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ABSTRACT

Localized muscular fatigue has been identified to have detrimental effects on
balance control, an important skill for everyday life. Manipulation of attention focus
instructions has been shown to benefit performance of various motor skills including
balance and has been found to facilitate endurance during fatiguing tasks. The purpose of
this thesis was to determine if the use of attention focus instructions could attenuate the
effects of muscular fatigue on balance control. Twenty-four participants performed a
balance task (two-legged stance on an unstable platform) before and after a fatigue
protocol. Trunk sway, platform excursions, and lower limb muscle activity was
measured. Results suggest that use of either internal or external attention focus
instructions can reduce the immediate effects of muscular fatigue of the lower limb on
balance control as shown through reduced trunk sway and platform excursions. These

results have relevance for individuals performing balance tasks in a fatigued state.
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CHAPTER ONE: LITERATURE REVIEW

1.1  Balance Control

Balance is an important requirement for the performance of many of our activities of daily
living ranging from standing on a chair to reach for an item located in a high cupboard to walking
home from a store carrying a bag of groceries through a crowded street. The control of balance is a
complex sensorimotor process that involves the integration of information from multiple sensory
systems (i.e., visual, vestibular, and somatosensory) in order to generate appropriate motor
responses to maintain upright stance and prevent falling (Horak 2006). Specifically, this
challenging process requires an individual to be able to control their centre of mass (COM) within
their base of support (BOS) whether that BOS is stationary (i.e., as would occur during quiet
stance) or moving (i.e., as would occur during walking). The COM can be defined as an imaginary
point around which the total body mass is equally distributed (Winter 1995). The BOS can be
defined as the area of the body that comes in contact with the environment (i.e., supporting surface
on which one stands) and allows for ground reaction forces to be generated in order to control the
movement of the COM (Winter 1995). The central nervous system (CNS) must make constant and
precise adjustments in order to control the COM within a stationary BOS (i.e., when the COM
moves within the BOS when standing) or moving BOS (i.e., when the COM moves outside of the
BOS with each step during walking). The centre of pressure (COP) can be defined as the location
of the weighted average of the sum of vertical ground reaction forces and most often is examined in
the anterior-posterior (A-P) direction and the medial-lateral (M-L) direction. The COP reflects the
generation of stabilizing ankle torques (i.e., adjustments in the A-P direction) and lateral weight
shifts (i.e., adjustments in the M-L direction) to control the body COM and as such the COP

provides an indication of the CNS response to control COM movement.



Many factors have been shown to influence balance control. These factors may be
physiological (e.g., reduced lower limb muscle strength; Wolfson, Judge, Whipple & King 1995),
emotional or psychological (e.g., fear of falling; Davis, Campbell, Adkin & Carpenter 2009), or
cognitive (e.g., attention; Woollacott & Shumway-Cook 2002). Furthermore, interactions between
multiple physiological, psychological or cognitive factors can lead to confounding effects on
balance control. The effects of these factors can be more pronounced when performing difficult
tasks (i.e., one legged stance, obstacle avoidance, balance recovery) or when performing in
challenging environments (i.e., navigating through a cluttered room).

One important cognitive factor that has been shown to influence balance control is attention.
For example, divided attention protocols (i.e., dual-task situations where individuals perform a
concurrent task while maintaining balance) have been shown to impact balance control (Woollacott
& Shumway-Cook 2002). Attention focus or “where” an individual directs their attention when
completing a task has also been shown to modify balance control (Wulf 2007). This thesis will
examine attention focus and its effects on motor skill performance, specifically balance control, and
whether instructions related to attention focus can modify the influence of a specific factor (i.e.,
muscle fatigue) that has been shown to influence balance control. First, the literature on the effects
of attention focus on motor skill performance, and more specifically balance control, will be
reviewed. This will be followed by a review of the literature on the effects of muscle fatigue on
balance control in order to demonstrate its efficacy as a model to show balance differences in order
to examine whether specific attention focus can minimize these fatigue-related effects on balance.
1.2 Attention Focus

Attention focus can be defined as “where” an individual directs their attention when
completing a task. When studying attention focus, two main focus types are compared. One type is

an internal attention focus which refers to instructions that are given to direct the performer’s



attention towards their body’s action. A second type is an external attention focus which refers to
instructions provided to direct the performer’s attention towards the effects of their motions. In
studies examining the effects of attention focus on motor skill performance, these types of attention
focus are often compared to a control condition where no specific attention focus instructions are
given as to where the individual is to focus during the performance of the motor skill.

An example of the type of attention focus instructions given can be observed in the
following study. Wulf, Hob & Prinz (1998, Exp 1) examined the effect of attention focus
instructions on ski-simulator performance. All participants were told the goal of the tasks was to
move with the largest possible amplitude of movement. Participants were placed in an internal
attention focus group with further instructions to complete the task by trying to exert force on their
outer foot, an external attention focus group with additional instructions to complete the task by
exerting force on the outer wheels of the ski-simulator, or a control group with no additional
attention focus instructions given. Comparisons were made between attention focus groups to
determine which type of instruction benefited the outcome measure of interest. In this study, the
external attention focus group compared to the internal attention focus or control groups showed
superior performance and learning of this task.

Studies examining the manipulation of the type of attention focus in numerous motor skills,
including skills required for golf (Wulf, Lauterbach & Toole 1999), basketball (Zachry, Wulf,
Mercer & Bezodis 2005), and soccer and volleyball (Wulf, McConnel, Gartner & Schwarz 2002)
have found that the adoption of an external attention focus leads to both increased motor
performance and learning compared to the use of either an internal attention focus or control
conditions in which no specific instructions are given as to where to focus during task performance.

A summary of the literature illustrating this consistent observation is presented in Table 1.



The constrained action hypothesis was forwarded by Wulf, McNevin & Shea (2001) to
explain this phenomenon. It states that the adoption of an internal attention focus constrains the
motor system as it interferes with automatic control processes that would normally regulate
movement. In turn by adopting an external attention focus, it allows for more automatic control of
movement which produces more effective and efficient performance. As individuals traditionally
perform similarly under internal attention focus conditions and control (i.e., no instruction)
conditions, it has been suggested that by default individuals attempt to consciously control

movement (i.e., adopt an internal attention focus, Wulf 2007).



Table 1

Effects of Attention Focus on Various Motor Skills.

Research Study Motor Skill Focus Results
Wulf et al. (1998, Exp. 1) | Ski-simulator EF,IF,C |EF>IF=C
Wulf et al. (1998, Exp. 2) | Stabilometer EF, IF EF>IF
Wulf et al. (1999) Golf pitch shot EF, IF EF>IF
Wulf et al. (2001) Stabilometer EF, IF EF>IF
Wulf et al. (2002, Exp. 1) | Volleyball serve EF, IF EF>IF
Wulf et al. (2002, Exp. 2) | Soccer kick EF, IF EF>IF
Totsika & Wulf (2003) Pedalo EF, IF EF>IF
Vance et al. (2004) Biceps curls (movement economy) | EF, IF EF>IF
Landers et al. (2005) Balance Master EF,IF,C |EF>IF=C
Zachry et al. (2005) Basketball free throw EF, IF EF>IF
Laufer et al. (2007) Biodex Stability System EF, IF EF>IF
Wulf et al. (2007) Exp 2 Balance on inflated rubber disk EF,IF,C |EF>IF=C
Wulf et al. (2007) Jump-and-reach EF,IF,C |EF>IF=C
Marchant et al. (2009) Isokinetic elbow flexions (torque) | EF, IF EF > IF
Wulf & Dufek (2009) Jump-and-reach EF, IF EF > IF
Waulf et al. (2009) Balance on inflated rubber disk EF,IF,C |EF>IF=C
Chiviacowsky et al. (2010) | Stabilometer EF, IF EF>IF
Waulf et al. (2010) Jump-and-reach EF, IF EF > IF
Lohse & Sherwood (2011) | Wall-sit EF, IF EF > IF

Note: EF=external attention focus, |F=internal attention focus, C=control




1.2.1 Effects of Attention Focus on Balance Control

As shown in Table 1, investigations into the effects of attention focus have also shown that
the adoption of an external attention focus benefits the performance and learning of various balance
tasks. Wulf et al. (1998, exp 2.) examined the effects of external and internal attention focus on
learning to balance on a stabilometer. In this task, performers were instructed to focus either on
keeping their feet at the same height (i.e., an internal attention focus) or on keeping two markers
placed on the stabilometer at the same height (i.e., an external attention focus). During the retention
test, when no attention focus instructions were given, the group that adopted an external attention
focus during practice showed a superior ability to maintain the board in a horizontal position
compared to the internal attention focus group.

Subsequent investigations into the differential effects of attention focus instructions on
balance tasks ranging from quiet standing (Wulf, Tollner & Shea 2007, Landers, Wulf, Wallmann
& Guadagnoli 2005), to stabilometer use (Wulf et al. 2001; Chiviacowsky, Wulf & Wally 2010), to
standing on inflatable rubber disks (Wulf et al. 2007; Wulf, Landers, Lewthwaite & Tollner 2009),
to performance on the biodex stability system (Laufer, Rotem-Lehrer, Ronen, Khayutin &
Rozenberg 2007) to pedalo use (Totsika & Wulf 2003) have found similar results showing both
increased performance, retention and ability to transfer to novel tasks while adopting an external
attention focus compared to either an internal attention focus or no explicitly directed attention
focus.

Additionally, although the majority of this work has focused on healthy young adults, a
benefit to balance performance from adopting an external attention focus on has been observed for
older adults (Chiviacowsky et al. 2010), for individuals recovering from lateral ankle sprains

(Laufer et al. 2007), ACL replacement (Gokeler et al. 2014) and for individuals with Parkinson’s



Disease (Landers et al. 2005; Wulf et al. 2007) or Multiple Sclerosis (Shafizadeh, Platt &

Mohammadi 2013)

1.2.2 Effects of Attention Focus on Force Production and Neuromuscular Activity

The effects of adopting a different type of attention focus have also been examined at the
neuromuscular level. Vance, Wulf, Tollner, McNevin & Mercer (2004) examined
electromyographic (EMG) activity of individuals performing biceps curls while adopting an
internal attention focus (i.e., on the movement of their arms) or an external attention focus (i.e., on
the movement of the curl bar). The results of this study showed that when adopting an external
attention focus individuals displayed greater movement economy at the neuromuscular level as
demonstrated by lower integrated EMG levels in the agonist biceps and antagonist triceps during
the motion reflecting greater inter-muscular coordination. Additionally, at least initially, while
adopting an external attention focus, individuals recruited fewer motor units while completing the
task, as shown by lower EMG mean power frequency (MPF) values, despite being required to exert
the same amount of force in all conditions. Also of note, when given no instructions as to the
timing of movements, individuals performed the motions quicker when adopting an external
attention focus.

To examine if these differences in EMG activity observed in the above study also resulted
in improvement in different outcome measures, Zachry et al. (2005) measured the EMG activity of
the dominant arm while individuals performed basketball free throws. When asked to focus
internally on the snapping motion of their wrist or externally on the center back of the rim,
participants not only exhibited greater accuracy while focusing externally but also generated lower
levels of EMG activity in the biceps and triceps. These findings confirm that the alterations in

patterns of neuromuscular activity occur concurrently with changes in outcome measures.



One outcome measure of particular note that has been found to increase with the adoption
of an external attention focus is that of force production. Marchant, Greig & Scott (2009) examined
the effects of attention focus on an individual’s force production during elbow flexion. These
authors found that when focusing externally participants were able to produce significantly larger
maximal voluntary contractions (MVC). The results hold true for tasks requiring whole-body
coordination as it has been shown that the use of an external attention focus during a maximum
vertical jump task results in an increase in force production as well as corresponding increases in
maximum jump height (Wulf, Zachry, Grandas and Dufek 2007; Wulf and Dufek 2009). Further
exploration of the vertical jump task by Wulf, Dufek, Lozano & Pettigrew (2010) found that
despite the increases observed in jump height and force production, individuals who adopted an
external attention focus also exhibited lower levels of EMG activity in the leg muscles while still
maintaining the same muscle onset times throughout the task.

More recently, Lohse & Sherwood (2011) have examined the effects of attention focus on
the completion of a fatiguing motor task. In their study, individuals performed a physically
demanding wall sit task; participants were required to sit with their backs against a wall with their
knees and hips bent to 90 degrees with no additional support. Participants were required to maintain
this position for as long as possible. When performing this task, individuals were provided with
different attention focus instructions. One group of individuals was instructed to focus internally
with the instruction “to keep the thighs parallel to the ground”. Two other groups of individuals
were instructed to focus externally. One external attention focus group was given the instruction “to
keep the imaginary line between markers attached to their knee and hip parallel to the ground” and
the second external attention focus group was given the instruction “to keep the imaginary line
between the tops of two pylons parallel to the ground”. It was found that both external attention

focus conditions resulted in significantly longer times to fatigue (i.e., voluntary exhaustion or task



failure) as well as lower ratings of perceived exertion. This study suggests that an external attention
focus may benefit tasks that involve muscular fatigue by producing better performance (i.e., longer
times to failure). Further support to the benefits of instructions to adopt an external focus on
muscular endurance was observed by Marchant, Greig, Bullough & Hitchen (2009). In their study,
individuals were able to perform significantly more repetitions of bench press and back squat at
75% of their one repetition maximum while instructed to adopt an external focus with the
instructions “Focus on moving and exerting force through and against the bar” compared to
individuals provided with the internal instructions “focus on moving and exerting force with your
arms” or control groups who were given no specific attention focus instructions. With this is mind,
it is also possible that the use of attention focus instructions may help minimize potential fatigue
effects on balance control. An understanding of whether or not this is possible is important due to

the well-established effects of fatigue on balance control.

1.3  Effects of Fatigue on Balance Control

There are a number of different ways to generate muscle fatigue. Research has examined
general muscular exercise such as running, cycling, etc. (i.e., exercises typically involving whole
body movement) and found resulting changes in balance control (Paillard 2012). Research has also
examined the effects of localized muscular fatigue (LMF). LMF refers to the fatigue of a specific
muscle group and can be considered as “the failure to maintain the required or expected force”
(Edwards 1981) or as “any exercise induced reduction in the capacity to generate force or power
output” (Vollestad 1997) in that specific muscle group. The effects of LMF on balance control have
been explored for a range of specific muscle groups (i.e., ankle musculature, hip musculature,
lumbar extensors, etc.), fatigue protocols (i.e., isometric contractions, isokinetic contractions, etc.),

and balance tasks (i.e., single leg stance, two-legged stance, balance recovery from external



perturbations, etc.; Paillard 2012). This thesis will examine the effects of LMF on balance control,

specifically focusing on LMF of the ankle muscles.

1.3.1 Ankle Musculature Fatigue

Investigations into the effects of LMF of the ankle musculature on balance control have
employed a wide variety of balance tasks and fatigue protocols. Table 2 shows that fatigue of the
plantar-flexors, dorsi-flexors, or invertors and evertors results in increased balance adjustments
during both single and two-legged quiet stance. Table 3 shows that fatigue of the plantar-flexors,
dorsi-flexors, or invertors and evertors results in increased balance adjustments during both single
and two-legged stance during dynamic balance tasks such as standing on an unstable support

surface and balance recovery following an external perturbation
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Table 2

Effects of LMF of the Plantar-Flexors on Static Balance.

Study LMF Balance Task Vision Results
Lundin et al. (1993) PF/DF SL EO 1 A-P & M-L COP sway
Anterior weight shift following fatigue
Yaggie & McGreggor PF/DF/Inv | SL EO 1 M-L COP sway,
(2002) ertor/evert 1 A-P sway on forward lean test
orsin
succession
Alderton & Moritz (2003) PF SL (dominant & | EO 1 in A-P & M-L trunk acceleration
(dominant | non-dominant 1 A-P COP amplitude
leg only) leg)
Caron (2003) PF DL EO 1 COP velocity
Corbeil et al. (2003) PF Tandem EO, EC | 1 A-P & M-L COP velocity, mean
frequency for EO & EC
Gribble & Hertel (20043a) PF/DF, SL EO 1 A-P COP velocity
Gribble & Hertel (2004b) Evertors/In | SL EO No effect
vertors,
Bellew & Fenter (2006) PF/DF FR, LERT, EC | SLSTT
SLSTT (EC)
Dickin & Doan (2008) PF/DF, SL EO 1 A-P & M-L RMS of the COP
Bizid et al. (2009) PF, SL EC 1 M-L COP velocity
Lin et al. (2009) PF DL EC 1 A-P COP-COM amplitude
Bisson et al. (2010) PF SL, DL, Semi- EO, EC | 1 A-P, M-L COP velocity for all
tandem stances
TM-L COP amp in SL, EC only
Boyas et al. (2011) PF, DF, SL EO, EC | 1COP total area, A-P COP velocity for
PF/DF all EO
1A-P COP velocity for PF & PF/DF
with EC
Gimmon et al. (2011) PF DL firm surface | EC 1 A-P COP amp, A-P & M-L COP
& DL on foam velocity on both surfaces
1 total sway area on foam

Note for muscles fatigued, muscles separate by a “/” (i.e. PF/DF) indicates multiple muscle groups fatigued
simultaneously. When muscle groups are separated by a comma this indicates separate experimental
groups. PF = plantar-flexors, DF = dorsi-flexors, EO = eyes open, EC = eyes closed, SL = Single leg stance, DL =
Two-Footed stance. FR = functional reach. LERT = lower extremity reach test. SLSTT = single leg stance time

test. RMS = root mean squared.
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Table 3

Effects of LMF of the Plantar-Flexors on Dynamic Balance.

Study LMF Balance Task Vision Results

Miller & Bird (1976) PF Dynobalometer EO No effect of time in balance

Kwon et al.(1998) PF/DF SL on KAT balance EO | balance index scores
system

Salavati et al.(2007) PF/DF, SL on Biodex Stability | EC 1 APSI, MLSI & OSI

evertors/invertors, | System

Reimer & Wikstrom PF SL on Biodex Stability EO 1 APSI, MLSI, OSI

(2010) System following ankle

Kennedy et al. (2012) | PF/DF DL on perturbation EO COP position shifts and
platform alterations in muscle onset

times

Note for muscles fatigued, muscles separate by a “/” (i.e. PF/DF) indicates multiple muscle groups fatigued
simultaneously. When muscle groups are separated by a comma this indicates separate experimental
groups. PF = plantar-flexors, DF = dorsi-flexors, EO = eyes open, EC = eyes closed, SL = Single leg stance, DL =
Two-Footed stance. APSI, MLSI and OSI are stability indices that are specific to the Biodex Stability System,

increases in these reflect poorer balance control.

Bisson, Chopra, Azzi, Morgan & Bilodeau (2010) found isometrically induced plantar-
flexor fatigue resulted in not only increased A-P and M-L velocity and total sway of the COP
during single leg stance with both eyes open and closed but also increased M-L amplitude of COP
adjustments when the eyes were closed. Alderton, Mortiz & Moe-Nilssen (2003) examined the
balance effects of fatiguing a single leg only on single leg stance of the fatigued or non-fatigued
leg. They found that following fatigue, stance on either leg resulted in increased M-L & A-P trunk
acceleration, A-P amplitude of excursions of the COP and decreased M-L velocity of the COP.
Stance on the fatigued leg also showed increased M-L COP amplitude and decreased A-P velocity

of COP movements. In contrast Bizid et al. (2009) found no effect on COP velocities during single
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leg stance with vision after isokinetically fatiguing the plantar-flexors to less than 50% of their
original MVC.

Boyas et al. (2011) compared the effects of isokinetically fatiguing either the plantar-flexors
or dorsi-flexors to when both muscle groups were fatigued simultaneously. To examine this,
participants completed three separate testing sessions during which they fatigued either the plantar-
flexors only, dorsi-flexors only, or the plantar-flexors and dorsi-flexors together. In each session the
muscle group(s) chosen was fatigued isokinetically until unable to produce 50% of their pre-fatigue
peak torque. Following fatigue, balance control was examined through a two legged stance task
with and without vision. The authors found degradations in balance control emerged via increased
total sway and A-P velocity of the COP as well as a posterior shift in the average position of the
COP following all three fatigue protocols. However, increases were found to be significantly
greater in all measures following the simultaneous plantar-flexor and dorsi-flexor fatigue compared
to fatiguing either muscle group on its own. Of note is that the resulting decrements in balance
control were only observed when balance was assessed with vision removed. In contrast to these
findings, isokinetically induced LMF of the plantar-flexors and dorsi-flexors together has shown
effects on balance control when vision is present (Lundin, Feuerbach & Grabiner 1993; Gribble &
Hertel 2004ab; Bellew & Fenter 2006; Dickin & Doan 2008).

Lundin et al. (1993) found that consecutively fatiguing the dorsi-flexors then plantar-flexors
in a blocked format through isokinetically performed concentric-eccentric contractions resulted in
increased amplitudes of A-P and M-L movements of the COP in addition to an anterior shift in
mean position of the COP when standing on one leg with the eyes open. Gribble & Hertel (2004a)
simultaneously fatigued the plantar-flexors and dorsi-flexors in an isokinetic manner until less than
50% peak torque could be produced in both directions. Following fatigue, increases occurred in the

velocity of A-P movements of the COP but not in the M-L direction during single leg stance with
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eyes open. Dickin & Doan (2008) examined simultaneous isokinetic fatigue of the plantar-flexors
and dorsi-flexors; this time fatigue was defined as an inability to produce 70% MVC in both
directions. Furthermore the stance task was performed on both a normal and sway referenced
surface. Following fatigue, increases were observed in the amplitude variability of COP movements
in both the A-P and M-L directions. These findings were consistent across both surface conditions.
Bellew & Fenter (2006) further showed the effects of simultaneous isokinetic fatigue of the plantar-
flexors and dorsi-flexors through decreases in the single leg stance time test and functional reach
scores of older women who were fatigued to <50% peak torque in both muscle groups. Poorer
scores on both of these measures are interpreted as decreases in balance control.

Examinations into the effects of LMF of the in