Bell, Pedersen,
and Brand, 1990). Euler angles were used to determine joint angles of the distal
segment relative to the proximal segment (Innovative Sports Training, Inc., 2011).
MotionMonitor software was used to perform inverse dynamics in order to calculate
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joint reaction forces and net joint moments from kinematic, anthropometric, and
ground reaction force data (Gagnon and Gagnon, 1992).
The time period of interest for the HA and SS was during the single limb
stance phase of the dominant limb in stance and leading the step, respectively. The
SQ, FL, and SL period of interest occurred from when the sacral cluster moved
vertically downward 3 cm from the starting position at the trial start, indicated by a
TTL pulse, to returning within 3 cm of the starting vertical position or the second
TTL pulse, whichever occurred first. Peak joint angles (dorsiflexion, knee flexion,
hip flexion, hip abduction) and peak net joint moments (plantar flexion, knee
extension, hip extension, hip abduction) were calculated using a customized LabView
program (Version 2018, LabView, National Instruments, Austin, TX). Peak positive
power, peak negative power, and total work at the ankle and knee in the sagittal plane
and hip in the sagittal and frontal planes were also calculated. Each trial that was
performed correctly, with £ 12 frames of missing markers, and without performance
characteristics that prevented analysis was included for calculation of dependent
variables and averaged, from a minimum of 2 trials to a maximum of 5 trials
performed per participant. Joint power curves were calculated as the product of the
angular velocity and net joint moment, and total work was calculated as the sum of
the absolute value of the integrated positive and negative portions of the power curve
for selected joints and planes (Flanagan et al., 2004; Norcross et al., 2013). Net joint
moments and joint powers were normalized to body mass (Flanagan et al., 2003,
Flanagan et al., 2004).
Statistical Analysis:
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Data were screened for extreme cases and assumptions of normality with
Shapiro-Wilkes tests for normality, skewness and kurtosis values, assessment of
histograms and boxplots, and residual analyses. Assumptions of normality were
violated for peak positive and negative joint powers and total work at the ankle, knee
and hip, so a natural log-transformation (ln) was performed. Repeated-measures oneway analyses of variance were performed to test for an effect of standing exercise on
characteristics of biomechanical demand and Rating of Perceived Exertion. When the
omnibus ANOVA for a dependent variable was significant (α < 0.05), paired t-tests
were performed with Bonferroni corrections (α = 0.005) to test for differences in
dependent variables between pairs of exercises. All statistical tests performed using
SPSS (Version 26, IBM Corp, Armonk, NY).
Results
A significant effect of standing exercise was found for all dependent variables
analyzed. Table 1.2 summarizes the peak joint angles of dorsiflexion, knee flexion,
hip flexion and hip abduction found during performance of the exercises in this study
and shows significant differences found in post-hoc tests. Table 1.3 summarizes the
peak net joint moments for plantar flexion, knee extension, hip extension and hip
abduction with significant differences in pairwise comparisons noted. The nontransformed peak positive and negative joint powers at the ankle, knee and hip in the
sagittal plane and hip in the frontal plane are shown in Table 1.4 with significant
differences indicated between pairs of exercises found in post-hoc testing of
transformed data. Total non-transformed work values at the ankle, knee, and hip in
the sagittal plane and hip in the frontal plane are included in Table 1.5 with
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significant differences indicated between pairs of exercises found in post-hoc testing
of transformed data. The ratings of perceived exertion self-reported by participants
for each exercise are included in Table 1.6 with significant differences indicated
between pairs of exercises. Ranking of magnitude for peak joint angles at the ankle,
knee, and hip based on significant differences between exercises are shown in Figure
1.4 along with comparisons that were not statistically significant. Ranking of
magnitude for joint kinetics at the ankle and knee in the sagittal plane and hip in the
sagittal and frontal planes based on significant differences between exercises are
shown in Figures 1.5-1.8, respectively, with comparisons that were not statistically
significant. Table 1.7 provides a summary of the characteristics of mechanical
demand on the lower extremities for each exercise.
Discussion:
Key differences were observed among the exercises performed in this study
and some degree of ranking of magnitude was observed for indicators of
biomechanical demand, supporting the hypotheses. Differences were also noted
between ratings of perceived exertion reported for the exercises. One major finding
was that the SQ was generally more demanding of sagittal peak joint angles
compared to the other exercises, but peak net joint moments and power at the ankle in
the sagittal plane and hip in the frontal plane were generally lower during the SQ than
other exercises. Another major finding was that the FL demonstrated generally
greatest demand of sagittal hip joint kinetics than the other exercises and the SL
demonstrated similar or greater demand at the ankle and knee than other exercises.
The SS and HA exercises demonstrated generally lower demand in sagittal plane joint
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angles and knee and hip kinetics, but greater or similar joint moments and power to
other exercises at the ankle in the sagittal plane and the hip in the frontal plane.
Lastly, the Rating of Perceived Exertion for FL was significantly higher than all other
exercises (Table 1.6). Other differences between means for Rating of Perceived
Exertion were found to be statistically significant but were less than one point and
may or may not be meaningful clinically.
When tailoring exercise demand to individual capabilities and impairments,
peak joint angles required to perform an exercise are important to consider, ensuring
that an individual has sufficient mobility for correct performance. The SS and HA
exercises generally demanded the least of sagittal motion at the ankle, knee and hip,
and may be appropriate for individuals with limited sagittal plane mobility. The SS is
valuable for incorporating frontal plane movement into a fall prevention program in
individuals with limited sagittal plane mobility based on our findings. Since the SQ
consistently demonstrated generally higher peak joint angles, this exercise is
appropriate for individuals with greater overall mobility. The SL is a valuable
exercise for individuals with less hip and knee flexion and greater dorsiflexion and
hip abduction mobility. Based on joint angle demands observed, the FL would be
appropriate for maximizing hip and knee flexion with less hip abduction and
dorsiflexion. Peak joint angles during the SL and FL were consistent with previous
findings (Flanagan et al., 2004). When compared to functional activities such as
ascending a step, the SQ, FL and SQ demanded greater peak knee flexion and when
compared to descending steps and squatting to reach, and the FL and SQ demanded
greater knee flexion (Kuo et al., 2011; Pfeiffer et al., 2014; Wang et al., 2003). Ankle
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dorsiflexion in all exercises were lower than that found during stair descent (Mian et
al., 2007). Peak hip flexion in all exercises was lower than that found when
performing a chair squat to mimic sitting and rising from a chair but greater in the FL,
SQ and SL than that found during descending stairs (Flanagan et. al., 2003; Mian et
al., 2007). Therefore, based on an individual’s lower extremity mobility, different
exercise combinations may be more appropriate to address falls risk factors (Figure
1.7).
Impairments in lower body muscle strength and power, such as is needed to
rise from a chair, ascend/descend stairs, and stop a fall after a loss of balance, are
associated with greater risk of falling in older adults and modifiable with exercise
(Brown, Sinacore, and Host, 1995; Chang and Ganz, 2007; Gschwind et al., 2013;
Marko et al., 2016; Skelton and Beyer, 2003; Stel et al., 2003). Because impaired
strength and power in the lower extremities are risk factors for falls, joint moment
and power demands of an exercise are important factors to consider in addition to
total work shown to be important for achieving functional gains (Flanagan et al.,
2003; Flanagan eta l., 2004; Gschwind et al., 2013; Skelton and Beyer, 2003; Stel et
al., 2003). The different joint kinetics experienced during performance of the
selection of exercises in this study suggests that the exercises can be selected and
combined to address lower extremity impairments for falls prevention (Figures 1.51.8).
Plantar flexor strength is important for functional mobility in older adults and
being able to quickly generate torque about the ankle is an effective and important
strategy for counteracting perturbations of balance (Horak and Nashner, 1986; Maki
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et al., 2008; Tisserand et al., 2015). Study findings suggest the SS, FL, and SL are
valuable exercises to address impairments in ankle strength and power (Figure 1.5).
These three exercises demonstrated no significant differences in total work and power
generation at the ankle while the SL demonstrated greater plantar flexion moment
than the FL and the SS demonstrated the greatest power absorption of all selected
exercises. The SQ and HA exercises generally demonstrated less demand of the
ankle than the other exercises, which suggests they may be appropriate when
individuals demonstrate greater impairments in the sagittal plane strength and power.
Moments and power at the ankle observed during performance of all exercises were
lower than that observed in older adults who descended stairs, but greater than or
similar to that observed during a chair squat performed to mimic functional
movements (Flanagan et al., 2003; Singhal et al., 2014). Plantar flexion moments
were lower in all exercises than a forward step up but power at the ankle was similar
to or greater than that during a forward step up (Wang et al., 2003). Study findings
for moments and power at the ankle were consistent with that found previously
during performance of forward and side lunges in older adults (Flanagan et al., 2004).
Reductions in knee extension strength and power have been associated with
functional mobility limitations, such as difficulty rising from a chair, and knee
extension strength has been shown to distinguish multiple and one-time fallers from
non-fallers (Ambrose et al., 2003; Lord et al., 1994; Shenkman et al., 1996; Skelton
and Beyer, 2003; Stel et al., 2003). For these reasons, tailoring the knee joint kinetic
demands of exercises to individual abilities is important for reducing risk of falls.
Study findings suggest the hip abduction exercise is the least demanding of all
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selected exercises at the knee in the sagittal plane, followed by the SS in increasing
magnitude of demand. The SL demonstrates the greatest knee extension moments, no
differences in joint power as compared to SQ and FL, and less total work than the FL
and SQ. Greater joint moment in the SL as compared to the FL found in this study is
similar to previous research findings (Flanagan et al., 2004). The lack of significant
differences between the SL and FL in knee power and total work differs from
previous findings that showed greater demand in the FL than the SL, which may be
due to exercise technique or cadence (Flanagan et al., 2004). Study findings suggest
greater knee extensor moments, but less power absorption, at the knee during the SQ,
FL, and SQ than the lead limb during stair descent without a handrail in older adults
(Singhal et al., 2014). Moments and power observed at the knee during the SQ, FL,
and SL were also greater than that observed during a chair squat mimicking sitting
and standing (Flanagan et al., 2003). Overall, the SL, SQ, and FL are valuable
exercises for maximally challenging knee joint kinetics while the SS and HA are
appropriate for individuals with limitations or impairments in knee function (Figure
1.6).
Addressing impairments at the hip in both the sagittal and frontal planes is
important for safe performance of functional activities and for maintaining standing
balance (Hilliard et al., 2008; Johnson et al., 2004; Maki, Holliday, and Topper, 1994;
Maki and McIlroy, 2006; Horak, 2006; Mille et al., 2005). Use of hip strategies
accelerate or decelerate the center of mass in the sagittal and frontal planes to regain
stability without moving the base of support (Horak and Nashner, 1986; Tissserand et
al., 2015). Our findings suggest the FL is a valuable exercise for maximizing demand
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at the hip in the sagittal plane, followed by the SQ and SL, respectively. Greater hip
demand in the FL as compared to the SL is consistent with previous findings
(Flanagan et al., 2004). The HA and SS were found to minimally demand the hip in
the sagittal plane when compared to the other exercises. The FL demonstrated greater
total work at the hip in the frontal plane than the SL, SS and HA, however, the FL did
not maximize other characteristics of mechanical demand in the frontal plane. The
FL demonstrated lower peak joint moments at the hip in the frontal plane than the
HA, SS and SL, lower power generation than the SL and HA, and lower power
absorption than the SS and SL. The SQ demonstrated similar frontal plane total work
to the FL, but less demand than the other exercises. For these reasons, the SS, HA,
and/or SL exercises are valuable for clinicians to include within an exercise program
in addition to the FL or SQ to provide challenge at the hip in multiple planes (Figures
1.7 and 1.8).
Our findings indicate that the selected exercises are valuable for addressing
various falls risk factors with some degree of overlap, but no one exercise
comprehensively addresses all risk factors related to mobility and balance. This
supports the need for performance of multiple exercises in combination to challenge
lower extremity muscle groups important for reducing falls risk while minimizing
redundancies and risk of overworking muscle groups. For example, the SQ would
allow for the greatest movement at the ankle, knee, and hip, along with challenge to
the hip and knee extensors, but a SL, SS, or SL would be needed in addition to
address ankle and frontal plane hip demands. For an individual with impaired ankle
mobility, the FL, HA and SS exercises would provide lower extremity demand within
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the limitation present. The SS and HA exercises would be helpful for challenging
sagittal plane ankle and frontal plane hip demand while minimizing sagittal plane
demand at the hip and knee for individuals who lack the sagittal plane knee and hip
mobility, strength, and/or power needed to perform the SQ, SL, or FL exercises.
Based on the kinematic and kinetic demands of the selected exercises, clinicians can
make evidence-based decisions on which exercises to combine and best tailor to
individual abilities and impairments.
Limitations for this study include participants who were community-dwelling,
healthy, non-sedentary older adults between the ages of 60 and 80 who were absent of
many risk factors for falls. Study findings may not apply to younger individuals,
sedentary older adults, or older adults with risk factors for falls. Also, this study did
not include instruction and independent practice of the exercises prior to testing in a
separate session, as included in previous studies (Flanagan et al., 2003, Flanagan et
al., 2004; Wang et al., 2003). Participants also maintained upper extremity
positioning with the hands on the hips, rather than allowed to contact a horizontal bar
as performed in other studies (Flanagan et al., 2003; Flanagan et al. 2004; Wang et
al., 2003). Thus, findings may reflect only acute performance characteristics. Lastly,
participants were instructed to perform the exercises to a desired cadence, which may
have altered exercise technique.
Conclusion
Our findings indicate common falls prevention exercises require different,
specific mechanical demands, with some degree of overlap. A diverse battery of
exercises appears to target many fall-related risk factors. Our results may help
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clinicians best tailor the exercises to individual abilities and impairments to improve
falls prevention outcomes while minimizing risk of overloading muscle groups and
redundancies in exercise prescription. Future research is warranted to compare
characteristics of biomechanical demand in other exercises commonly performed in
falls prevention programs (e.g. standing hip extension, single limb stance, step-ups) in
similar and different participant demographics, as well as between men and women
and older adults of different age ranges.
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Table 1.1. Participant characteristics (N = 22) (Mean ± SD)
n (%) Age (y) Mass (kg) Height
TUG (s)
(cm)
Females
11(50) 66 ± 4
65.7 ±
167.2 ±
6.4 ± 0.7
11.3
6.4
Males
11(50) 72 ± 5
82.9 ±
177.1 ±
7.4 ± 1.2
12.3
5.8
Total
22
69 ± 5
74.3 ±
172.2 ±
6.9 ± 1.1
14.5
7.8
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RAPA
Score
5.0 ± 1.0
6.0 ± 1.0
5.8 ± 1.1

Provided informed consent as
approved by the local Institutional
Review Board
(N = 29)

Excluded (N=6) for self-disclosure of
exclusion criteria of the Health and Injury
and Physical Activity questionnaire

Met eligibility criteria
(N = 23)

Completed testing and analyzed
with ≥ 2 successfully recorded
trials for each exercise
(N = 22)

Excluded (N=1) for not meeting minimum
number of 2 correctly performed and
successfully recorded trials

Figure 1.1. Summary of participant flow
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Figure 1.2. Marker placement for sensor set-up protocol
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A) i)

ii)

iii)

D) i)

ii)

iii)

B) i)

ii)

iii)

E) i)

ii)

iii)

C) i)

ii)

iii)

F)

Figure 1.3. Exercises as performed by participants: A) side step i) starting position,
ii) position after stepping to the side approximately 24% of body height, iii) ending
position; B) hip abduction i) starting position, ii) position with hip abducted
approximately 30 degrees, iii) ending position; C) squat i) starting position, ii) end of
descending phase with knees flexed 45-90 degrees, knees no more than slightly in
front of the toes, and spine in neutral position, iii) ending position; D) forward lunge
i) starting position, ii) end of descending phase, iii) ending position; E) side lunge i)
starting position with feet 1.5-2x shoulder-width apart, ii) end of descending phase
with knees bent 45-90 degrees, iii) ending position. F) parallel bar placement for all
exercises and horizontal band used for the squat exercise.
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Table 1.2. Mean ± SD peak joint angles (degrees) at the ankle, knee, and hip during
standing exercises
Exercise
Joint angle

HA

Dorsiflexion 4.2 ±
3.2‡§ ǁ

SS

SQ

FL

SL

2.7 ±
5.3‡ § ǁ

26.9 ±
5.2* † §

11.5 ±
8.4*† ‡ ǁ

24.8 ±
6.4* † §

Knee
flexion

6.6 ±
6.0‡§ ǁ

4.4 ±
11.2‡§ ǁ

82.3 ±
10.0* † ǁ

84.7 ±
12.6* † ǁ

65.5 ±
9.3* † ‡ §

Hip flexion

6.1 ±
5.0‡ § ǁ

4.6 ±
8.0‡ § ǁ

79.3 ±
12.6*† § ǁ

63.9 ±
11.3 * † ‡ ǁ

54.4 ±
12.7* † ‡ §

Hip
3.5 ±
3.8 ±
9.0 ±
4.1 ±
9.2 ±
abduction
3.2‡ ǁ
7.6
5.9* §
5.0‡ ǁ
9.0* §
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
*significantly different from HA (p < 0.05), † significantly different from SS (p <
0.05), ‡ significantly different from SQ (p < 0.05), § significantly different from FL (p
< 0.05), ǁ significantly different from SL (p < 0.05)
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Table 1.3. Mean ± SD peak net joint moments (Nm/kg) at the ankle, knee, and hip
during standing exercises
Joint
Exercise
Moments
HA
SS
SQ
FL
SL
Plantar
0.57 ±
0.59 ±
0.32 ±
0.5 ±
0.67 ±
flexion
.14‡
0.13‡
0.16*† § ǁ
0.18‡ ǁ
0.23‡ §
Knee
0.2 ±
0.35 ±
0.95 ±
0.97 ±
1.29 ±
†‡§ǁ
‡§ǁ
†ǁ
†ǁ
extension
0.19
0.26*
0.19*
0.21*
0.28*† ‡ §
Hip
-0.12 ±
0.11 ±
0.59 ±
1.24 ±
0.52 ±
extension
0.20† ‡ § ǁ
0.12* ‡ § ǁ
0.23* † §
0.33* † ‡ ǁ
0.35* † §
Hip
0.76 ±
0.62 ±
0.16 ±
0.29 ±
0.49 ±
abduction
0.45‡ §
0.24‡ §
0.13* † § ǁ
0.17* † ‡ ǁ
0.27‡ §
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
*significantly different from HA (p < 0.05), † significantly different from SS (p <
0.05), ‡ significantly different from SQ (p < 0.05), § significantly different from FL (p
< 0.05), ǁ significantly different from SL (p < 0.05)
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Table 1.4. Mean ± SD peak power (W/kg) at the ankle, knee, and hip during standing
exercises
Joint Power
Ankle (sagittal)
Positive
power

HA

Exercise
SQ

SS

FL

SL

0.13 ±
0.11† § ǁ

0.21 ±
0.09*

0.15 ±
0.07§

0.31 ±
0.16* ‡

0.28 ±
0.12* ‡

Negative
Power
Knee (sagittal)
Positive
power

0.12 ±
0.13† ǁ

0.92 ±
0.28*‡ § ǁ

0.14 ±
0.08†

0.19 ±
0.11†

0.21 ±
0.10* †

0.07 ±
0.06† ‡ § ǁ

0.3 ±
0.25* ‡ § ǁ

1.32 ±
0.41* †

1.18 ±
0.42*†

1.26 ±
0.50*†

Negative
Power
Hip (sagittal)
Positive
Power

0.06 ±
0.05† ‡ § ǁ

0.23 ±
0.19* ‡ § ǁ

1.21 ±
0.36* †

1.05 ±
0.44* †

1.14 ±
0.51* †

0.11 ±
0.10‡ § ǁ

0.10 ±
0.06‡ § ǁ

0.63 ±
0.29*†§ǁ

0.96 ±
0.36*†‡ǁ

0.41 ±
0.28*†‡§

Negative
power
Hip (frontal)
Positive
power

0.10 ±
0.12‡ § ǁ

0.12 ±
0.07‡ § ǁ

0.61 ±
0.28* † ǁ

0.73 ±
0.33* † ǁ

0.35 ±
0.28*† ‡ §

0.24 ±
0.13† ‡ §

0.11 ±
0.09*

0.10 ±
0.04*

0.08 ±
0.05* ǁ

0.20 ±
0.22§

Negative
0.16 ±
0.26 ±
0.09 ±
0.08 ±
0.22 ±
power
0.10
0.13‡ §
0.04†
0.05† ǁ
0.26§
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
*significantly different from HA (p < 0.05), † significantly different from SS (p <
0.05), ‡ significantly different from SQ (p < 0.05), § significantly different from FL (p
< 0.05), ǁ significantly different from SL (p < 0.05)
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Table 1.5. Mean ± SD total work (J/kg) at the ankle, knee, and hip during standing
exercises.
Joint Total
Exercise
Work
HA
SS
SQ
FL
SL
Ankle
(sagittal
0.05 ±
0.16 ±
0.08 ±
0.16 ±
0.12 ±
plane)
0.03†§ ǁ
0.05*‡
0.04†
0.10*
0.23*
Knee
(sagittal
0.08 ±
0.26 ±
1.10 ±
1.08 ±
0.90 ±
plane)
0.04†‡ § ǁ
0.13*‡ § ǁ
0.35* †
0.40* † ǁ
0.43* † §
Hip
(sagittal
0.12 ±
0.30 ±
1.53 ±
1.71 ±
1.12 ±
†‡ § ǁ
‡§ǁ
†ǁ
†ǁ
plane)
0.05
0.15*
0.42*
0.56*
0.49* † ‡ §
Hip
(frontal
0.3 ±
0.43 ±
3.36±
3.20 ±
1.40 ±
plane)
0.11†‡ § ǁ
0.16‡ § ǁ
0.93* † ǁ
0.97* † ǁ
0.58* † ‡ §
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
*significantly different from HA (p < 0.05), † significantly different from SS (p <
0.05), ‡ significantly different from SQ (p < 0.05), § significantly different from FL (p
< 0.05), ǁ significantly different from SL (p < 0.05)
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Table 1.6. Mean ± SD Rating of Perceived Exertion reported for standing exercises
Exercise
HA
SS
SQ
FL
SL
Rating of
7.9 ±
7.1 ±
7.5 ±
9.4 ±
8.0 ±
†
§
§
ǁ
§
†
‡
ǁ
Perceived
1.9
1.5*
1.6
2.6*
1.8† §
Exertion
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
*significantly different from HA (p < 0.05), † significantly different from SS (p <
0.05), ‡ significantly different from SQ (p < 0.05), § significantly different from FL (p
< 0.05), ǁ significantly different from SL (p < 0.05)
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Figure 1.4. Ranking of magnitude of peak joint angles at the ankle, knee and hip
based on significant differences between exercises
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
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Figure 1.5. Ranking of magnitude of joint kinetics at the ankle in the sagittal plane
based on significant differences between exercises
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
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Figure 1.6. Ranking of magnitude of joint kinetics at the knee in the sagittal plane
based on significant differences between exercises
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
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Figure 1.7. Ranking of magnitude of joint kinetics at the hip in the sagittal plane
based on significant differences between exercises
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
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Figure 1.8. Ranking of magnitude of joint kinetics at the hip in the frontal plane
based on significant differences between exercises
HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge

50

Table 1.7. Biomechanical demand characteristics of each standing exercise

HA = hip abduction, SS = side step, SQ = squat, FL = forward lunge, SL = side lunge
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CHAPTER 3: POSTURAL STABILITY DURING EXERCISES
COMMONLY PERFORMED BY OLDER ADULTS IN FALLS
PREVENTION PROGRAMS
Abstract:
Background: Exercise programs that are individualized, progressed, and
include moderate challenges to balance to address falls risk factors are recommended
for preventing falls in community-dwelling older adults. Exercises, such as side steps
and standing hip abduction, are often performed in efficacious falls prevention
programs and include brief periods of single limb stance, however, little is known
regarding the postural control demands in these exercises. Information related to
postural demands in these common exercises is needed to support exercise inclusion
and combination and allow clinicians to comprehensively address balance deficits as
a risk factor for falls. Methods: Twenty-two non-sedentary, healthy older adults (11
women, 11 men, mean age 69 ± 5 years) performed hip abduction and side step
exercises while center of pressure (CoP) data for the dominant limb was collected
from force platforms on which participants stood. CoP measures of mean time-toboundary (TTB) in the anteroposterior and mediolateral directions, mean CoP
velocity, path length, and 95% confidence ellipse area were calculated and compared
among exercises. Findings: Findings suggest that the SS provided greater challenge
to postural stability in the AP direction while the HA moved the CoP to a greater
extent and provided greater challenge to ML postural control. Findings also suggest
similar or greater challenge to balance during the selected exercises as balance
activities such as single limb stance. Interpretation: Clinicians may address balance
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deficits as a risk factor for falls in older adults by including the side step and hip
abduction exercises in a fall prevention program.
Introduction
Approximately 30% of older adults fall annually and experiencing a fall is
associated with devastating personal and economic consequences (American
Geriatrics Society, 2010; Bergen, Stevens, and Burns, 2016; Blake et al., 1988;
Centers for Disease Control, 2017; Morgan et al., 2004; World Health Organization,
2007). Falls are a leading cause of fatal and nonfatal injuries in adults who are at
least 65 years of age and are associated with approximately 50 billion dollars in
medical costs in a single year in the United states (Bergen, Stevens, and Burns, 2016;
Centers for Disease Control, 2017; Florence et al., 2018; World Health Organization,
2007). Because of the personal and economic hardship associated with falls in an
older population that is projected to increase from 49.2 million in 2016 to 73.1
million people by 2030 in the United States, prevention must remain a public health
priority (Vespa, Armstrong, and Medina, 2018).
Impaired balance is a risk factor for falls and older adults have shown agerelated changes in postural control (Mille et al., 2005; Degani et al., 2017; Maki and
McIlroy, 1996; Hilliard et al., 2008; Stel et al., 2003; Tinetti, Speechley, and Ginter,
1998). Exercise programs are widely supported for falls prevention in communitydwelling older adults and have shown efficacy in improving balance and reducing
falls when at least moderately challenging balance exercises are included
(Sherrington et al., 2016; Sherrington and Tiedemann, 2015). Exercises that provide
moderate to high challenge to balance are those that reduce the base of support (BoS),
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move the center of mass (CoM) in space, and reduce need of upper extremity support
(Sherrington and Tiedemann, 2015). Exercises such as standing hip abduction and
stepping exercises are frequently included in falls prevention programs and
demonstrate movement characteristics that should meet the criteria for moderately to
highly challenging balance exercises. Little evidence exists, however, detailing the
extent to which postural control demand is a component of the HA and SS exercises
commonly performed in falls prevention programs and how demand differs between
them (Choi and Shin, 2016; Hartigan et al., 2014; Kim et al., 2014; Petrella et al.,
2017).
Center of pressure (CoP) measures are reflective of the forces applied by the
feet to control the CoM movement, and larger values of traditional CoP measures
such as mean velocity, path length, and 95% confidence ellipse area are suggestive of
reduced postural control (Berg et al., 1992; Horak, Shupert, and Mirka, 1989;
Palmieri, Ingersoll, Stone, and Krause, 2002; Kuznetsov and Riley, 2015; van Wegen,
van Emmerik, and Riccio, 2002; Winter, 1995). Newer time-to-boundary (TTB)
measures, which account for the spatial and temporal aspects of postural control,
suggest decreased ability to maintain postural control with smaller values (Hertel, and
Olmsted-Kramer, 2007; Slobounov et al., 1998; van Wegen, van Emmerik, and
Riccio, 2002). CoP mean velocity, path length, and 95% confidence ellipse area, and
TTB are considered valid and reliable measures of postural control in standing tasks
and have previously shown age-related changes (da Silva et al., 2013; Hertel,
Olmsted-Kramer and Challis, 2006; Lafond, Corriveau, Hebert, and Prince, 2004; van
Wegen, van Emmerik, and Riccio, 2002). CoP measures have been shown to
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distinguish older fallers from non-fallers, to positively change following exercise
interventions and practice of reaching tasks in older adults, and change linearly with
increasing postural challenge (Borysiuk et al., 2018; Galgon, Shewokis, and Tucker,
2010; Hasson, Van Emmerik, and Caldwell, 2008; Pizzigali, Cremasco, Mulasso, and
Rainoldi, 2016). TTB measures have additionally been shown to predict stepping
responses to perturbations and discriminate between individuals who fall or maintain
posture during difficult balance tests (Forth, Metter, and Paloski, 2007; Hasson, Van
Emmerik, and Caldwell, 2008; Schulz, Ashton-Miller, and Alexander, 2006).
CoP measures of postural control have been applied to standing in double and
single limb stances, in leaning conditions and standing on one limb after stepping
down; however, these measures have not traditionally been applied to more dynamic
or semi-dynamic exercises like a side step and standing hip abduction (Cobb, Joshi,
Bazette-Jones, and Earl-Boehm, 2012; Degani, Leonard, and Danna-dos-Santos;
Hertel, Kramer, and Challis, 2006; Tsang et al., 2013; van Wegen et al., 2002).
Applying these measures may reveal whether postural stability demand is a
component, or not, of the typical exercises and provide clinicians guidance in
selection, streamlining and progression of individualized or group programs.
Therefore, the objective of this study was to determine the extent to which
characteristics of postural control differ between standing exercises commonly
performed by older adults in falls prevention programs. Hypotheses were that CoP
average velocity in the anteroposterior (AP) and mediolateral (ML) directions, CoP
95% confidence ellipse area, path length and mean TTB minima in the AP and ML
directions would differ in magnitude between the exercises.
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Methods
Participants
An a priori analysis was conducted (G*Power, Version 3.1.9.3, Kiel,
Germany) (Faul, Erdfelder, Lang, and Buchner, 2007) with data from previous
studies to determine the sample size needed to detect significant differences between
CoP variables (Degani et al., 2017; Park et al., 2008; Reid et al., 2011). To determine
an effect size similar to previous studies of approximately 1.36 to 3 for center of
pressure mean velocity at an alpha level of 0.05 and a power of 1 - b = .8, 7
participants were needed (Degani et al., 2017; Park et al., 2008; Reid et al., 2011). A
convenience sample of participants were recruited through emails to the Life Registry
accessed through the university’s Center for Healthy Aging Research, flyers placed
throughout the community, and word of mouth from February through May of 2019.
Twenty-two older adults 60-80 years old (Table 2.1) provided informed consent as
approved by the local institutional review board, completed the single testing session,
and were included for analysis of postural control demand as well as additional
analyses previously reported in other publications (Figure 2.1). Eligibility was
determined through a guided interview of a Health and Injury and Physical Activity
questionnaire (Appendix A) and the Rapid Assessment of Physical Activity (RAPA)
questionnaire (Appendix B) (Topolski et al., 2006; University of Washington, 2006).
Participants also completed the Timed Up and Go (TUG) test (Ambrose, Paul, and
Hausdorff, 2013; Bischoff et al., 2003; Bohannon and Schaubert, 2005). Eligibility
for the study required self-reported absence of a neurologic condition, a
cardiovascular or pulmonary condition that limited exercise, and lower body or back
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surgery in the previous year. Participants were also required to self-report absence of
osteoporosis, an injurious fall or more than one fall that did not result in injury in the
previous year, and a lower body or back injury in the previous 3 months for which
medical attention was sought and currently limited physical activity. Lastly,
participants were required to score above a “sedentary” level on the RAPA (4 or
greater on the RAPA 1 section), indicating regular moderate physical activity, and
complete the TUG test in 12 seconds or less, indicating absence of impairments in
basic mobility skills (Ambrose, Paul, and Hausdorff, 2013; Bischoff et al., 2003;
Bohannon and Schaubert, 2005).
Procedures
For motion capture set up prior to participant arrival, cameras were calibrated
with a wanding RMS error of £ 1 mm (OptiTrack Prime 13 system, NaturalPoint Inc.,
Corvallis, OR). The positive global x-axis, y-axis, and z-axis was directed anteriorly,
leftward, and superiorly, respectively, from the participant’s reference standing
position as a modification of ISB recommendations and with an error tolerance of
0.02 m (OptiTrack Prime 13 system, NaturalPoint Inc., Corvallis, OR; Wu, 2002).
An RMS error of < 1 cm was required for setting up force plates that were set to a
gain of 5 (Bertec Corporation, 2001; Innovative Sports Training, Inc., Chicago, IL).
Height and weight were measured for participants who were determined
eligible for study participation. The dominant limb was the most preferred limb used
to step up onto a step, kick a ball, and step after receiving a forward-directed nudge
between the shoulder blades (Hoffman, Schrader, Applegate, and Koceja, 1998).
Using a stationary bicycle for 5 minutes, participants then completed a warm-up.
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While the participant stood in a reference position, virtual markers were
placed on the anterior tip and heel of each shoe to indicate the anteroposterior
boundary points of the BoS (Figure 2.2). Additional virtual markers were placed and
on the medial portion of the shoe base at each first metatarsal head and lateral portion
of the shoe base at each 5th metatarsal heads to indicate the mediolateral boundary
points of the BoS (Figure 2.2). Boundary point placement was a combination of
methods used by Hertel and colleagues (2006) which modeled the foot as a rectangle
and Cobb and colleagues (2014) who performed TTB measures in a shod condition
(Cobb et al., 2014; Hertel, et al., 2006).
Kinematic data were recorded at 120 Hz as per previous studies (Samuel,
Rowe and Nicol, 2013; Foster et al., 2014) by 8 OptiTrack Prime 13 system cameras
(NaturalPoint Inc., Corvallis, OR) and streamed to The MotionMonitor software
version 9.32 (Innovative Sports Training Inc., Chicago, IL) through a real-time plugin. Kinetic data were recorded at 1200 Hz, similar to previous studies, and
synchronized with kinematic data (Innovative Sports Training, Inc., Chicago, IL)
while participants stood on 1 or 2 in-ground and side-by-side force plates (Bertec,
FP4060-08, Columbus, OH) to perform the side step (SS) and standing hip abduction
(HA) exercises (Flanagan et al., 2003; Flanagan et al. 2004; Wang et al., 2003).
Exercise and limb order were counterbalanced, and exercises were performed
wearing a gait belt with a spotter and horizontal bar nearby. Participants received
standardized video and picture instructions of the exercise and then performed two to
three single-repetitions of each exercise in each direction or with each limb leading
the motion for practice. Participants were instructed to perform the exercises to a
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desired cadence of 60 Hz for each phase (lead limb/trail limb motion or
outward/inward motion) of the exercise. Participants performed single-repetitions of
the exercise for testing until 5 repetitions were successfully performed and recorded
or a max of 7 repetitions were performed. Following testing of an exercise,
participants reported a number from 6-20 to rate their subjective level of effort for the
exercise based on the Borg 15-category scale (Centers for Disease Control and
Prevention, 2015; Borg, 1998). Rating of Perceived Exertion means for these
exercises have been previously published for a different research question.
Exercise Performance:
For the SS, feet started approximately shoulder-width apart on one force plate
and the hands were placed on the hips. The participant stepped with the lead limb to
a taped location on a nearby force plate that was approximately 24% body height,
associated with protective lateral stepping in older adults, then followed with the trail
limb (Campbell and Robertson, 2003; Mille, Johnson, Martinez, and Rogers, 2005;
Sparto, Jennings, Furman, and Redfern, 2014) (Figure 2.3a). For the HA, feet were
placed approximately shoulder-width apart on separate force plates and the hands
were placed on the hips. Participants abducted their limb to approximately 30
degrees, keeping their toes pointing forward and the moving limb straight, and then
returned to the starting position (Campbell and Robertson, 2003) (Figure 2.3b).
Data Analysis
MotionMonitor software was used to determine locations of the digitized
points on each foot and CoP locations on each force plate relative to the world axes
(Innovative Sports Training, Inc, 2011). Motion capture and force plate data were
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filtered with MotionMonitor software using a low pass, fourth-order, no-lag
Butterworth filter at 10 Hz as determined by a residual analysis (LabView, National
Instruments, Austin, TX; Winter, 2009). A customized LabView program that
filtered CoP data at 5Hz was used to calculate dependent variables for postural
control (Version 18.0, LabView, National Instruments, Austin, TX). Dependent
variables were calculated for each trial that was performed correctly and without
altered performance of the exercise that prohibited analysis or gaps in markers that
could not be filled. Calculated values were averaged across trials with values for
which data allowed all dependent variables to be calculated, from a minimum of 2
trials to a maximum of 5 trials per participant.
The time period of interest for the HA and SS was during the single limb
stance phase of the dominant limb in stance and leading the step, respectively.
Postural control variables were calculated from CoP data for the dominant limb in
stance for the HA exercise, and for the dominant limb that initially stepped for the SS
exercise. TTB measures were calculated in the anteroposterior (AP) and mediolateral
directions (ML) as the time it would take for the CoP, defined as the location of the
vertical ground reaction force vector (Winter, 1995), to reach the stability boundaries
defined by the digitized points on the shoes in each direction, respectively, if the
velocity of the CoP remained constant (Cobb et al., 2014; Hertel and OlmstedKramer, 2007; Hertel, Olmsted-Kramer, and Challis, 2006; van Wegen, van
Emmerik, and Riccio, 2002). For each CoP location throughout the trial, the distance
between it and the AP and ML border of the stability boundary to which it was
moving was calculated (Hertel and Olmsted-Kramer, 2007; Schulz, Ashton-Miller,
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and Alexander, 2006; van Wegen, van Emmerik, and Riccio, 2002). The distance
was divided by the instantaneous velocity of the CoP, which was calculated by taking
the derivative of the time series CoP data, in the respective direction (Hertel and
Olmsted-Kramer, 2007; Schulz, Ashton-Miller, and Alexander, 2006; van Wegen,
van Emmerik, and Riccio, 2002). A time series of the TTB was computed, and the
minima, which represent times when the CoP is closest to the boundary of the BoS
before it changes directions, and reflects time points of postural instability, was
calculated (Hertel and Olmsted-Kramer, 2007; van Wegen, van Emmerik, and Riccio,
2002). These minima were averaged over a trial to determine the mean minimum
TTB in the AP and ML directions (Hertel and Olmsted-Kramer, 2007; van Wegen,
van Emmerik, and Riccio, 2002).
For the mean AP and ML velocity of the CoP, the velocity in each direction
throughout the trial was calculated using the derivative of the CoP position time
series and averaged as a modification of methods used in other studies (Reid et al.,
2011; Winter, 2005). The path length of the CoP was calculated by summing the
distances between successive center of pressure locations (Hufschmidt, Dichgans,
Mauritz, and Hufschmidt, 1980; Palmieri et al., 2002). The 95% confidence ellipse
area (cm^2) was calculated according to the equations used by Prieto and colleagues
(1996) using an F statistic of 2.61 for a large sample size of 1000 data points
(Kleinbaum, Kupper, Muller, and Nizam, 1997).
Statistical Analysis:
Dependent variables for postural control and rating of perceived exertion were
screened for extreme cases and assumptions of normality with Shapiro-Wilkes tests
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for normality, skewness and kurtosis values, and visual assessment of histograms and
boxplots. Paired t-tests were performed with Bonferroni corrections (α=0.008) for the
number of pairwise comparisons made to test for differences in dependent variables
characterizing postural control between the SS and HA exercises. A paired t-test was
performed to test for a significant difference between the SS and HA exercises in the
Rating of Perceived Exertion reported (α=0.05). All statistical tests performed using
SPSS (Version 26, IBM Corp, Armonk, NY).
Results
A significant effect of standing exercises on characteristics of postural control
and Rating of Perceived Exertion was found. Summary statistics for postural stability
measures during the HA and SS are shown in Table 2.2 and ratings of perceived
exertion for each exercise as self-reported by participants are included in Table 2.3.
Representative AP and ML TTB time series of a single participant for each exercise is
shown in Figures 2.4 and 2.5, respectively. CoP position of one trial for a single
participant’s during each exercise is shown in Figure 2.6.
Discussion
Our findings support the hypothesis that CoP measures of postural control
differ between the HA and SS exercises commonly performed by older adults in falls
prevention programs and suggest that balance is challenged during performance
(Table 2.2). For the HA, mean ML TTB was significantly lower, mean COP AP
velocity was significantly slower, and path length and ellipse area were significantly
greater compared to the SS. The Rating of Perceived Exertion for HA was
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significantly higher than SS, but the difference between means was less than one
point, which may or may not be clinically meaningful.
Study findings suggest different magnitudes of challenge to stability by the
exercises investigated. Though results suggest that the SS moves the CoP less than
the HA, this exercise may be valuable to include in a falls prevention program since it
involved CoP AP velocity that was greater than the HA. Our findings suggest the
HA exercise may be appropriate as a progression from the SS or prescribed in
addition to the SS due to the moderate challenges to CoP movement observed during
performance. The HA may be more appropriate for individuals who would benefit
from greater challenge to ML postural control while the SS may be helpful for when
greater challenge to AP postural stability is needed. In order to provide challenge to
postural control in both the AP and ML directions, both the HA and SS exercises
would be valuable to include in a fall prevention program.
CoP measures have been used to characterize postural control in older adults
during traditional balance activities such as double limb stance with eyes open and
closed, single limb stance, semi-tandem stances with eyes open and closed, tandem
stances, and during a step down (da Silva et al., 2013; Degani et al., 2017; Hayashi et
al., 2012; Pajala et al., 2008; Terada et al., 2018; Tsang et al., 2013). Many of these
activities are included in falls prevention programs in addition to semi-dynamic or
dynamic exercises such as those included in our study (Beling and Roller, 2009;
Campbell and Robertson, 2003; Delbaere et al., 2006; LaCroix et al., 2016). Our
results suggest the exercises in this study generally provide similar or greater
challenge to postural control when compared to previously studied traditional balance
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activities. For both exercises performed in this study, CoP area and velocity
measures suggest greater challenge to postural control than double limb stance with
eyes open or closed, semi-tandem stance, and tandem stance in older adults (Degani
et al., 2017; Pajala et al., 2008). Results also suggest a similar CoP area and greater
mean AP velocity, though lower mean ML velocity, during both exercises when
compared to a 20- or 30-second single limb stance performed by older adults (Da
Silva et al., 2013; Hayashi et al., 2012; Terada et al., 2018). Results for sway area
and path length during exercises in this study were observed as greater than that
previously reported for older adults during a step down followed by a 10-second
single limb stance (Tsang et al., 2013). TTB measures were the only characteristics
of postural control shown in this study to be less suggestive of challenge to balance
than previously studied activities, such as during a 20-second single limb stance,
which may be due to the different nature of task requirements (Terada et al., 2018).
Recommendations for exercise programs in falls prevention include
addressing impaired balance as a risk factor with exercises that are at least moderately
challenging to balance (Sherrington et al., 2016; Sherrington and Tiedemann, 2015).
Several criteria are used to indicate moderate to high challenges to balance, and the
exercises selected for this study likely meet the criteria (Sherrington and Tiedemann,
2015). Based on the characteristics of postural control observed during the selected
exercises in this study, clinicians may address balance deficits as a risk factor for falls
by including them in addition to other exercises frequently prescribed to challenge
balance, such as single limb stance, tandem stance, and reaching activities (Gschwind
et al., 2013; Hirase et al., 2015; Sherrington and Tiedemann, 2015). Differences
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noted in challenge to postural control suggested by CoP measures applied to the
exercises performed in this study may also help clinicians tailor and progress the
exercises to an individual’s balance capabilities and limitations.
Study Limitations
This study includes several limitations that should be considered when
applying the findings to falls prevention practices. Participants were apparently
healthy, community-dwelling, non-sedentary older adults who may demonstrate
unique or high-level postural control characteristics. The speed of the exercises was
standardized, which may have influenced the manner in which participants controlled
the movements. Participants were also not provided with instruction or time to
practice the exercises prior to the study session as done in previous studies (Flanagan
et al., 2004, Flanagan et al., 2003), so it is possible that the level of familiarity with
exercises movements may have influenced postural control behavior. Exercises were
qualitatively observed to be performed for varying time durations, which may also
affect results since sampling duration has been identified as an important factor in
measuring CoP behavior (Ruhe, Fejer, and Walker, 2010). Lastly, the foot placement
for each exercise was not strictly controlled to be exactly parallel to world axes, so
any rotation of the foot may have influenced the boundary points relative to the CoP
position.
Conclusion
This study quantified and compared characteristics of postural control
between the side step and hip abduction exercises commonly performed by older
adults in falls prevention programs. Differences in center of pressure measures were
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identified and findings suggest similar or greater challenge to balance than standing
balance activities such as single limb stance. Our findings may therefore assist
clinicians with selecting and combining these exercises within a falls prevention
program to tailor the postural control demands to individual needs for falls
prevention. Future research is warranted to quantify and compare postural control
demands in additional exercises frequently performed in falls prevention programs
and to evaluate these demands in different patient populations.
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Table 2.1. Characteristics of participants (Mean ± SD) (N=22)
n (%)
Age (y)
Mass (kg)
Height
(cm)
Males
11(50)
72 ± 5
82.9 ± 12.3 177.1 ± 5.8
Females
11(50)
66 ± 4
65.7 ± 11.3 167.2 ± 6.4
Total
22
69 ± 5
74.3 ± 14.5 172.2 ± 7.8

75

TUG (s)
7.4 ± 1.2
6.4 ± 0.7
6.9 ± 1.1

Figure 2.1. Participant flow chart
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Figure 2.2. Virtual marker placement for foot boundary points and rectangular foot
boundary in shod condition.
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b)

a)

c)
Figure 2.3. Exercises as performed by participants and equipment placed near
participants during performance: a) side step, b) hip abduction, c) parallel bar
placement
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Table 2.2. Mean ± SD of postural control variables
Exercise
p-value
Postural control variable
HA
SS
Mean AP TTB (s)
0.015
4.17 ±
3.01 ± 1.4
1.48
Mean ML TTB (s)
4.12 ±
12.48 ±
£ 0.001
2.20
5.31
CoP AP mean velocity (cm/s)
5.43 ±
9.28 ± 2.7
£ 0.001
1.33
CoP ML mean vel (cm/s)
0.985
3.43 ±
3.43 ± 1.2
1.23
CoP path length (cm)
9.81 ±
5.77 ± 1.83 £ 0.001
1.96
CoP 95% confidence ellipse area
9.02 ± 4.2 3.59 ± 2.61 £ 0.001
(cm^2)
HA = hip abduction, SS = side step; AP = Anteroposterior; ML = Mediolateral; TTB
= time-to-boundary; CoP = center of pressure
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HA

SS

Figure 2.4. Anteroposterior time-to-boundary time series during time period of
interest for one trial of each exercise.
HA = hip abduction, SS = side step
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HA

SS

Figure 2.5. Mediolateral time-to-boundary time series during time period of interest
for one trial of each exercise.
HA = hip abduction, SS = side step
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SS

HA

Figure 2.6. Center of pressure positions during time period of interest for one trial of
each exercise for one participant.
HA = hip abduction, SS = side step

82

Table 2.3. Mean ± SD for self-reported Rating of Perceived Exertion for side step
and hip abduction exercises
Exercise

RPE

HA*

7.9 ± 1.9

SS

7.1 ± 1.5

HA = hip abduction; SS = side step
*significantly different from SS (p = 0.001)
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Chapter 4: GENERAL CONCLUSION
This study evaluated the extent to which biomechanical demands and
characteristics of postural control differed among standing exercises commonly
performed by older adults in falls prevention programs. To test for these differences
and identify any ranking of order of magnitude among exercises, communitydwelling older adults performed a selection of standing exercises (hip abduction
(HA), side step (SS), squat (SQ), forward lunge (FL) and side lunge (SL)) while
motion-capture and force plate data were recorded. Peak joint angles, net joint
moments, and joint powers and total work at the ankle, knee and hip in multiple
planes were analyzed to compare biomechanical demand experienced during the
selected exercises. Center of pressure (CoP) measures of time-to-boundary (TTB) in
the anteroposterior (AP) and mediolateral (ML) directions, mean velocity, path
length, and 95% confidence ellipse area were used to characterized postural control
during the SS and HA exercises.
In the first manuscript significant differences and some degree of ranking of
magnitude was observed among the selected exercises in all dependent variables
analyzed. The SQ was generally more demanding of joint angles analyzed compared
to the other exercises, but peak net joint moments and power were generally lower in
plantar flexion and hip abduction for the SQ. The FL demonstrated generally the
greatest demand on the hip extensors while the SL demonstrated greater plantar
flexion and knee extension joint moments. Lastly, the SS and HA exercises
demonstrated consistently lower demand in sagittal plane joint angles and knee and
hip kinetics, but greater or similar demand to other exercises at the ankle in the
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sagittal plane and the hip in the frontal plane. Overall, study findings suggest that
these exercises, prescribed and progressed in combination, may address modifiable
falls risk factors related to impaired mobility.
In the second manuscript significant differences were found in characteristics
of postural control and challenge to balance during performance of exercises was
suggested. The SS exercise is suggested to provide greater challenge to postural
stability in the AP direction while the HA moves the CoP to a greater extent and
demands more of ML postural control than the SS exercise. Our findings, when
compared to previous research, suggest similar or greater challenge to balance than
standing balance activities such as single limb stance. Overall, our findings suggest
clinicians may address balance deficits as a risk factor for falls in older adults by
including the SS and HA exercises in a fall prevention program.
Little is known of the mechanical demands and characteristics of postural
control in standing exercises commonly performed by older adults in falls prevention
programs, particularly when comparing multiple exercises. This research makes an
important contribution to the falls prevention literature by providing information that
clinicians may use to improve evidence-based exercise prescription and progression
through optimal tailoring of exercise programs to address falls risk factors. Since falls
are a major public health concern and the global population is aging, research must
continue to improve the effectiveness of falls prevention practices. Findings from this
study are limited to a subset of exercises commonly performed in efficacious exercise
programs in a healthy, community-dwelling population of older adults.

Further

research is warranted to investigate biomechanical and postural control demands in
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other exercises and in balance activities commonly performed in falls prevention
programs in a variety of older adult populations to maximize falls prevention efficacy.
Dissemination of information that will assist clinicians with facilitating the greatest
reduction in falls risk possible is also necessary to prevent the potentially devastating
consequences of falls in older adults.
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APPENDIX A
Participant ID_________
Form J: Health and Injury History and Activity Questionnaire
Please Print
1.

What is your age? ______

2.

Have you ever had or been diagnosed by a doctor or other health care provider with a neurological
disease or condition, such as a stroke, epilepsy, multiple sclerosis, Parkinson’s disease, or
peripheral neuropathy?
Yes _____

3.

Do you have a heart or lung condition that limits your ability to exercise?
Yes _____

4.

No _____

Have you ever had a limb amputated?
Yes _____

7.

No _____

Do you have a vision problem that is not corrected by glasses, contacts, or a past surgery?
Yes _____

6.

No _____

Has your doctor or other health care provider said you have osteoporosis?
Yes _____

5.

No _____

No _____

Have you ever had a surgery your lower body or back (lower body, ankles, feet, or back)?
Yes _____

No _____

7a. If yes, which body part was operated on? _________________________
7b. If yes, was the surgery a total or partial joint replacement, or was any type of implant placed in
your body, including rods, pins, screws, plates or wires?
Yes _____
8.

Do you have any current pain in your lower body or back (lower body, ankles, feet, or back) that is
of moderate intensity or greater (³ 4/10) and limits your ability to perform physical activity?
Yes _____

9.

No _____

No _____

In the past year have you experienced a fall that resulted in an injury, or more than one fall that did
not result in an injury?
Yes _____

No _____
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10. In the past year have you had surgery on your lower body or back (lower body, ankles, feet, or
back)?
Yes _____

No _____

11. In the past 3 months, have you experienced an orthopedic lower body or back injury (lower body,
ankles, feet, or back), such as a muscle strain or fracture, for which you went to see a doctor or
other health care provider?
Yes _____

No _____

11a. If yes, does this injury still currently cause you pain >4/10 or limit your ability to perform
daily activities like walking or going up and down stairs?
Yes _____

No _____

12. In the past 3 months have you experienced a concussion?
Yes _____

No _____

13. In the past 2 weeks have you experienced fainting or repeated vertigo or dizziness?
Yes _____

No _____

14. Are you currently ill? Symptoms might include fever, headache, sore throat, ear infection, etc.
Yes _____

No _____

15. Do you have any other health issues that currently limit your ability to perform physical activity?
Yes ____

Please specify: ________________

No _____

16. Is your skin sensitive or allergic to tape (e.g. bandaids, athletic tape)?
Yes _____

No ______

17. In the past 12 hours, have you had or taken any of the following: 2 or more alcoholic beverages,
recreational drugs, sedatives, an antihistamine medication that can cause drowsiness, or over the
counter anti-inflammatory or pain-relieving medications that you do not usually take?
Yes _____

No _____

18. Can you walk without a walker, cane, crutch, or the help of another person?
Yes _____

No _____

19. Can you step up and down a step without using a handrail, walker, cane, crutch, or help of another
person?
Yes _____

No _____

20. A) How many hours per week do you spend performing light physical activity, such as walking
leisurely, stretching, performing light housework or yardwork, or golfing with a cart?
______hours

107

B) What light physical activities do you perform?
________________________________________

21. A) How many hours per week do you spend performing moderate physical activity, such as brisk
walking, low impact aerobics, golfing while carrying your clubs, or using an aerobic exercise
machine at a moderate pace? _______ hours
B) What moderate physical activities do you perform?
____________________________________
22. A) How many hours per week do you spend performing vigorous physical activity, such as race
walking, running, or high impact aerobics? ________ hours
B) What vigorous physical activities do you perform?
_____________________________________

For Researcher’s Use:
23. TUG score: ___________ seconds taken to “rise from a standard arm chair walk to a line on the
floor 3 meters away, turn, return, and sit down again” while being timed with a stop watch
(Bischoff et al., 2003; Bohannon and Schaubert, 2005)
24. RAPA score (See separate sheet for questionnaire):
Circle one:
sedentary

under-active

under-active regular – light activities
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under-active regular

active
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