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Abstract

Dynamic balance is a key component required to be successful in many sports yet the
importance of dynamic balance in elite level sports has not been identified. The aim of
this programme of doctoral study was to determine whether sport specific measures of

dynamic balance could differentiate for skill level in footballers.

Initially a literature review was performed to identify any gaps in the literature and to
inform the research. A scoping review was then performed to provide an in-depth
investigation into the understanding of the term dynamic balance and associated terms.
More encompassing definitions of dynamic balance, postural control and postural
stability were developed as well as a taxonomy to classify movements and existing
balance tests. Following this, an investigation into important movements in football was
conducted and those movements identified as important were classified using the
taxonomy and aligned with existing dynamic balance tests to provide specificity. Finally,
sport-specific measures of dynamic balance, along with a common balance measure
used in football, were investigated to identify whether they had the ability to

differentiate for skill level in footballers.

Definitions of dynamic balance and related terms demonstrated disparity, overlap and
they fail to cover the full range of dynamic balance situations. There are numerous
dynamic balance tests available, they lack specificity, and test selection is difficult due
to the complex and multi-factorial nature of balance. The taxonomy provided an
approach for differentiating dynamic balance components, comprehensive profile of
existing dynamic balance tests and a tool to identify strengths and limitations of existing
tests and identify sport specific tests. Important movements in football were identified
as shielding the ball, a shoulder barge whilst running, jostling to win the ball and
shielding the ball whilst jostling, accelerating and braking, and a single leg kick or
standing volley. Investigations identified that no existing dynamic balance tests aligned
with the important movements in football. The external forces test shows promise at
being a measure that can differentiate for skill level in football. Time to stabilisation was
lowest for elite players (1.33 s) followed by recreational players (1.91). A large effect size

was observed between elite and recreational players (g =-1.3) and recreational and non-

iv



football players (g = 0.82). There was a small effect size between elite and non-football
players (g = -0.43). The mSEBT, kicking task and deceleration task were not considered
a good measure of performance nor are they able to differentiate for skill level in

football.

This programme of research identifies that previous research has not identified the
components of balance that should be tested for in football, and previous research has
not made use of sport specific tests to assess dynamic balance in football. It is
recommended that future research in this field refers to the newly proposed definitions.
Additionally, further work should investigate other outcome measures of dynamic
balance and whether they provide a better indication of dynamic postural control
strategies. Finally, future directions could focus on whether participant variability exists

at different skill levels.
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Chapter 1 Introduction

1.1 Introduction

This thesis outlines a research programme investigating football specific dynamic
balance measures. Within this programme of research, the different studies firstly focus
on bringing dynamic balance and associated terms into concordance. Then using a newly
developed tool to classify movements and identify sport specific tests studies,
determine whether sport specific measures of dynamic balance can differentiate for skill
level in footballers. This chapter firstly provides the motivation for the work, it further
identifies the aims and objectives of the research and, finally, presents the thesis

structure.

1.2 Motivation for the research

Association football is widely acknowledged to be the world's most popular single sport
(Ritzer, 2012). An estimation by The Fédération Internationale de Football Association
(FIFA) is that there are over 240 million active players in 204 countries with 1%
participation at professional level (Stamm & Lamprecht, 2001). In the UK, it is the most
popular sport to watch and participate in with more than two million people playing at
least twice per month (Lange, 2020). Due to the popularity of the sport, studies
investigating the fundamental skills required to play are numerous. The capacity of a
player to perform actions which can have a major influence on match performance
include sprinting, jumping, kicking and changing direction (Stolen et al., 2005). Over time
the game has become progressively more athletic requiring varied forceful and explosive
actions which are crucial in many game situations (Manolopoulos et al., 2016; Ramirez-
Campillo et al., 2015). Performance on the pitch of elements such as passes, aerial duels,
dribbling, feigns, receiving the ball from a player of the same team, interception of the
opposition pass, and shots on goal demonstrate extremely high technical abilities. The
performance of these actions is often at high speed and include opposition pressure,
ball path flight changes and surface instability (Gerbino et al., 2007). There is

considerable interest in the literature of these actions and constraints being better
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performed in the presence of well-developed body control, balance and in particular

dynamic balance of players.

Dynamic balance is a key component required to be successful in many sports. The use
of the term is widespread, however there is not an accepted definition (Pollock et al.,
2000). It generally refers to an ability to maintain balance in the presence of varying
challenges to posture. The production and use of a universally acceptable definition is
essential to accurately report dynamic balance research. A definition that encompasses
all the different components of dynamic balance will enable further research in terms
of the importance of dynamic balance in sport, dynamic balance ability and training of

dynamic balance.

Existing tests of dynamic balance in football are static in nature, have predictable
environments and inadequately represent postural control demands in football specific
situations involving complex and dynamically changing environments. They provide a
single performance measure and do not provide detail pertaining to the control of the
movement or the strategy involved in achieving, maintaining, or regaining balance. As it
is purported that higher level athletes have better dynamic balance ability than lower
level athletes and non-athletes (Hrysomallis, 2011), it is of interest to determine what
these strategies are and how they differ in the most skilled athletes in comparison to
lower level athletes. Differences in dynamic balance at different skill levels and across
sports has been suggested to be due to training effects and movements that are specific
to the sport population of interest (Hrysomallis, 2011). Additionally, dynamic balance
has been related to injury risk and those with poor balance tend to suffer more injuries
(Hrysomallis, 2007; McGuine & Keene, 2006). To the author’'s knowledge a
comprehensive tool does not exist to support the identification of important
movements for success in sport nor a method to determine suitable and sport-specific
tests for assessing dynamic balance. Such a method would identify the important
components of dynamic balance for a given population and provide a tool to obtain a
detailed and comprehensive profile of all existing dynamic balance tests. Additionally, it
would provide a tool whereby strengths and limitations of existing tests could be

determined, aiding in the specificity of balance tests for the population of interest.
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1.2 Aims and Objectives

The aim of this research was to provide an encompassing definition of dynamic balance

and determine the extent to which dynamic balance differentiates skill level in football.

The objectives of this programme of research are as follows:

1. To provide a critical review of literature in dynamic balance, establishing

current knowledge and identifying gaps that require further research.

2. To understand and provide an encompassing definition of dynamic

balance and associated terms.

3. To identify the important dimensions of dynamic balance in football and

to identify sport specific measures of dynamic balance in football.

4. To investigate the extent to which dynamic balance ability differentiates
between skill levels in football and whether differences exist between

limbs.

1.4 Thesis Structure

The chapters of this programme of research will be structured as follows:

Chapter two provides a critical review of the literature. It introduces balance and
outlines the difficulties around current definitions, measurement techniques, balance

research in sport, balance ability in sport and taxonomies used to classify balance.

Chapter three discusses the results of a scoping review of dynamic balance and

associated terms.

Chapter four extends existing definitions to provide more encompassing definitions of

dynamic balance and associated terms. Followed by the development of a new

14



taxonomy that provides a tool to identify components of balance within human
movement and a method to appraise and identify sport specific measures of dynamic

balance.

Chapter five presents the identification of movements considered important for success
of the game in football and identifies their alignment with exiting dynamic balance
measures to provide specificity. This chapter concludes with a summary of the findings
and identification of the most suitable measurement method for subsequent

investigations.

Chapter six develops new sport specific measures of dynamic balance and uses these to
investigate their ability to differentiate for skill level in football. A further focus is on a
popular method of assessing dynamic balance in football and its ability to differentiate
for skill level by providing detail of technique. Finally, differences in dynamic balance

between limbs at different skill levels is presented.

Chapter seven presents an overview of this programme of research and final

conclusions. The limitations and implications of this programme of research will be

discussed and recommendations will be given for further research.
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Chapter 2 - Literature Review

2.1 Introduction

The aim of this doctoral programme of study was to provide an encompassing definition
of dynamic balance and determine the extent to which dynamic balance testing can
differentiate for skill level in football players. To achieve this, the first objective was to
understand and provide a comprehensive definition of dynamic balance. This chapter

reviews the relevant literature in four sections.

1. An evaluation of general balance research is presented including an introduction
to static and dynamic balance, and identification of difficulties arising from terms
used synonymously and the concept of dynamic balance being multi-
component.

2. Identification and evaluation of measurement techniques in dynamic balance
research.

3. An evaluation of balance research in sport covering balance ability in athletes,
balance ability at different competition levels, dynamic balance in football and
dynamic balance components.

4. An evaluation of taxonomies used to classify item content of dynamic balance

tests.

The chapter summary reviews the findings of the literature review and identifies the

need for further research.

2.2 Balance

2.2.1 Human balance

Balance is a critical component of successful human activity across the lifespan: vital to
the performance of activities of daily living and therefore essential for functional
competence (Ragnarsdottir, 1996). It affects functional mobility and safety in the
elderly, the development of postural control, and motor skills in children (Assaiante et

al., 2005; Hatzitaki et al., 2002; Shumway-Cook & Woollacott, 1985). Balance is also vital
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to the performance of fundamental motor skills such as hopping, skipping, jumping,
throwing, striking, and kicking and therefore essential for the performance of activities

relating to sport.

The term ‘balance’ has no universally accepted definition (Berg, 1989; Ekdahl et al.,
1989). As a mechanical term it can be defined using Newton’s First Law as the state of
an object when the resultant load actions acting on it are zero (Hall, 1999). Human
balance is considered a multidimensional concept, referring to the ability of a person
not to fall (Berg, 1989; Winter, 1995b). It has been defined as maintaining steadiness on
a fixed, firm, unmoving base of support (Riemann et al., 1999), as well as the ability to
maintain equilibrium by positioning our centre of gravity (COG) over our base of support
(Browne & O’Hare, 2001). Balance has additionally been categorised as static or dynamic

and is often used alongside terms such as postural control and postural stability.

Static balance is generally understood as balance when not moving and is measured in
a static condition i.e., stance however, this can be deemed imprecise as it does not take
into account normal postural sway, considered part of standing balance (Ekdahl et al.,
1989). Definitions for postural control and postural stability vary and will be explored in

more detail later in the thesis.

A key piece of literature about the definitions of balance is that of Pollock and co-
workers (Pollock et al., 2000) which argued that although the term balance was widely
used and understood intuitively, there was no universally accepted definition. They
suggested a clear definition was essential to clinical practice and, consequently,
published a widely cited paper entitled “What is balance?” (Pollock et al., 2000) in which
several definitions of key balance terms were provided. For ease of reference, their key

definitions are listed in Table 2.1.

17



Table 2.1 Definitions of balance terms from Pollock et al. (2000)

Term Definition

Balance The state of an object when the resultant force acting upon it
is zero.

Human balance A multidimensional concept, referring to the ability of a

person not to fall.

Stability The inherent ability of an object to remain in or return to a
specific state of balance
and not to fall. The inherent ability referring to the physical

properties of that object

Human stability The inherent ability of a person to maintain, achieve or
restore a specific state of balance and not to fall. The inherent
ability referring to the motor and sensory systems and to the

physical properties of the person.

Postural control The act of maintaining, achieving or restoring a state of

balance during any posture or activity.

Although the attempt to standardise the usage of balance-related terms is laudable, the
definitions listed in Table 1 are limited in so far as they refer to a relatively narrow range
of balance activities: those in which the body or support surface is not accelerating, and
where the goal is merely not to fall. Many real-world balance activities require the body
to accelerate, and thus require unbalanced forces. Such activities include those involving
voluntary accelerations (such as sports or dancing), or involuntary accelerations such as
travelling inside vehicles. More complex balance goals may involve maintenance of
specific postures (such as standing on one leg) or progressing through a series of
postures as in walking, dancing or tai-chi movement sequences. Perturbations to
balance may occur from externally applied or removed forces, or from internal forces

and torques generated by rapid limb movements. These types of activity have been
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termed ‘dynamic balance’; a term used as early as 1939 by Bass (1939) who defined it

as:

“The type of balance concerned in keeping one’s equilibrium while in motion, or
while changing from one balanced position to another. Dynamic balance then
pertains to the equilibrium evidenced through a series of changing positions taken
successively”.

2.2.2 Dynamic balance

Literature evidence indicates a wide variety of definitions in use for the term dynamic
balance which infer: the movement must conclude as a static state (Distefano et al.,
2009) or the support surface (Shultz et al., 2000), and the centre of mass (CoM) must
remain within the base of support (BoS) (Guskiewicz & Perrin, 1996). As identified in
Section 2.2.1, dynamic balance can involve more complex demands on balance. As such,
these definitions do not account for instances where the CoM is within the BoS and the
velocity is directed outward, or where the CoM is outside of the BoS and the velocity is
directed towards it (Hof et al., 2005), which is often the case in sport related
movements; a sprint start or a football kick, for example. Additionally, the CoM lies
outside the BoS for 80 % of the gait cycle during walking (Winter, 1995a). Even as early
as 1989 it was considered that the term dynamic balance covers a “broad spectrum of
situations”, and therefore is too broad a term (Berg, 1989, pp241). Yet, these limited
definitions are still in use and the term dynamic balance is used synonymously with the
terms dynamic postural control and dynamic postural stability. This presents problems
relating to disparity between terms, identifying appropriate tests and providing a

coherent research base on the topic of dynamic balance.

2.2.3 Synonymous terms

The definitions in use are inconsistent. For example, dynamic postural control has been
defined as maintaining a stable base of support or centre of mass (CoM) during a
movement (Winter et al., 1990), the ability to control body position to maintain whole
body stability and orientation (Falk et al., 2014), and performing a functional task

without compromising any part of the supporting leg (Wikstrom et al., 2004). Dynamic
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stability has been defined as the ability to maintain balance while transitioning from a
dynamic movement to a static state over the base of support (Goldie et al., 1989; Gribble
& Robinson, 2009; Wikstrom et al., 2005). Despite identification for the need of more
encompassing definitions that account for the different scenarios of dynamic balance,
current research fails to adopt previously proposed terms and to maintain or even

provide consistent definitions of balance terms, in particular dynamic balance.

Within the literature, there are papers using the terms dynamic balance, stability and
control without defining them, making it difficult to identify whether these terms are
considered by different authors to mean the same thing or refer to different concepts.
By stating a definition or using a specific test, authors have clarified their use of the
concept; however, the literature is still lacking a generally accepted definition that

encompasses all scenarios.

The lack of accepted definitions, synonymous use of terms and inability to identify what
concept a paper refers to emphasises the need to explore the literature in depth to
identify a root definition for each of the terms, to investigate the extent to which these
terms are related and to gain an understanding of how this affects research around
balance. A scoping review is presented in Chapter 3 which addresses these problems,
identifying how these terms have been used in the literature and providing more

encompassing definitions.

2.2.4 Dynamic balance components

There is opinion that balance is not a single construct but is made up of multi-
components influenced by the task, the individual and the environment (Horak et al.,
2009). This is based on Newell’s model of constraints (Figure 1) which have been
classified into three distinct categories: organismic, environment and task (Newell et al.,
1989). Organismic constraints are those that refer to characteristics of a person such as
genes, height, weight, muscle-fat ratio, cognitions, motivation and emotion.
Environment constraints refer to global, physical variables in nature, such as ambient

light, temperature, or altitude. Task constraint is more specific to performance such as
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task goal, specific rules associated with an activity, activity-related implement or tools

and surfaces (Davids et al., 2008; 2013).

Organism

Environment Task

Coordination
and control

Figure 2.1 Newell's model of constraints, identifying the sources of constraints: the
environment, the organism and the task. Recreated from (Newell et al., 1989)

Horak (Horak et al., 2009) developed a clinical test battery, the BESTest, to target six
different balance control systems so that specific rehabilitation approaches could be
designed for different balance deficits. The BESTest showed that participants with
balance deficiencies in one category do not necessarily show deficits in other categories.
This suggests that the tests measured specific sensorimotor skills rather than a general
ability. Balance training research has also shown task specific training effects (Donath et
al.,, 2017; Ogaya et al.,, 2011; Yaggie & Campbell, 2006). There were strong
improvements in the trained balance task but minimal or no transfer to non-trained

balance tasks.

These studies did not use participants with a sporting background so it is unknown
whether this population would show improvements. Ringhof & Stein (2018) investigated

whether dynamic balance tests (i) measure the same construct and (ii) can differentiate
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between artistic gymnasts and swimmers competing at regional level. Their results
identified that there were no significant associations between a single leg jump landing,
Posturomed? perturbation, simulated fall and single leg stance. Additionally, only single
leg jump landing was able to differentiate between the two groups. They concluded that
each of the dynamic balance tests measured task specific skills and not the same
construct. Furthermore, they suggest that environmental, temporal and subject-specific
constraints influence task specific skills of balance. Therefore, there are multiple internal
and external conditions that are associated with a participant’s experiences which will
trigger the task-specific motor commands to achieve the desired effect (Ringhof & Stein,
2018). Davlin (2004) and Kioumourtzoglou et al. (1997) have found that gymnasts have
outperformed other high-level athletes in similar tasks however, methodological
differences may account for these differences. The differences in performance identified
in the work of Ringhof & Stein (2018) is contradictory to the view that balance is a
general ability. Their work strengthens the view that dynamic balance measures are not

interchangeable and highlights the importance of selecting appropriate balance tests.

2.3 Measurement techniques

Numerous techniques have been employed to assess balance both statically and
dynamically using functional tests and laboratory-based measures. The choice of
balance measurement can depend on factors such as the population and/or the purpose

of the measurement i.e., rehabilitation, injury risk, falls risk.

2.3.1 Functional tests

Dynamic balance has most commonly been assessed through functional tests, which
traditionally have some subjective elements, for example in the Berg Balance Scale,

a score is reported. Table 2.2 provides brief details of commonly used functional tests in

the literature.

! The Posturomed is a platform suspended on an oscillation frame enabling the application of
perturbations through variably adjusted oscillation amplitudes and oscillation.
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Table 2.2 Commonly used functional balance tests in dynamic balance literature

Balance Reference Method of assessment Use

test

Timedup (Mathiaset Uses the time that a person Developed to predict

and go al., 1986) takes to rise from a chair, walk  falls, mostly used in

three meters, turn around, older adult populations
walk back to the chair, and sit
down
Functional (Duncan et Developed to predict
Reach Test al., 1990) Measures the maximal fall risk, mostly used in
distance one can reach older adult and stroke
forward beyond arm's length populations
while maintaining feet planted
in a standing position

Berg (Berg et al., Determines the ability (or Used in elderly and

Balance 1995) inability) to safely balance stroke populations

Scale during a series of

predetermined tasks (sitting,
standing and postural
transitions) using subjective
scoring

Star (Kinzey & Measures single leg stance Used to assess physical

Excursion  Armstrong, maximal reach distance in performance, screen

Balance 1998) multiple directions balance deficits,

Test identify injury risk, and
as a rehabilitation tool
in sports populations

Single leg  (Fregly & Used in a range of

stance Graybiel, Uses the time that one can populations

1968) stand unaided in single leg

stance

2.2.1.1 The Timed Up and Go Test (TUG)

The TUG is a short and simple test that can be performed easily in clinical settings with

the capability of predicting falls risk in the elderly (Shumway-Cook & Woollacott, 2000;

Whitney et al., 2004). The test involves linking mobility skills involved in activities of daily

living, sit to stand and turning, which require a control of balance and gait. The outcome

measure of time taken to perform the test does not provide any details on balance

strategies and it is not possible to identify and separate out how balance differs between
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the different components of the test. 3D kinematic analysis of the TUG performed by
stroke patients and healthy subjects has shown that balance related parameters explain

performance of the turn sub-task but not the gait sub-task (Bonnyaud et al., 2016).

2.2.1.2 The Functional Reach Test (FRT)

The FRT evaluates the limits of stability whilst in stance. As a subjective tool measuring
reach distance of the arm, the test represents how far the participant can move their
centre of mass (CoM) over their base of support (BoS) and has been shown to predict
falls risk (Behrman et al., 2002). Although described as a test representing the
movement of the centre of mass, traditionally there is no data collected that quantifies
the CoM movement. Without any information pertaining to the movement of the centre
of mass such as that of the CoM within the BoS and the minimum distance of the CoM
from the edge of the BoS at any point in the movement, the test does not provide rich
descriptions of the movement. Without this information, it is also impossible to identify
strategies employed by participants in maintaining or restoring balance and how this
differs between participants and populations. Laboratory measures incorporating three
dimensional (3D) whole body kinematics and kinetics have been used to explore the
correlation of CoM displacement with functional reach distance. It has been shown that
functional reach is a weak measure of the stability limits as there is a low correlation (r
= 0.38) between reach distance and displacement of centre of pressure (CoP) and a
moderate correlation (r = 0.68) between forward rotation of the trunk and reach
distance (Jonsson et al.,, 2002). Further, movement during the functional reach was
observed to involve a large flexion of the trunk with small dorsiflexion at the ankle,

which constrains the forward displacement of the CoP (Jonsson et al., 2002).

2.2.1.3 Berg Balance Scale (BBS)

The BBS is another test that has predominantly been used in older populations. This test
has a subjective element to it. The scoring involves the administrator of the test to
subjectively provide a number on a five-point ordinal scale, ranging from 0-4. Where “0”
indicates the lowest level of function and “4” the highest level of function. The test does

not provide any details on the balance strategies used within components of this test.
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Kinematic and kinetic analysis of the BBS has identified that the dynamic stability margin
does not correlate with the BBS score (van Meulen et al.,, 2016). Further to this,
Vistamehr et al. (2016) found that laboratory-based measures of dynamic balance such

as margin of stability only correlated with BBS in the paretic foot of stroke patients.

2.2.1.4 Star Excursion Balance Test (SEBT)

Traditionally the SEBT has been performed in single leg stance whilst reaching the other
limb in eight predetermined directions. Its outcome measure is reach distance. It was
found that reach distance was significantly influenced by leg length and so the accepted
outcome variable is now normalised to leg length (Gribble & Hertel, 2003). As the SEBT
does not involve any movement of the support limb, it could be considered as a static
test of balance with a challenging element being movement of the non-supporting limb.
The CoM always stays within the base of support when the test is performed successfully
because the supporting limb remains static, and the reaching limb must not apply force
to the ground. If the CoM were to move beyond the BoS, the participant would need to
make an adjustment, such as putting their non-stance leg down to maintain balance,
rendering it an unsuccessful trial. There is a possibility that one’s centre of mass could
move outside the BoS due to loading of the reaching limb, without it being an
unsuccessful trial, which presents a difficulty of the test. Instructions for performing the
SEBT include: make a reach with your other leg as far as possible and make a light tap
on the measuring tape. Without pushing off the ground with your reaching leg, return it
back to the centre of the testing grid (Gribble et al., 2013). The interpretation of “light
tap” is likely to differ amongst participants and allows the participant to be supported
by the floor for that moment. Without quantitative measurement of the light tap, it is
difficult to quantify and control how much pressure is allowed through the foot. There
is the additional difficulty of not being able to observe any shifting of weight to the
reaching leg especially when focusing on reading the reach distance on the measuring
tape. Therefore, it is difficult to determine how much of the light tap has contributed to
the maintenance of balance. Additional difficulty related to the reliability of the results
is the measurement error associated with reading the scale on the measuring tape to
determine the reach distance. The interrater reliability of the SEBT is high with intraclass

correlation coefficients (1,1) ranging from 0.86 to 0.92 (Gribble et al., 2013). However,
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this is due to raters having been provided with expert training. Often instructional
documents and expert training are not provided (Gribble et al., 2013). It is not known
how the reliability of the SEBT is affected when delivered by an inexperienced rater
(Gribble et al., 2013). The SEBT involves flexion of the knee, and eccentric control of the
knee extensors of the support leg. Previous studies have found relationships between
greater eccentric strength of knee extensors and reach distance (Booysen et al., 2015;
Lockie et al., 2013) and a significant relationship between knee flexion angles and reach
distance (Robinson & Gribble, 2008), reduced eccentric strength and control of the knee
extensors and a reduced ability to flex the knee due to over-activation would attenuate
dynamic balance performance. Finally, the test should be carried out with four practice
trials and three test trials, with eight directions that is 112 excursions, which can prove

time consuming (Coughlan et al., 2012).

More recently, laboratory measures using 3D kinematics and/or kinetics have been used
to provide insight into the movement patterns associated with the reach distances of
the SEBT. This provides a more objective measure of the reach distance, increasing
accuracy and avoiding experimenter dependence (Doherty et al., 2015; Doherty et al.,
2016; Keith et al., 2016; Pionnier et al., 2016). The measurement error associated with
the reach distance has been attenuated by determining reach distance from markers on
the heel and toe of contralateral limbs, providing a more objective measure of reach
distance (Pionnier et al.,, 2016). However, there is only one study to date that has
employed this method and there has been no study that has investigated the reliability
of this method. CoP variables have been used to identify how the body exploits its
supporting environment in maintaining balance and specifically the complexity of the
path of the CoP using fractal dimension (Doherty et al., 2015; 2016). Findings have
identified that impaired performance in the SEBT results from changes in temporal and
kinematic measures as well as reduced ability to effectively use the available base of
support. This provides the ability to identify differences in movement patterns missing
from the SEBT in its traditional approach. Nevertheless, the small number of studies
using a laboratory-based approach and the different methodologies present difficulties

when comparing results.
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Although the analysis of the SEBT has been modified from a functional measure with
summary values in its traditional form to one with the ability to identify differences in
movement patterns and the ability to detect small changes, the test still involves the use
of a static base of support. As such, it may be considered pseudo-static. Additionally, it
is not representative of most movements that occur during sporting activities. As most
of the literature for the SEBT focuses on injured populations, namely ankle injuries, there
is a lack of evidence that identifies different balance strategies of non-injured

populations and whether control strategies differ in athletes of different skill levels.

2.2.1.5 Single leg stance

The oldest reported test of balance is single leg stance (Fregly & Graybiel, 1968; Fregly
et al., 1973). Often conducted with eyes closed to add difficulty for those without a
balance disorder, it uses the time the participant remains in balance before having to
make a postural adjustment, for example putting the non-stance leg to the ground, as
an outcome measure with specified criteria to stop the test. It has been justified as a
method of assessing balance in football because it replicates the unipedal posture used
for sport specific technical movements such as passing and shooting (Paillard & Noe,
2006). However, within sport a single leg stance is never an isolated movement and is

always preceded and most often followed by additional movement.

Using the amount of time a participant remains in balance as an outcome measure for
single leg stance provides no quality of information relating to balance strategy. Second
to this, when using single leg stance to evaluate change in performance it is important
to note that Goldberg et al., (2011) found that this test is unlikely to be sensitive to

change in performance in geriatric clinical settings and research studies.

Within the literature there is evidence of tests involving double and single leg stance
with an additional challenge of an unstable surface that have been referred to as
dynamic balance tests (Hrysomallis, 2007). Examples of unstable surfaces include the
use of foam balance mats (Carolyn et al., 2005), and wobble and tilt boards (Hrysomallis,
2007). These methods provide destabilising challenges from the surface interaction by

increasing the degrees of freedom of movement, decreasing the size of the base of
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support and reducing somatosensory information. However, these tests still involve a
static base of support in the sense that the stance leg is in contact with the same surface
throughout the test and the participant’s centre of mass remains within the base of
support unless there is a loss of balance. As such, these tests should be classified as static
balance tests with challenging conditions. Additionally, the traditional use of time on
balance within these tests as an outcome measure does not provide rich and meaningful

information on balance strategies employed.

The aforementioned tests are useful as screening tools (Browne & O’Hare, 2001)
however, as there are no rich descriptions of the movements providing details of any
strategies employed by participants in maintaining or regaining balance, they cannot be
used to quantify balance ability. Without valid kinematic and or kinetic measures, any
small changes in a person’s ability to balance or differences between populations would
be difficult to detect. The lack of correlation between traditional scoring and laboratory-
based measurements of the tests also calls into question the use and interpretation of
these tests. It may be that some tests and sub-components of tests measure different
constructs of dynamic balance, which will be discussed later in this chapter. It is also
evident that many of these tests have been developed for older populations and
determining risks associated with strokes and falls (Table 2.2). To the author’s
knowledge these tests, except for single leg stance and SEBT have not been used in
sports populations. It is unknown whether these tests can differentiate between balance
ability in populations other than those they have been used for. Additionally, their ability

to differentiate between skill level of athletes would need to be investigated.

2.3.2 Laboratory based assessments

There are a range of laboratory-based methods available for assessing dynamic balance.
Force plates and 3D motion capture are often used in balance assessment. Systems
where results can be accessed quickly exist such as NeuroCom SMART Equitest system,
Chattecx Balance System, Neurocom Pro and Smart Balance Master, and Biodex Stability
System (Guskiewicz & Perrin, 1996). These systems can measure balance dynamically by

altering the stance of the participant or provide rotational and translatory capabilities
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to provide the option of an unstable support surface. They can also monitor CoP and

ground reaction force (GRF) for those that have force plates built in.

2.2.2.1 Force plates and 3D motion capture

Force plates have been used in balance research where postural sway has been an
external criterion of balance. Measurements of the excursions of CoP can be recorded
from force plates (Berg, 1989). CoP represents the centre of distribution of the total
force applied to the supporting surface, and it varies according to both the movement
of the centre of gravity and the distribution of the muscle forces required to control or
produce the movement. Kinematics collected using 3D motion capture can provide
information regarding the strategies of the motor system, and the motion of the limbs
and trunk in maintaining or regaining balance, that cannot be determined from a score
or time on balance. Although, in the tests discussed above, trunk and limb movements
can be inspected visually, they are subjective interpretations. The use of 3D motion
capture provides rich objective information that can be reviewed if necessary, to provide
guantitative analysis. As detailed above, the SEBT has been assessed using 3D motion
capture and force plates. This method of measurement allows a more detailed
description of the movement to be analysed. Information is provided on strategies
relating to the movement of the CoP and CoM in maintaining and regaining balance.
Information is also provided relating to techniques employed by participants and can be
related to their reach distance during the task, which provides more information than
reach distance alone. Difficulties with the use of 3D motion capture and force plates are
that they are relatively expensive, and their use is often confined to a laboratory. They
also require calibration and post processing techniques before any valuable information

can be extracted.

2.2.2.2 Clinical measurement tools

There are a variety of clinical tools known as dynamic posturography systems which
objectively quantify balance using external perturbations, and/or visual conditions
(Bloem et al., 2009). These devices include: The Neurocom SMART Equitest, the Chattecx

Balance System, the Neurocom Pro & Smart Balance Master which record a participant’s
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response to the external stimulus (Guskiewicz & Perrin, 1996). The Sensory Organisation
test is a popular test for which the Neurocom SMART Equitest is used as a measuring
tool, and can evaluate sensory contributions to balance control (Mancini & Horak, 2010).
The Biodex Balance System is different in that it is a dynamic multiaxial tilting platform
that measures the participant’s ability to control the platform's angle of tilt, testing
internal control mechanisms as opposed to reactions to perturbations. Tilt is quantified
as a variance from centre, as well as degrees of deflection over time, at various stability

levels. A large variance indicates poor muscle response (Guskiewicz & Perrin, 1996).

These systems provide data relating to the forward-backward sway and are considered
a gold standard in measuring motor and sensory contributions to balance control.
(Bloem et al., 2009). They are predominantly used in populations with falls risk or
vestibular disorders (Guskiewicz & Perrin, 1996). However, the Pro and Smart Balance
Master systems are most useful for assessing and rehabilitating orthopaedic injuries
(Guskiewicz & Perrin, 1996). An important limitation to their use is that they are costly,
in the region of 70,000 USD. Additionally, training is required to use them, testing is time
consuming and the equipment requires space (Mancini & Horak, 2010). They require the
participant to be in a stance phase and so only test visual perception and destabilising
challenges that involve a deviation of the reference surface such as an imposed
acceleration of the support surface or an inclination of the support surface. Therefore,
are limited in their capability to provide information during dynamic activities for

example gait and postural transitions.

Two previous literature reviews (Hrysomallis et al., 2006; Sell, 2012) have identified that
when choosing a dynamic balance test, it is more favourable to use those with the ability
to detect small changes in ability. Additionally, they identify that static balance
performance is not reflective of dynamic balance performance. Further to this, Pollock
identified that there are different components of balance and that selection of clinical
balance tests should be related to the component of balance to be tested. In addition,
factors with the potential to influence balance such as age, gender, leg dominance,
height, weight, foot size, footwear, previous injury, sport participation level, sport
participation specificity, visual feedback, learning effects and fatigue should be

considered when assessing dynamic balance (Emery, 2003). There is evidence that
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activity levels and specificity are important considerations as well as a need for assessing
dynamic balance, which are discussed later. When assessing a person’s balance ability
and identifying how this relates to skill level in a specific sport it may be more
appropriate to use dynamic measures of balance that are specific to the movements
performed by that individual. Additionally, many clinical balance tools which have been
developed for use in the elderly and neurologically impaired populations are not
appropriate for use in a healthy active population as they are not challenging enough,

or they are predominantly static balance measures.

2.4 Balance in sport

Balance has been widely acknowledged as a key component for success in sport
(Booysen et al., 2015; Chew-Bullock et al., 2012; Hrysomallis, 2011; Hrysomallis, 2007;
Vuillerme & Nougier, 2004). Research in the field of balance and sport ranges from injury
prevention/treatment?, balance training3, performance level assessments and skill
profiling?®, association with skill level®, intervention studies® and in the assessment of

sport-related concussion (Catena et al., 2011).

Static balance is essential in sports such as shooting and archery (Ball et al., 2013;
Mononen et al., 2007; Sattlecker et al., 2014). The important role of dynamic balance is
apparent in the performance of freestyle sports such as snowboarding, skateboarding
and windsurfing (Klos et al., 2019; Mkaouer et al., 2017; Staniszewski, 2019). In activities
such as karate-kata, tai-chi, yoga, ballet or gymnastics, the goal is to control balance in

sports specific positions, which can vary in difficulty depending on specialisation. In

2 Butler et al., 2013; Crockett & Sandrey, 2015; Dallinga et al., 2016; De Lima et al., 2015; Delahunt et al.,
2013; Gorman et al., 2012,

3 Akbari et al., 2016; Al-Khlaifat et al., 2016; Anoop et al., 2010

4 Amiri-Khorasani, 2015; Ates, 2017; Balint & Spulber, 2017; Bhat & Moiz, 2013; Booysen et al., 2015;
Bressel et al., 2007a; Butler et al., 2013; Butler et al., 2012; Chtara et al., 2018; Chtara et al., 2016;
Davlin, 2004; Emirzeoglu & Ulger, 2020; Fotios et al., 2013; Gkrilias et al., 2018; Guillou et al., 2007;
Jadczak et al., 2019; Khuman et al., 2014; Matsuda et al., 2008; Onofrei et al., 2019; Roulssuei et al.,
2018

5 Butler et al., 2012; Davlin, 2004; Jadczak et al., 2019; Noe & Paillard, 2005; Paillard & Noe, 2006; Pau
et al., 2015, 2019; Teixeira et al., 2011

6 Akinci et al., 2019; Asadi & Arazi, 2012; Daneshjoo et al., 2012; Dunsky et al., 2017; Emery &
Meeuwlssuee, 2010; Filipa, Byrnes, Paterno, Myer, & Hewett, 2010; Greig & Walker-Johnson, 2007; Jlid
et al., 2019; Kunugi et al., 2020; Navarro-Santana et al., 2020; Paul et al., 2019)
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sports where the support surface may be challenging or changing such as climbing,
mountaineering, figure-skating and ice-hockey, the control of the centre of mass is
important so as not to fall. Balance requirements in sports that require a seated pose
such as rowing, canoeing, equestrian and cycling will be different to those requiring
whole body movements. Movements that involve rotational exercises such as diving,
dance and gymnastics will require a regulation of the centre of mass. Sports that involve
combat and the application of force from an opponent such as fencing, boxing, karate,
Tae-kwon-do, judo, wrestling, football and rugby will require different ways of
controlling the centre of mass and dynamic balance (Zemkova, 2011). Despite this
indication that there are different dynamic balance requirements in different sports, the
following section identifies that static balance tests are still used to assess dynamic
balance, and tests used lack the specificity required for the individual requirements of

different sports.

2.4.1 Sports related balance measurement

Within balance research in sport, tests that are most commonly used include unipedal
or bipedal stance using a stabilometer with the capacity to provide an unstable support
surface (Davlin, 2004; Kioumourtzoglou et al., 1997), the SEBT and the Y-balance Test
(YBT) (Bressel et al., 2007a; Butler et al., 2012). Tests involving single and unipedal stance
in athlete populations are the same as those discussed earlier. They involve a
stabilometer and use outcome variables such as time on balance and CoP measures. The

difficulties associated with these tests are the same as those discussed earlier.

The two tests that are most common within the literature in sport are: the SEBT and the
Y-balance Test (YBT) (Bressel et al., 2007; Butler et al.,, 2012). The SEBT has been
described earlier. The YBT is a modified version of the SEBT using commercially available
apparatus, designed to improve repeatability and standardize test procedures (Plisky et
al., 2009). Like the SEBT, the YBT involves single leg stance whilst reaching the
contralateral limb in the anterior, post-lateral (PL) and post-medial (PM) directions along
a moveable slider. The tests are very similar in nature; however, the associated
neuromuscular demands of each test are different. It has been shown that reach

distances and kinematic profiles in healthy populations differ between the two tests
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which suggests the values should not be used interchangeably between the tests
(Coughlan et al., 2012; Fullam et al., 2014). A difficulty with the YBT is that whilst the
foot is pushing the slider forward it restricts the variability of the movement of the
reaching leg in attaining the maximum distance possible for an individual because the
foot must remain in contact with the slider for the entirety of the forward reach. An
additional problem of the YBT is that it is considered as a dynamic balance measuring
tool, yet like the SEBT, the stance leg remains stationary, and the CoM remains within
the BoS, so should be considered a challenging static balance test. In addition to the
popularity of these tests within the literature, anecdotal evidence suggests that these
tests are most often used in football within the medical department when assessing
dynamic balance of players. The justification of the use of these tests being specific to
football is that the movement involved is indicative of those used within the game for
example the single leg stance involved in kicking a ball. However, kicking a ball is always
preceded and followed by other movements and so is never an isolated single leg stance
event that occurs at a speed as slow as when performing the SEBT or YBT. Effectively the
tests are evaluating the ability of the athletes to balance during a slow steady state
movement as opposed to the quick movements and reactions required in the sport. The
evaluation of dynamic balance ability in this static condition may not be challenging

enough to elicit balance deficiencies in athletes (Emery, 2003).

Using the SEBT and YBT methods of assessing dynamic balance do not provide an
accurate representation of control mechanisms required to maintain or regain dynamic
balance and they are not sport specific. Measurement tools such as a stabilometer
provide information regarding control mechanisms; however, they should be classed as
a static balance test with a challenging condition. Dynamic balance tests where the
supporting limb(s) is not fixed in position may be more specific to sport and situations
that arise in the field. The previously discussed tests only test one component of
balance, the ability to maintain balance in single leg stance whilst performing a
destabilising movement. Dynamic balance testing in sport should involve testing all
components specific to that sport and thus it is likely that a single dynamic balance
assessment technique will not be appropriate. Instead, a battery of tests to assess
different components as well as provide specificity to the sport relating to the

participant will be required.
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2.4.2 Balance ability in athletes of different sports

Previous research has found that athletes generally have superior static and dynamic
balance ability when compared with control subjects (Davlin, 2004; Kioumourtzoglou et
al., 1997; Perrin et al., 2002; Teixiera et al., 2011; Thorpe & Ebersole, 2008) and athletes
of other sports (Bhat & Moiz, 2013; Bressel et al., 2007; Davlin, 2004; Gerbino et al.,
2007; Perrin et al., 2002). Additionally, higher level athletes show better balance
performance than lower-level athletes (Butler et al., 2012; Jadczak et al., 2019; Paillard
& Noe, 2006; Paillard et al., 2006). Dynamic balance has been tested in these
populations using stabilometry (Davlin, 2004; Kioumourtzoglou et al., 1997), the SEBT
(Bressel et al., 2007; Thorpe & Ebersole, 2008), perturbations of the support surface
(Perrin et al., 2002) landing from a jump and landing from a weight shift (Gerbino et al.,
2007). Reasons for the better performance by athletes over controls and certain athletes
over other athletes has been suggested to be due to training experience (Davlin, 2004;

Kioumourtzoglou et al., 1997).

It has been proposed that gymnasts perform better than controls and other athletes in
stabilometry tests as they have experience in co-ordinating body parts effectively,
holding specific static positions as well as receiving specific training to maintain, recover
and regain balance (Davlin, 2004; Kioumourtzoglou et al., 1997). Footballers have
performed better than controls when tested with the SEBT and has been explained as
being related to the type of training footballers experience, the amount of single leg
tasks encountered during training and game play such as kicking a ball and reaching for
a ball (Thorpe & Ebersole, 2008). Elite judoists have performed better than controls and
ballet dancers in tests with a perturbed support surface. This has been explained
through specificity of training and practice as they have to exploit their CoM to influence
their opponent (Perrin et al., 2002). Whilst Gerbino et al. (2007) observed better
performance of dancers in a jump landing in one outcome measure (sway index), there
were no differences between dancers and footballers in another outcome measure,
centre acquisition time. The centre acquisition time is a measure of how well a subject
can attain a quiet, balanced state following perturbation. Gerbino et al. (2007)
postulated that differences between these participant groups are down to the nature of
their movements. In football, movements are defined by sprinting, cutting side-to-side,

pivoting, and sudden stops and starts. There is also the involvement of physical contact:
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pushing, pulling with other players and kicking a ball. Some of these movements can be
unpredictable in occurrence. Whereas in dance, movements are choreographed and
rehearsed, so a dancer is more in control of where they position themselves following a
jump or movement. Davlin (2004) observed that gymnasts had superior dynamic
balance to all other participants, and all athletes had better dynamic balance than the
control group, but there was no difference between swimmers and football players
during stabilometry testing. Footballers and swimmers do not have specific
requirements within their respected activities to maintain a position as in gymnastics
therefore; gymnasts would be expected to perform better. Bhat & Moiz (2013) found
no differences between field hockey players’ and footballers’ performance in a SEBT. If
you were to consider specificity of task, one might expect footballers to perform better
as field hockey players are not required to stand on one leg and reach with the other
during the game. The lack of difference might be attributed to the single leg stance not
being an isolated event during play for footballers, and therefore, does not represent
specificity of task for this group either. Further to this, testing with a SEBT has found no
differences between gymnasts and footballers, but found footballers were superior to
basketball players (Bressel et al., 2007). Gymnasts use cues from changes in joint
position and acceleration through practice of balance skills for example on the balance
beam. Footballers will experience passing, receiving and shooting during their training
and therefore, experience single leg stance whilst performing additional tasks.
Basketball players do not experience single leg stance and therefore are unlikely to have

developed the specific requirements to perform well within that task.

Whilst it is plausible that the specificity of training may explain the enhanced
performance of the certain athletes over others and/or when compared to non-athletes,
there are additional points that have not been addressed. Bipedal stance tested in
stabilometry, the SEBT and perturbations of the support surface should be considered
tests of static balance with a challenging condition. They are often used and referred to
as dynamic balance tests within the literature but do not involve a moving base of
support. Aside from in gymnastics, single leg stance and jump landings never happen in
isolation within the sports discussed above. They are always preceded and followed by
other movements. Testing these in isolation is not specific of the experiences of these

athletes in training or game play. Further to this, there are elements of the above test
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that are subjective or do not provide balance strategy information. For example,
subjective elements of the SEBT do not provide any information pertaining to balance
strategies involved and how these differ between participant groups. Further to this,
studies have suggested that the measures used may not be sensitive enough to detect
any differences between the participant groups (Bressel et al., 2007; Gerbino et al.,

2007).

There is evidence to suggest that repetitive training experiences that influence motor
responses result in experienced athletes having superior balance (Balter et al., 2004).
There is also the argument that training experiences influence how proprioceptive and
visual cues are handled by the participant producing superior balance (Ashton-Miller et
al., 2001). Therefore, it is likely that the environmental constraints specific to individual
sports influence dynamic balance ability and are likely different between different
sports. The differences found between dynamic balance ability and type of sport played
may be related to the type of balance test used as indicated in the above studies. Some
dynamic balance tests may reproduce similar skills performed by an athlete in one sport
but not an athlete in a different sport. There will be different skill requirements and
environmental demands in each different sport, which are likely to challenge each
athlete differently, influencing their dynamic balance ability. Further research is
required to be able to identify the different components of dynamic balance required
for each sport and to provide a dynamic balance test that challenges that component or

a combination of components.

2.4.3 Balance ability and competition level

Previous research has compared dynamic balance between athletes at different
competition levels to identify postural performance and strategy at different levels of
expertise. Noe & Paillard (2005) tested the dynamic balance of alpine skiers at different
competitive levels. They used a seesaw device on top of a force plate and compared CoP
measures between groups. Similar performances were observed between groups when
wearing ski boots but, surprisingly results showed that lower-level skiers presented with
superior dynamic balance when barefoot. This impairment of the performance of high-

level skiers was attributed to a long-term effect of repetitive wearing of ski boots. The
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unexpected results could be attributed to not measuring a component of dynamic
balance that is important in skiing. It is unlikely when skiing that such a small area of the
ski would be in contact with the ground and allow for a see-saw type movement, thus
rendering the test non-specific to skiing. Additionally, there may have been an incorrect
interpretation of the CoP variability. Elite level skiers showed significantly greater
surface area of the CoP in standing posture without boots, which was interpreted as
indicative of postural ability. Alternatively, the increased variability in higher-level skiers
could be interpreted as functional and indicative of a releasing of degrees of freedom

possibly due to their increased skill level.

Higher level footballers have better static balance than lower-level footballers in tests
of single leg quiet stance (Paillard & Noe, 2006) and static posturography (Paillard et al.,
2006) tests with higher level footballers displaying a significantly smaller CoP area and
velocity than lower level footballers. Contrary to these findings, Pau et al. (2015, 2019)
found no differences between higher level and lower level footballers during a static
postural sway test. Researchers have identified that static balance ability is not reflective
of dynamic balance ability (Hrysomallis et al., 2006; Pau et al., 2015; Sell, 2012) therefore
tests involving single leg stance and static balance are not appropriate for determining

dynamic balance ability.

Better performance of higher level footballers in comparison to lower level footballers
or controls has been identified in tests of dynamic posturography (Paillard et al., 2006),
an unstable surface (Jadczak et al., 2019) repetitive hip flexion-extension movements of
the swinging leg (Teixeira et al., 2018), the YBT (Butler et al., 2012), and landing tasks
(Pau et al., 2015, 2019). Within these studies measures with low values of CoP area
(Paillard et al., 2006; Pau et al., 2015; Teixeira et al., 2018), CoP velocity (Paillard et al.,
2006), deviations in the axis of the platform (Jadczak et al., 2019), vertical time to
stabilisation (Pau et al., 2015, 2019), and dynamic postural stability index (DPSI) (Pau et
al., 2019) are indicative of better performance. Butler et al. (2012) associate higher reach
distances as representing better balance ability. Interestingly not all of the measures
showed this trend. Butler et al. (2012) found that lower-level footballers performed
significantly better on the anterior reach direction of the YBT and Paillard et al. (2006)

demonstrated that anterior posterior (AP) total spectral energy of CoP between skill
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levels is not significantly different (Paillard et al., 2006). It is not known why lower level
footballers reached further in the anterior direction of the YBT, nor why there were
unexpected differences in spectral energies between groups reported by Paillard et al.
(2006). Both outcomes were suggested to be due to different postural strategies

between groups.

Paillard et al. (2006) suggests that the results of their study suggest when balance is
evaluated with a sport specific task the level of performance can be discriminated.
Additionally, other authors have justified their tests as being sport specific. However,
one would argue that tasks involving single leg stance are very limited in their
application to football tasks. It is rare that a footballer would remain in single leg stance
for as extended a period of time as during the test. Additionally, single leg stance would
not be an isolated movement within football. It has been argued that the better
performance of higher-level footballers is due to a higher training load developing these
skills (Paillard et al., 2006). The work of Pau et al. (2019) provides evidence that the use
of a more sport specific test of dynamic balance is preferable and provides evidence that
the use of sport specific measures of balance can differentiate for skill level. However,
the test used only represents one component of dynamic balance. The authors also
surmise that a forward jump landing is the most common movement in an actual match.
There is no evidence presented to substantiate that claim, nor that it is an important
movement and/or component of dynamic balance related to success of the game or

injury risk and thus this statement warrants investigation.

Several factors may contribute to the superior balance of elite athletes. The training
experience of athletes will be different to that of a novice, improving co-ordination,
strength and range of motion. The repetitive experience of the skills involved may
influence motor responses and an athlete’s ability to respond to proprioceptive and
visual cues (Bressel et al., 2007). As higher-level athletes train more often, it is unknown
whether the better performance can be attributed to intrinsic qualities i.e., natural
predispositions or the amount high quantity of training which could improve specific
postural adaptations. There is also no indication as to whether higher-level athletes
possess better innate balance ability, which is potentially of interest for talent

identification programmes. It is of interest to determine which components of balance
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are important in football and whether sport specific measures relating to these

components of dynamic balance show the ability to differentiate skill level.

2.4.4 Dynamic balance in football

As discussed earlier in this chapter, there is a lack of consensus on the definition of
balance terms, which is also evident in the dynamic balance research in football. In
football specific literature, many articles have not provided a definition of dynamic
balance. Where definitions have been provided the term has been defined in different

ways:

e maintaining equilibrium during motion or re-establishing equilibrium through
rapid and successively changing positions (Davlin, 2004)

e the ability of an individual to maintain stability of the centre of mass during
movement (Butler et al., 2012; Chtara et al., 2018; Gkrilias et al., 2018; Halabchi,
et al., 2020; Roulssuei et al., 2018)

e an ability to maintain the line of gravity of a body within the base of support and
minimal postural sway (Paul et al., 2019)

e the ability of an individual to maintain the centre of mass within the body’s base
whilst performing single leg movement (Lopez-Valenciano et al., 2019)

e the ability to perform an action while maintaining or restoring a stable position

(Onofrei et al., 2019)

Regardless of the work of Pollock et al. (2000), there is no consensus on the definition
of dynamic balance. It is of interest to determine the root of these definitions and to

understand how the term and associated terms are used in the literature.

Literature relating specifically to dynamic balance in football ranges from identifying

whether dynamic balance is associated with skill level”, intervention studies relating to

7 Davlin et al., 2004; Pailliard et al., 2006; Teixiera et al., 2011; Butler et al., 2012; Pau et al., 2015;
Jadczak et al., 2019; Pau et al., 2019
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improved performance?, intervention studies aimed at injury prevention®, injury risk
(Butler et al., 2012), comparisons with participants of other sports!?, relationship with
other performance measures!!, comparisons between player position!?, correlations

with other balance measures (Meiners & Loudon, 2020) and player profiling?*3.

The SEBT, modified SEBT (mSEBT) and the YBT are the most common tests when
assessing dynamic balance in football. The mSEBT focuses on just three reach directions:
anterior, postero-lateral (PL) and postero-medial (PM). It has been identified to capture
the least redundant information and can be used to simplify the test’s performance
Hertel et al. (2011). The only difference between the YBT and the mSEBT is the
instrumentation of the YBT. Of the above studies that have used one of the
aforementioned tests, all have used reach distance (corrected for limb length and
expressed as a percentage), with some also using a composite score for all reaches. The

methodological issues with these tests have been discussed in Section 2.2.1.4.

Dynamic balance ability has been found to differ between football players and other
sports athletes and controls when assessed with the SEBT (Bressel et al., 2007; Khuman
etal., 2014), single leg stance (Davlin, 2004; Matsuda et al., 2017), and mobilisation tasks
(Teixeira et al., 2011). Footballers have performed significantly better than basketball
players (Bressel et al., 2007), volleyball players and cricket players (Khuman et al., 2014)
in composite SEBT reach distance. Football players have demonstrated lower AP than
medio-lateral (ML) sway in single leg stabilometry than swimmers, basketball players
and controls (Matsuda et al., 2017). Additionally footballers have demonstrated smaller
CoP sway area than non-football players during single leg stance (Teixeira et al., 2011).
This suggests that differences exist in dynamic balance performance between sports.
However, footballers have shown no significant differences in SEBT reach distance with

gymnasts (Bressel et al.,, 2007), yet Davlin (2004) found footballers to have inferior

8 Filipa, 2010; Acinci et al., 2019; Jlid et al., 2019; Lopez-Valenciano et al., 2019; Navarro-Santana et al.,
2020

% Daneshjoo et al., 2004; Emery, 2010; Greig et al., 2007; Dunsky, 2017; Nagaraj & Solomon, 2019;
Kunugi et al, 2020

10 Bressel et al., 2007; Guillou et al., 2007; Matsuda et al., 2008; Khuman et al., 2014; Jadczaket al., 2019;
Halabchi et al., 2020

11 Chtara et al., 2016; Roulssuei et al., 2017; Chtara et al., 2018

12 Ates, 2019; Emirzeoglu & Ulger, 2020

13 Gkrilias et al., 2018; Onofrei et al., 2019
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dynamic balance to gymnasts in bipedal stabilometry, yet similarly to swimmers and
controls. Matsuda et al. (2017) has found no significant differences in sway velocity
during single leg stabilometry of athletes versus non-athletes. These differences may be
attributed to the different dynamic balance tests employed and different components
of balance being tested which may be more important for performance in different
sports. The differences might also be attributed to a variation of the populations used

in testing i.e., different skill levels and different playing styles.

There is evidence to suggest that differences exist in dynamic balance performance
between skill level in football and playing position. Butler et al. (2012) identified that
higher skilled players exhibited greater dynamic balance in the YBT than lower skilled
players. However, they also found that less skilled football players reached further than
higher skilled players during the anterior reach of the YBT. The difference in reach
distance in the anterior direction of the SEBT was attributed to the effect of prior ankle
injury on reach performance and ankle injuries being one of the most common injuries
in football. Collection of data that provides information regarding the movement
strategy using 3D kinematic and kinetic analysis, might help to explain differences
between these groups. Ates (2017) and Emirzeoglu & Ulger (2020) have found no
differences in reach differences between football playing position, yet Akinci et al.
(2019) found significant differences in PM reach distance between midfielders and wing

backs. It is unknown what balance strategies relate to these differences in performance.

The dynamic balance tests above involve a static base of support and as discussed in
Section 2.3.2 these tests cannot be considered sport specific. As previous literature has
identified that static balance ability is not reflective of dynamic balance ability
(Hrysomallis, 2011) it is uncertain whether athletes of different sports and higher skilled
players would show the same differences in tests that provide sport specificity. In tests
where better balance ability has been associated with lower CoP sway, it is unknown
whether the same relationship would be replicated using sport specific tests.
Additionally, Matsuda et al. (2017) found no significant differences between sway
velocity in athletes versus non-athletes. It is not known whether higher skilled athletes

would demonstrate better dynamic balance ability.
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Furthermore, there is evidence that performance of the SEBT and YBT is not solely
influenced by balance ability but also by limb strength and flexibility (Akinci et al., 2019;
Chtara et al., 2016; John et al., 2018). It has been reported that stability in the PL reach
direction is accomplished by the increased role of the hip flexors of the supporting leg,
and the hip internal rotators in stabilising the pelvis in lateral movement (Neptune et
al., 1999). Chtara et al. (2016) have identified significant positive relationships between
isometric strength tests and directional reaching of the YBT. They found that the
contribution of isometric strength depends on the angle of reach and the supporting
limb. With the combination of methodological issues, lack of sport specificity and
correlation of strength and reach distance, the SEBT may not be an appropriate method
of determining dynamic balance ability in football. There is a need to identify alternative
methods of assessing dynamic balance that are sensitive enough to identify differences
and differentiate for skill level without being affected by the participant’s strength or

flexibility.

Recent research has adopted metrics such as time to stabilisation (TTS) using tests such
as landing a jump or hop (Pau et al., 2015; Kunug et al., 2020; Jadczak et al., 2019; Pau
et al., 2019; Navarro-Santana et al., 2020). TTS is associated with the participant’s ability
to stabilise the body following a jump landing. These measures are more sport specific
but may be considered more laboratory based due to the use of force platforms.
However, with the use of portable force plates these tests can be taken outside of
laboratory conditions. One could argue that in a game of football the number of times a
player lands from a jump in single leg stance is considerably less than they would
experience running, dribbling, kicking, and destabilising forces due to an uneven surface
or from opposition. A jump landing is also irrelevant to the game outcome, as the ball
will be delivered elsewhere. Players are only likely to land in single leg stance from a
jump to receive a ball on the chest or head, or to compete for a ball in the air. In doing
so, they are never likely to land and hold that position for a period of time. For this
reason, landing tasks may not be sport specific where they are not preceded or followed
by additional movement. Additionally, landings are only relevant to jumping and so only
describe abilities that are useful to that task in actual game situations. There are other

balance challenging aspects of the game and there is no evidence to suggest that only
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single leg stance and landing strategy are the most important components of dynamic

balance in football.

Apart from a jump landing, the remaining dynamic balance termed tests used in the
aforementioned research could be considered as extensions of static balance tests.
There is questionable specificity and representativeness of individual sport
requirements. Different sports are likely to have different dynamic balance requirement
therefore, we cannot be confident that the results of previous research can be
considered to demonstrate that higher-level athletes possess better dynamic balance
ability. It is important to find a dynamic balance test or battery of dynamic balance tests,
which can differentiate for skill level, as the relationship between balance ability and the
demands of the sport show a functional degree of specificity (Chew-Bullock et al., 2012).
Poor dynamic balance ability could impact on acquisition and performance of other
sport specific skills (Vuillerme & Nougier, 2004). If a link could be identified between
better balance ability and skill level using sports specific measures and testing
components of balance relevant to an individual sport, it would provide a strong
argument for incorporating dynamic balance training into the training schedules of
lower-level athletes to improve their performance. Further research would need to be

conducted to determine whether these aspects are trainable.

2.5 Classification Systems

As dynamic balance covers a broad spectrum of situations, Berg (1989) suggested that
dimensions of balance should be delineated into functionally significant headings:
maintenance of a position, postural adjustments to voluntary movements, and reaction
to external disturbances. These would provide a framework from which the degrees of
difficulty of a task could be considered. These varying difficulties could be explained
through basic mechanics applied to the human body. Identifying dimensions of balance
and providing a framework to categorise difficulty would provide a functional
interpretation of the concept of balance (Berg, 1989). This is not only useful in falls
research but its application to all balance scenarios and measures would provide a

method by which the strengths and limitations of measures can be assessed and lead to
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more appropriate and sport specific measures of balance to be chosen. Only two
classification systems have attempted to assess balance measures. Both systems have
drawn on Gentile’s taxonomy of tasks; a framework for analysing movement and action

based on task and environmental complexity (Gentile, 1987).

Huxham et al. (2001) used a model to evaluate clinical balance assessment methods and
the interpretation of test results. They considered that the difficulty of a balance
component may increase or decrease due to the characteristics of a task (Huxham et al.,
2001). Equally, there is a constraint on the way a task is performed due to the
environment in which it is performed. Task and environmental constraints affect motor
performance in two ways (Gentile, 1987): altering the biomechanical features of the
activity; and affecting the amount of information that must be processed in order to
achieve both balance and the motor goal, therefore altering balance demands (Huxham
etal., 2001). Huxham et al. (2001) used the framework of the taxonomy of tasks (Gentile,
1987) to examine common balance tests by differentiating by biomechanical challenge
(Table 2.3). The model firstly categorises the BoS as stationary or moving and secondly
sub-divides tasks superimposed on the body. The use of this model identified
biomechanical differences assessed by tests and thus which were involved in balance
control. However, some tests such as those with multiple components (BBS and
Performance-Oriented Assessment) fall into more than one class. This classification
model fails to recognise that the environmental context of a task influences the
biomechanical parameters and therefore has significant limitations. The role played by
the amount of information processed from the task and its environmental context is also

neglected (Huxham et al., 2001).
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Table 2.3 Classification of some clinical balance tests according to biomechanical
demands reproduced from (Huxham et al., 2001)

Stationary Base of Support Moving Base of Support
Unperturbed Timed standing 10m walk, whether times or
Steadiness in standing qualitative
Self-generated Performance-Oriented Assessment Performance-Oriented
perturbations — balance (most items) Assessment — mobility
Berg Balance Scale (most items) Times up and Go
Step test Dynamic Gait Index
Functional Reach Performance-Oriented
Reach test Assessment — balance (turn
item)

Performance-Oriented
Mobility Assessment
Instrument
Functional Obstacle Course
External Performance-Oriented Assessment
perturbation — balance (sternal thrust item)
Postural Stress Test
Shoulder Tap Test
Clinical Test of Sensory Integration

and Balance
Sensory Performance-Oriented
manipulation or Mobility Assessment
perturbation Instrument

Although Huxham et al. (2001) provided a way of classifying balance measures, they only
applied it to a sample of clinical tests related to falling. Pardasaney et al. (2013) is the
first and only study known to date which has performed a systematic item-level content
analysis of balance measures. The method focuses on balance measures used for
community-dwelling elderly people with the aim of developing profiles of balance
measures describing the extent to which different aspects of the task and environment
are represented within their items. This method allows content comparison across
balance measures, to guide the selection of the most appropriate measure for a given
purpose. In development of their classification system Pardasaney et al. (2013) modified
Gentile’s definitions of task role and motion in the environment for applicability to
postural control. They did not include Gentile’s concept of inter-trial variability due to
its relevance to practise and skill acquisition. Figure 2.2 presents the classification
criteria extracted from their literature review. They used seven factors related to task

and environment that can influence balance performance and be systematically varied
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for balance assessment. Their results identified that most of the balance measures used
in the community-dwelling elderly population failed to incorporate important task and
environmental variations. It is possible that ceiling effects and reduced sensitivity to

change of balance measures in this population are due to these content gaps (Huxham

et al., 2001).
Object Obstacle External Moving
Role of Task™ Environmental Varlation Interaction™ Megotlation Forces Dual-Tasking People/Objects”
Static body stability Mo variation Present Present Prasant Present Present
Dynamic body stability | Variation of support surfaces Absent Absent Absent Absent Absent
Transfers ariation of visual conditions
Gait ariation of support surfaces
and visual conditions
Transfers and gait

“ Each item was coded on each of the 7 classification criteria listed. Asterisk indicates item was adapted from: Gentile AM. Skill acquisition: action,
movement, and neuromotor processes. In: Carr |, Shepherd R, eds. Movement Science: Foundations for Physical Therapy in Rehabilitation. 2nd ed.
Gaithersburg, MD: Aspen Publishers Inc; 2000

Figure 2.2 Classification criteria from Pardasanay et al. (2013)

To the author’s knowledge, there is no evidence within the literature that either of these
tools have been used to determine important components of balance for their test
population. The use of a classification tool would provide a framework to be able to
identify whether a balance measure selected test components of balance that are
specific to that population. It would also enable identification of whether the balance
measure involves task and environmental influences that represent the range of task
and environment components important for balance assessment. The model presented
by Huxham et al. (2001) had a physiotherapy focus only assessing clinical tests;
identifying balance deficits associated with falls. Pardasaney et al. (2013) only assessed
balance measures commonly used to assess community dwelling older people. It is,
therefore, unknown if these classification systems are valuable as tools for assessing
balance measures for other populations and more specifically for sport. The Bloomfield
Movement Classification (BMC has been used for classifying movements in sport
(Bloomfield et al.,, 2004) most notably for analysing the agility demands of soccer
(Bloomfield et al., 2007) and netball (Hale & O’Donoghue, 2007), and injury risk in
netball (Williams & O’Donoghue, 2005). Despite the BMC not being a tool to assess
balance measures, it may be beneficial in the context of football, to aid as an identifier

of movements involved to help determine tasks and components of balance.
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2.6 Chapter Summary

This review has identified that the literature concerning dynamic balance in terms of its
definition is ambiguous. Many definitions exist in the literature for dynamic balance and
the associated terms dynamic postural control and dynamic postural stability. These
terms and definitions are often interchanged or used synonymously within the
literature. Often definitions are not provided, so as a reader it can be difficult to

understand and establish what the focus of the research is.

The importance of dynamic balance in elite level sports has not been identified. Balance
is multidimensional in nature, dependent on the coordinated function of several body
systems including vision, proprioception, vestibular information, muscular function, and
energy systems. Environmental, temporal and subject-specific constraints influence task
specific skills of balance. However, these are only aspects of balance. People can become
unstable in different task and environmental conditions, so one’s ability to balance is
context dependent and depends on the particular body systems impaired (Horak, 2006).
Evidence shows that in some sports, higher-level athletes have better balance skill, and
athletes in some sports have better balance than in other sports. However, the balance
measures used within sport and in particular football, underrepresent the demands
placed on the postural control system and therefore, are not representative of sport
requirements. Additionally, different sports are likely to have different balance
requirements. Thus, different and relevant components of balance should be identified
and assessed, providing sport specificity. The literature, as yet, has not provided an
effective framework whereby important components of balance can be identified for
individual sports, allowing tests and measures to be used specific to that sport. The
literature has also identified that there are numerous balance tests available and there

is a need for more sport specific measures.

A more appropriate and accurate method of determining dynamic balance and all its
different components is required to complement a definition encompassing all scenarios
of dynamic balance. The dynamic balance tests should be sensitive enough to be able to
differentiate between skill levels across different sports and be more specific to sports

situations.
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Chapter 3 Investigation of the use of dynamic balance
terminology and tests

3.1 Introduction

Chapter two provided an overview of the literature on balance. The term static balance
is inadequate when used in reference to the human body. The body is never in a fixed
or stationary condition as the somatosensory, visual, and vestibular systems are
constantly interacting to make minor automatic adjustments to maintain body position
in upright stance. Additionally, dynamic balance is not clearly defined. It has different
and interchangeable definitions and has been used synonymously with the terms
dynamic postural control and dynamic postural stability. There are many different tests
available which all purport to measure dynamic balance yet there is no indication of
their appropriateness. The evidence in Chapter two proposes that tests need to be sport
specific and sensitive enough to differentiate skill level within and between individuals
and within and across sports. Yet a lack of evidence and methodology to support
choosing tests and measures, makes test choice difficult. Berg (1989) suggested that
there are different dimensions of dynamic balance which should be defined according
to headings: maintenance of a position, postural adjustment to voluntary movements,
and reaction to external disturbances. These dimensions would then provide a

framework from which the skill level within each category can be assessed.

It has been shown that static balance performance is not reflective of dynamic balance,
(Muehlbauer et al., 2012; Pau et al., 2015; Sell, 2012) and that dynamic balance
measures are better than static measures at differentiating previously injured from
uninjured individuals (Ross & Guskiewicz, 2004). There is growing evidence that balance
ability is highly task specific implying it has multiple constructs or dimensions (Giboin et
al., 2015; Kimmel et al., 2016). As most falls occur in dynamic conditions (Shimada et
al., 2003) and the ability to perform in destabilising situations is a requirement of many
sporting and recreational activities, it follows that balance training and assessment is
important in health and sporting contexts, and should be appropriate and specific to the

task and population being studied. It is important to define dynamic balance in a general
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enough sense to encapsulate all possible situations requiring dynamic balance skill.
Pollock et al. (2000) stated that:

“The valid definition of clinical terminology is fundamental to the formation
of evidence-based practice and to the provision of optimal patient care.”

Therefore, the balance literature was investigated to ascertain whether there were
suitably comprehensive and widely accepted definitions of the terms: "dynamic

balance", "dynamic postural control" and "dynamic postural stability".

This chapter details an in-depth investigation into the understanding of the term
dynamic balance and associated terms. The objectives were to:
e |dentify how the terms dynamic balance, dynamic postural control and dynamic
postural stability have been defined.
e Critically evaluate the literature to determine how these terms are understood.
e |dentify the different test measures that exist and understand their relationship

with the above terms.

3.2 Methods

A scoping review is a thorough approach used for identifying gaps in existing literature
using a narrative or descriptive approach. Arksey and O’Malley’s (Arskey & O’Malley,
2005) 5-stage framework was adopted to perform a scoping review investigating how
the terms "dynamic balance", "dynamic postural control" and "dynamic postural
stability" have been used in the literature; particularly focussing on their formal

definitions and balance tests used.

3.2.1 Data Sources

The protocol for this scoping review had four steps: the search strategy was determined,
then a literature search was performed, followed by a selection process for relevant
articles and finally data were extracted for analysis. Figure 1 illustrates the search and
selection process. A systematic search of literature was conducted to identify original

research that included one or more of the terms "dynamic balance", "dynamic postural
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control", and "dynamic postural stability" in the title only. The search was limited to
these terms in the title to constrain the number of articles generated. The search was
conducted on literature published up to the end of 2017 using the computerised
databases SPORTDiscus; CINAHL; MEDLINE; Scopus; PubMed; Web of Science and

Science Direct.

CINAHL, MEDLINE, PubMed, Science Direct, Scopus, SPORTDiscus, Web of
Science database searches of terms in title only
n=2357
(Up to end of December 2017)

Duplicates removed '
n=1079

Potentially relevant citations screened by title # N =275
. n=1272 Unrelated topic n = 254

Correction to previous articlen = 3

Studies excluded

Studies excluded

Potentially relevant citations screened by reference type, language » n=441
n=997 Not an article n =345
Not in English n =88

!

. R . N rticles excluded as unobtainable or tes!
Retrieval of hard copies of potentially relevant articles » dErAIS G avalabla
n=581 o
n=
Articles screened by abstract » Articles excluded as not relevant
n=571 n=18

!

Articles included in scoping review
n =553

!

Data extracted from articles and classified according to balance term in

title
Articles using the term dynamic Articles using the term dynamic Articles using the term dynamic
balance in the title postural control in the title postural stability in the title
n=410 n=89 n=54

Figure 3.1 Flow diagram of literature selection and reviewing process

3.2.2 Reviewing Methods

Figure 3.1 shows the process used to select and review literature. Articles were excluded
articles if they were not in peer reviewed journals, or if the language was not English.
Exclusions included unpublished articles; books; book sections; conference abstracts;
monographs; and dissertation theses. Following this process, retrieval of article hard

copies was conducted. Any articles that were not readily available through institutional
50



library subscriptions were requested through the British Library Document Supply
Service. Any articles unobtainable at this point were excluded. Article titles were
removed if they concerned an unrelated topic or a correction to a previous article.
Following this, articles were discarded after screening by their abstract and, if necessary,

full text. An additional reviewer checked 10% of exclusions to assess any rater-bias.

The following information was extracted from the title, introduction and methods of
each remaining article:

e The balance term used in the title

e The definition of the term used, if any

e The source of the definition

e Evidence of synonymous use of the terms

e The type of study used in the research

e The participant information in each study

e The balance test used in the study

® The outcome measures used in the study

e The balance device employed in the study

Papers were classified according to which balance term was used in the title. Sources
provided as balance term definitions were retrieved and read, with a record made of
any definition used and whether any additional sources for the definition were cited.
Definitions were categorised by term and then into themes by task goals and
constraint(s). The ‘goal’ was the desired outcome, for example to maintain stability,
locomote, or to manipulate an object. The ‘constraints’ were the additional challenges,
and according to Newell’s Constraints Model (Glazier, 2017) may arise within the
organism (physical, physiological, morphological, or psychological), external to the
organism (spatial and temporal layout of environment and applied forces) or may be

inherent to the task (the task rules and goals).
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3.3 Results

3.3.1 Incidence of terms

After the search and selection process 553 articles (Appendix A) were included in the
scoping review. 410 were classified by their title as dynamic balance, 90 as dynamic
postural control and 54 as dynamic postural stability. Figure 2 shows the incidence of

the terms by the year they arise in a publication.
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Figure 3.2. Number of articles published per year with the terms “dynamic balance”,
“dynamic postural control” or “dynamic postural stability” in the title.

3.3.2 Definitions

Eighty-four articles provided a definition of the term they used. These consisted of 58
dynamic balance articles, 13 dynamic postural control articles and 13 dynamic postural
stability articles. Sources for these definitions originated from 38 articles for dynamic

balance, 12 for dynamic postural control and all 13 for dynamic postural stability.

Several sources were cited as definitions of terms, which upon inspection had not used
the term or had not defined it within the article. The same source (Goldie et al., 1989)
was cited as the earliest definition of both terms dynamic postural control and dynamic
postural stability. Some articles neither provided a source for their definition nor made
it explicit that they formulated their own definitions. A table of all articles with sources

of definitions are presented in Appendix B.
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There were 33 differently worded definitions found for dynamic balance, 13 for dynamic
postural control, and five for dynamic postural stability. Some definitions were repeated
both within terms and across two or more of the terms. Table 3.1 groups the different
definitions into themes divided into tasks and constraints. Reference numbers are

presented in Appendix C with the appropriate reference.
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Table 3.1 Definitions of balance terms categorised by task goal and constraints. References are presented in Appendix C

Balance Task goal Constraints References
Term
Dynamic maintain balance/ moving: 1, 2-6
balance equilibrium/orientation during rapid changes of the individual's kinetic condition, while moving, during motion,
while changing positions, while making postural adjustments, from one balanced
position to another, during centre of gravity shifts, during control of body position in
space shifts, during control of body position in space
during a transition from a dynamic to a static state/steady situation 17-20
on an unstable support/on a moving surface 8,21
on a single limb and manipulate other limb 22
With no constraint 23
maintain stability/ moving: 24-35
stable/ while performing a task, during dynamic tasks, movement, while sitting, while
steady position/ standing, while walking, during expected and/or unexpected movements, against
posture/ forces exerted by movement of a part of the body or movement of the whole body.
postural control
during a perturbation 36
during a transition from a dynamic to a static state 37,38
while anticipating changes in balance and coordinate muscle activity 28
while shifting the centre of gravity (COG) on a moving base of support 38
with no constraint 39
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Balance  Task goal Constraints References
Term
maintain stable base of support/do while performing a movement/task 22, 40-44
not compromise base of support
maintain centre of gravity/centre while performing a movement/task 9, 45-48
of mass over/within base of
support/stability of centre of mass
while standing, walking, or performing another skill 7,49
With no constraint 50
While performing a prescribed movement 7,22
predict postural changes during To give appropriate responses to changes in balance 51
movement
Dynamic maintain stable base of support While completing a prescribed movement 52-55
postural perform a (functional) task
control
maintain balance during a transition from a dynamic to a static state 56
while moving 57
control/maintain COM while moving/within BOS 58, 59
while the body is subjected to internal or external perturbations that are anticipated or 59
not
regulate/control body position while moving 60, 61
not compromising supporting leg during a functional task 62
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Balance  Task goal Constraints References
Term

Dynamic balance/stabilise while transitioning from a dynamic to a static state 63-69
postural
stability
transfer and control centre of mass while transitioning from a dynamic to a static state 70
over base of support
With no constraint 71
while performing a task 72
while body parts are in motion 73
with respect to the centre of mass 74
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3.3.4 Synonymous use of terms

Of the total articles in this study, 21% (118/561) used two or more of the terms
synonymously (i.e., they used different terms within the article to refer to the same
concept). Of papers that provided a definition of a term and a source of that definition,
two of these sources (Gallahue, 1987; Wikstrom et al., 2005) were cited for both
dynamic balance and dynamic postural control, one (Hof et al., 2005) was cited as a
source for both dynamic balance and dynamic postural stability, one (Shumway-Cook &
Woollacott, 1995) was cited a source for both dynamic postural control and dynamic
postural stability and one paper (Winter et al., 1990) was cited as a source for all three

terms.

3.3.5 Tests

Test were recorded as they were referred to in the text of each academic paper. 189
differently named tests were identified in the literature across all balance terms. Table
3.2 displays the frequency of tests identified for each balance term individually and the
frequency of tests used for one or more balance terms. Table 3.3 displays the highest

occurring tests identified in the scoping review.

Table 3.2 Frequency of balance tests identified within the literature of the scoping
review for each of the individual balance terms and combined balance terms: dynamic
balance, dynamic postural control, and dynamic postural stability.

Balance term Number of tests
identified

Dynamic balance 121
Dynamic postural control 42
Dynamic postural stability 26
Dynamic balance and dynamic postural control 11
Dynamic balance and dynamic postural stability 3
Dynamic postural control and dynamic postural stability 3

All three balance terms 12
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Table 3.3 Most frequently identified tests within the literature of the scoping review

Balance test Frequency
Perturbed stance 122
SEBT 81
SEBT combined with mSEBT 105
Walking gait 40
TUG 39
YBT 33
Limits of stability 28
BBS 23
Jump landings 23
Functional Reach 20
Moving the CoP to a target 10
Walking gait on a balance beam 10
All other tests <10

There were 12 instances where tests were referred to with the same name but had
methodological differences (balance beam gait, drop landing, functional reach, gait
initiation, jump landing task, limits of stability, moving CoP to a target, obstacle crossing,
perturbed stance, single leg hop, weight shift, walking gait). There were also tests that
had different names but methodological similarities (drop jump vs drop landing, mSEBT

vs LQ-YBT, rhythmic weight shift vs rhythm-direction control of movement).

3.4 Discussion

This study investigated articles using the terms "dynamic balance", "dynamic postural
control" and "dynamic postural stability" in their titles. The results show that dynamic
balance is the most common title term used in the literature followed by dynamic
postural control and then dynamic postural stability. Definitions of these terms are
varied, although some do have similarities and, in some cases, the same definition has

been used for two or more terms with evidence of these terms being used
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synonymously. Additionally, there are many tests and a lack of consistency in their

methodologies and in their use concerning what they claim to measure.

3.4.1 Definitions of terms

Overall, only 10% of dynamic balance articles defined their respective term; this
suggests that the authors considered the terms they used to be intuitively clear.
However, the variety and overlap of definitions of all 3 terms implies this is not the case.
Table 2 shows that the definitions of “dynamic balance” are most varied. The keywords
"balance", "stability" and "control of the COM within the BOS" are present across all
three balance term definitions. The phrase "maintain posture" is present in the goal
section of definitions of both “dynamic balance” and “dynamic postural control”, and
there are similarities in the sections of the definitions: "maintain posture” and “retain
poise or steadiness” that were found for dynamic balance and dynamic postural control.
Constraints are most varied for dynamic balance; transitioning from a dynamic to a static
state is present in definitions across all three terms. The constraints include:
perturbations which can be internal (such as muscular and inertial forces, as in the
movement of a limb) or external to the participant (a moving support/surface or a force
applied directly to the participant), motion and moving from one balanced position to

another.

The similar language used for the definitions - in terms of tasks and constraints - suggests
that these three terms are defined in very similar ways, with overlapping meanings,
which limits their utility as independent terms. At the same time, they do not account
for all aspects of dynamic balance occurring in real-world movement contexts: non-
steady state motions which include accelerations, externally applied forces, and/or

sequences of postures.

3.4.2 Tests
Perturbed stance was the most commonly occurring test. This was one of the tests with
the most methodological differences. 122 papers referred to a method that involved

perturbed stance. Tests have been administered using a range of different types of
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equipment that use a moveable surface that can rotate through a specified angle along
single or multiple axes or translate, such as: Biodex Balance System; Stabilometers;
Prokin 5 balance platform; Equitest; SMARTwobbleboard; Radboud Falls Simulator;
Balance Testing System Accusway; Stability Platform, force plate allowing a floor
translation. There is no gold standard method identified in the literature for testing
perturbed stance. The slightly different methodologies of these tests and the different
outcome measures, which range from a score, pivot displacement, stability index, CoP
trajectory, time the platform is held within a certain position and margin of stability
make comparisons across tests difficult. Additionally, all three terms of balance have
been used by research applying these tests. Where methodologies, balance devices and
outcome measures are the same, authors have used different balance terms with no
apparent distinction!. This shows the similarity between terms. Where methodologies
and outcome measures are different, being able to make comparisons between studies
becomes difficult. There is no accepted method to determine a suitable test and

methodology and to which balance term it relates.

The TUG (39 instances) is a test predominantly used for populations such as older adults,
those at risk of falls (Beauchet et al.,, 2011) and strokes (Alghadir et al., 2018), as it
involves activities of daily living. The test involves rising from a chair, walking 3 m,
turning though 180 degrees, walking back to the chair and sitting down. The outcome
measure is the time it takes to complete the test. There are no detailed descriptions of
the strategies involved, so it is difficult to determine whether different strategies are
related to performance and whether the test can differentiate populations and skill level
within and between populations. Furthermore, if it were used as a test for dynamic
balance in sports populations it is unlikely to provide any specificity because the

movements involved are not key movements within sport.

14 Abdelghany et al., 2016; Akbari et al., 2016; Akhbari et al., 2015; Aydog et al., 2006b; Costa et al.,
2009; Davlin-Pater, 2008; Douglas et al., 2013; Farajzadeh et al., 2017; Fatma et al., 2010; Fujisawa et al.,
2005; Fujisawa et al., 2007; Gusi et al., 2010, 2012b; Kosullarda et al., 2014; Kovacevic et al., 2010; Kuo
et al., 2010; Lee & Han, 2017; Mohammadi-Rad et al., 2016; Mohsen & Emara, 2015; Rowe et al., 1999b;
Salavati et al., 2016; Salek et al., 2015b; Schmitz & Arnold, 1998; Sherafat et al., 2014; Trampas et al.,
2015
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The SEBT, mSEBT and LQ-YBT are similar tests but with both the mSEBT and LQ-YBT only
using three reach directions and the LQ-YBT being instrumented. 219 papers used one
of these tests. Whilst they are very popular methods of assessing dynamic balance, they
have also been used to assess dynamic postural control and dynamic postural stability.
The difficulties associated with these tests have been identified in Chapter 2. There are
no methodological differences between administration of these tests nor a difference in
outcome measures used to assess balance ability. When the test has been used for all
three balance terms it is difficult to determine whether the authors are testing the same

construct or intend to test different things.

Section 2.2.2 identified that there are multiple components to dynamic balance. One
major issue within the literature is that where authors have used one test for dynamic
balance, they have not acknowledged which component of dynamic balance they have
tested not justified why that was the most important component to test. Similarly,
where authors have used a battery of tests, they do not provide a method for
identification of why those tests were chosen as being important for the population
being tested. They have not considered the specificity of the test, making it difficult for
researchers and clinical practitioners to determine the best method of assessing
dynamic balance. A taxonomy of components of dynamic balance would provide a
method of identifying important movements that relate to a population whist also

providing a framework by which existing tests can be aligned.

The results of this study show that 52 tests involved a static base of support.
Additionally, there were 20 multiple component tests where one or more of the tests
involved a static base of support. As discussed in Sections 2.2 and 2.3, a static base of
support should not be considered as representing dynamic balance but instead static
balance with a challenging condition. Evidence has already shown that static balance
performance is not reflective of dynamic balance performance (Hrysomallis, et al., 2006;
Sell, 2012). The use of tests that involve a static base of support purporting to assess
dynamic balance are unsuitable and should not be used as an assessment of dynamic

balance individually or within a battery of tests.
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These results support the literature in Section 2 in identifying that current tests to assess
dynamic balance lack specificity. Where tests were referred to by the same name but
had methodological differences, problems arise in making comparisons across studies
as well as making an informed choice in choosing an appropriate test to be used in future
research or assessment of dynamic balance. Additionally, there were instances where
tests were referred to with the same name but had methodological differences. For
example, Hoch et al. (2012a, 2012b) uses the SEBT in two different studies However, in

one of the studies, the mSEBT is used.

Many tests exist where the outcome measures do not provide any rich descriptions of
the movements involved or the strategies employed which relate to lower or higher
dynamic balance ability. These include the use of a score, time, number of stands,
number of steps, distance travelled, variation in direction of the dynamic balance board,
velocity, reach distance, gait speed, reaction time, number of balance errors. It is
difficult to identify what separates populations and individuals without movement
strategy information. For example, how does the movement of the CoP or the CoM

compare within and between individuals and within and across sports?

3.5 Limitations

There are limitations to this study: first, to keep the pool of articles manageable, only
articles with one of the balance terms in the title were used. There are likely to be
additional relevant papers that did not include the term in the title; however, sources of
definitions were followed up, even if they did not have one of the terms in the title.
Second, it is not possible to determine whether authors that have apparently used terms
synonymously actually considered the terms to have different meanings but did not
make this explicit. Third, this research only included articles that were in the English
language. Those excluded for that reason may have reported different definitions or
referred to a conceptual framework for the definition of these terms. Finally, it was not
possible to access three of the articles found from the original search, however, the

number of articles included in this study provides a clear pattern in the literature.
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3.6 Conclusion

Dynamic balance is a term that has been used widely in the literature and is a research
area that continues to grow in popularity. The related terms and their definitions
demonstrate limitations including disparity amongst definitions of the same term,
overlap amongst definitions of different terms, and no existing definitions covering the

full range of dynamic balance situations.

The use of the terms to describe dynamic balance in the literature do not satisfy the

aspirations stated by Pollock et al. (2000),

“The production and use of universally accepted definitions of terms used
within clinical practice is essential for the accurate and precise assessment,
documentation and interpretation of patient problems.”

The ambiguity in the use and definition of terms, together with the task specificity of
dynamic balance are a barrier to development of a coherent research base in dynamic
balance. Consequently, an extension of the definitions of Pollock et al. (2000) is required
to cover the full range of dynamic balance circumstances. The evidence provides a clear
need for dynamic balance, dynamic postural control, and dynamic stability to have

distinct and precise meanings.

Many difficulties have been identified with the tests that currently exist for dynamic
balance. Difficulties in the selection of a test are increased due to the complex and multi-
factorial nature of balance. A taxonomy of the different components of dynamic balance
is required, which would allow different components of dynamic balance to be
associated with specific tests. This would provide a framework by which specificity of

tests can be determined.
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Chapter 4 Redefinition of dynamic balance and development of
a classification tool

4.1 Introduction

The results of Chapter 3 identified that research in dynamic balance has been growing
in frequency. Section 2.1.1 outlined the work of Pollock et al. (2000) in suggesting clear
definitions that would standardise the use of the terms dynamic balance, dynamic
postural control and dynamic postural stability. However, as identified in Chapter 3,
inconsistency still exists between the definitions of the terms dynamic balance, dynamic
postural control and dynamic postural stability. These terms are often used
synonymously, which limits their use as independent terms. Additionally, it was
identified in Section 2.1.1 that existing definitions and those proposed by Pollock et al.
(2000) refer to a relatively narrow range of balance activities and do not account for

many real-world balance scenarios.

Section 3.4.2 identified the problems that exist regarding dynamic balance tests. There
are hundreds of tests to choose from and test selection is made difficult due to the
complex and multifactorial nature of balance (Woollacott & Tang, 1997). There is no
widely used method to be able to determine which components of dynamic balance are
being tested in each test, and how they are appropriate for different populations. In the
interests of this programme of research, a tool is required to be able to match important
balance components of football with existing tests to provide specificity and to identify
where new tests may be required. Section 2.4 identified two taxonomies that could be
used to identify the components of balance for a particular population as well as assess
balance measures for their task and environmental influences. However, they have seen
little use within balance research and their use in fall risk and community dwelling older
adult populations means their effectiveness as a tool for identifying balance
components of a wider range of tests and appropriate tests for additional populations,

and in particular sports applications, is unknown.
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This chapter reports firstly, the development of new more encompassing definitions of
dynamic balance, postural control and postural stability, and secondly, a taxonomy to
classify movement identify appropriate tests. The objectives were to:
e Determine the most frequent definitions used for each term and identify any
themes that emerge.
e Extend the definitions of Pollock et al. (2000) to create new definitions suitable
for dynamic balance measurements.
e Determine the effectiveness of the two existing balance taxonomies for
classifying all extracted balance tests from Chapter 3.
e Extend the existing balance taxonomies to cover a wider range of balance

applications.

4.2 Definitions of dynamic balance and associated terms

Section 3.3 extracted definitions from the papers identified in the scoping review. The
information was presented in Table 3.1, by categorising definitions by task goal and
constraint. Using the information in this table, definitions with the same or similar
language relating to task goals and constraints were identified and grouped. Using this
information and Newell’s model of constraints (Newell et al., 1989), a consultation
process between four researchers was used to develop and agree on extended

definitions by building on the definitions presented by Pollock et al. (2000).

4.2.1 Dynamic balance

For dynamic balance, there were 10 different task goals identified and 15 different
constraints (Table 3.1, Section 3.3.2). Definitions centred on the identification of the
involvement of a variety of task goals that needed to be achieved. The constraints
referred to the involvement of internal or external forces and accelerations. For dynamic
postural control there were three different task goals which had a focus on moving. The
constraints focused on maintaining balance or BoS but there were also references to

making postural adjustments to maintain balance. For dynamic postural stability there

65



were two task goals and three constraints. Both task goals and constraints had also been

used in the definitions for dynamic balance and dynamic postural control.

Dynamic balance was associated with more task goals and constraints than dynamic
postural control and dynamic postural stability. There were many definitions where the
language used was broad and unspecific, for example: perform a movement, a
perturbation, maintain balance, and maintain equilibrium. However, in contrast, there
were specific definitions in which the term dynamic balance was related to the
experimental method presented in the paper, for example: “balance on a single limb
while manipulating the other limb” (Anoop et al., 2010), and “involves achieving a
compromise between the forward propulsion of the body and the need to maintain the
lateral stability of the body” (Zech et al., 2012). This supports the view that dynamic
balance is multi-factorial and has many components. Chapter 2 and the results of this
study demonstrate that the limitation with existing definitions is their assertion that to
maintain dynamic balance the body’s centre of mass needs to be maintained within the
base of support, or that the body needs to remain stable. However, this is often not the
case for many activities of daily living or sporting situations, which renders existing
dynamic balance definitions using those terms insufficient. The aspirations of Pollock et

al. (2000) were:

e The acknowledgement that postural control refers to the act of maintaining
achieving and or restoring the line of gravity inside the BoS

e That there are different components of balance and assessment tools may test
different aspects of postural control

e That the newly proposed definitions should be adopted within clinical and

research settings.

Chapter 3 has identified that these aspirations have not been satisfied. Additionally, the
definitions of the terms are insufficient in accounting for the unbalanced forces that are
inherent in everyday movement. Pollock et al. (2000) proposed that dynamic balance is
the ability of a person not to fall. However, if we are to consider the task and
environmental constraints when competing in sport, the task goal of an athlete is rarely

limited to not falling. Control of gravitational and acceleration forces is required to
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maintain posture and equilibrium in normal balance (Massion & Woollacott, 1996).
Acceleration forces may be internal, when resulting from a voluntary movement, or
external force as the consequence of a disturbance such as a push (Winter, 1995b). The
environmental constraints for example may include the condition or type of support
surface, which may be slippery or wet, or dealing with a physical challenge from an
opponent whilst moving and quite possibly interacting with a ball or other object. Thus,
the environmental constraints will involve non-static internal or external forces or
accelerations. So, it is clear that not falling is one of many task goals in this scenario. An
extended definition for dynamic balance is presented in Table 4.1 providing more

coherence with a specific task goal and constraints.

4.2.2 Dynamic postural control

Pollock et al. (2000) consider dynamic postural control as “the act of maintaining,
achieving or restoring a state of balance during any posture”. This refers to how the
outcome is achieved, where the outcome is the task goal. The definition is insufficient
because there is a lack of detail of what is involved in maintaining, achieving or restoring
the state of balance. In dynamic movements, control of moving body segments requires
making continuous postural adjustments. Within one task, there may be multiple
postures involved in maintaining, achieving or restoring a state of balance. Not only are
there internal forces involved in making these postural adjustments, but external forces
influence these adjustments as well as torques, position of the centre of mass and the
size and shape of the base of support, all of which need to be considered. Disregarding
definitions provided in Table 3.1, where definitions for dynamic balance and dynamic

postural stability have been used synonymously, two definitions remain:

1: “the ability to alter the magnitude and patterns of segmental kinematics
(e.g., trunk and limb movements) in order to direct body position in response
to external mechanical demands imposed” (Song et al., 2012)

2: “the ability to control body position to maintain body stability and
orientation” (Falk et al., 2014)
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These are more in line with Pollock et al. (2000) definition of the non-dynamic case. If
we consider the scenario of a footballer trying to evade a defender, the task goal is to
evade the defender. The constraints will involve the footballer making postural
adjustments to manipulate their internal forces which involves the control of the
momentum of the body segments as well as external forces due to the support surface,
or a collision with the defender to achieve that task goal. An extended dynamic postural
control definition has been developed that considers the task goal and the constraints
to provide a more precise definition and is presented in Table 4.1. The term dynamic
postural control should be used in relation to balance strategies; how the person
manipulated internal and external forces etc., through postural adjustments whilst

maintaining, achieving or restoring dynamic balance.

4.2.3 Dynamic postural stability

All the dynamic postural stability definitions in the literature had been used
synonymously with the other terms. There were no emerging themes that provided any
additional information that would help in the development of a new definition. The
extended definition for dynamic postural stability presented in Table 4.1 proposes a
change to the language used to shift the focus to the organismic constraints that are
related to the inherent ability. The organismic constraints are things such as the speed
capability of the individual, or a person’s unique physical and mental characteristics
(Glazier, 2017). The term dynamic postural stability should be used when discussing or
testing the organismic constraints of the participant. For example, how the skill level, or
physical characteristics of the person relates to their ability of maintaining, achieving or

restoring dynamic balance.
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Table 4.1 Extensions of definitions of static balance terms provided by Pollock et al. to

encompass dynamic situations

Static case Dynamic case

Term Pollock definition Term

Extension to definition

Balance A multidimensional Dynamic
concept, referring to the balance
ability of a person not to

fall
Postural The act of maintaining, Dynamic
control achieving or restoring a postural
state of balance during control

any posture or activity

Stability The inherent ability of a Dynamic
person to maintain, postural
achieve or restore a stability

specific state of balance
and not to fall. The
inherent ability referring
to the motor and sensory
systems and to the
physical properties of the
person

A multidimensional
concept, referring to the
requirement to adapt
posture effectively over
time to achieve a task goal
in the presence of non-
static internal or external
forces or accelerations.

The process of making
postural adjustments to
manipulate internal and
external forces and
torques, the centre of
mass, or base of support to
maintain, achieve or
restore dynamic balance.

The inherent ability of a
person to maintain,
achieve or restore dynamic
balance for a specific task.
The inherent ability
referring to the organismic
constraints.

4.3 Analysis of existing taxonomies

In addition to the broad terms, the inherently task specific and multidimensional nature

of dynamic balance suggested that further work was needed to determine whether

previously identified taxonomies in Chapter 2 proposed by Huxham et al. (2001) and

Pardasaney et al. (2013) were suitable as a classification system. All existing dynamic

balance tests and individual balance items within each test were extracted from the

papers identified in Section 3.3. When the test method was unobtainable from the

original article, secondary sources were used. Where measure content could not be

obtained, the measure was not included in the analysis (Pardasaney et al., 2013). Two
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existing taxonomies (Huxham et al., 2001; Pardasaney et al., 2013) presented in Table
4.2 and Figure 4.1 respectively, were used to classify existing balance tests to determine

their suitability as a classification system (Appendices D and E).

4.3.1 Classification of tests through exiting taxonomies

Difficulties identified through the classification of existing tests using the taxonomies of
Huxham et al. (2001) and Pardasaney et al. (2013) are presented below. When
classifying the existing tests with the model set forth in Huxham et al. (2001) there was
not enough separation of the individual items to differentiate between the individual
and environmental constraints. For this reason, tests with very different balance
demands were classified under the same category. Where tests had multiple
components, the test could be classified in multiple categories. The model of Huxham

et al. (2001) did not allow categorisation of interactions with equipment/other people.

Table 4.2 Classification of clinical balance tests according to biomechanical demands
using the taxonomy proposed by Huxham et al. (2001).

Stationary Base of Support Moving Base of Support
Unperturbed Timed standing 10m walk, whether times
Steadiness in standing or qualitative
Self-generated Performance-Oriented Performance-Oriented
perturbations Assessment — balance (most Assessment — mobility
items) Times up and Go
Berg Balance Scale (most Dynamic Gait Index
items) Performance-Oriented
Step test Assessment — balance
Functional Reach (turn item)
Reach test Performance-Oriented
Mobility Assessment
Instrument
Functional Obstacle
Course

External perturbation Performance-Oriented
Assessment — balance (sternal
thrust item)

Postural Stress Test
Shoulder Tap Test
Clinical Test of Sensory
Integration and Balance

Sensory manipulation Performance-Oriented
or perturbation Mobility Assessment
Instrument
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Object Ohstacle External Moving
Role of Task™ Environmental Varlation Interaction™ Megotlation Forces Dual-Tasking People/Objects”
Static body stability Mo variation Present Present Present Present Present
Dynamic body stability Variation of support surfaces Absent Absent Absent Absent Absent
Transfers ariation of visual conditions
Gait Variation of support surfaces
and visual conditions

Transfers and gait

7 Each item was coded on each of the 7 classification criteria listed. Asterisk indicates item was adapted from: Gentile AM. Skill acquisition: action,
movement, and neuromotor processes. In: Carr |, Shepherd R, eds. Movement Science: Foundations for Physical Therapy in Rehabilitation. 2nd ed.
Gaithersburg, MD: Aspen Publishers Inc; 2000.

Figure 4.1 Classification criteria presented by Pardasaney et al. (2013)

The taxonomy of Pardasaney et al. (2013) provided classification criteria which allowed
better differentiation of individual and environmental constraints. There were also
operational definitions provided to assist with interpretation of the criteria (figure 4.2).
The taxonomy of Pardasaney et al. (2013) was developed from balance tests used on
community-dwelling older adults and has to not been used to classify a large range of
different balance tests. The wide range of dynamic balance tests extracted in Chapter 3
challenged this tool in that it failed to recognise or be able to differentiate several
aspects. It was difficult to identify exactly which item within multi-component tests was
classified in each category. For example, the Berg Balance scale includes both static body

stability and dynamic body stability.
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Criterion Operational Definitlon
1. Role of task*
Static body stability Maintenance of a static posture with no concurrent active
moverment
Dynamic body stability Maintenance of a posture while performing active
mowverment
Transfers Movemnent of the body from one position to another
without taking steps, such as sit-stand
Gait Movemnent of the body from one position to another by
taking steps; may or may not end in the starting position
Transfers and gait Tasks involving both transfers and gait as defined above
2. Environmental variation
Mo variation Mo variation of support surfaces or visual conditions as
defined balow
Variation of support surfaces Any change in support surface, induding type of surface,
inchination of surface, movement of surface, or base of
support, with the reference being a firm, flat,
nonmoving surface and normal base of support
Variation of visual conditions Any change in visual conditions including level of lighting,
alteration of wisual field, or movement of visual surround,
with the reference being eyes open, well-lit environment,
unaltered frontal visual field, and a nonmaoving visual
surround
Variation of support surfaces Variation of both support surface and visual conditions as
and visual conditions defined above
3. Object interaction™ Any physical interaction of a person with an external object
4. Obstacle negotiation Megotiation of obstacles systematically placed in the
environment
5. External forces Application of, or sudden removal of, external forces
6. Dual-tasking Performance of a secondary task, such as a manual or
cognitive task, while performing a primary balance task
7. Moving people or objects* Presence of moving people or objects in the environment

2 Asterisk indicates item was adapted from: Gentile AM. 5kill acquisition: action, movement, and

neuromotor processes. In: Carr |, Shepherd R, eds. Movement Science: Foundations for Physical Therapy
in Rehabifitation. 2nd ed. Gaithersburg, MD: Aspen Publishers Inc; 2000.

Figure 4.2 Operational definitions of classification criteria in the taxonomy set forth by
Pardasaney et al., (2013).

Pardasaney et al. (2013) define static body stability within the role of the task as,
“maintenance of a static posture with no concurrent active movement”. This does not
account for natural sway. Nor does it consider that static stance may involve different
types or sizes of supports for example, biped stance or single leg stance, foot flat or
tiptoes which are not environmental variations. Despite the operational definitions
provided, it is difficult to interpret where some movements should be classified, for
example, the classification of hops and jumps. In performing a jump posture changes
with the phase of the jump so classifying under dynamic body stability would be difficult.
The classification of gait does not provide a level of detail to be able to differentiate

between items that may involve walking at different speeds, which is a more balance
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challenging activity involving larger internal accelerations of body segments. Nor does it
provide the level of detail needed to classify tests that involve a turn within the motion

such as in balance beam tests.

Within the environmental variations of the taxonomy of Pardasaney et al. (2013), more
detail is needed to be able to differentiate the range of environmental constraints that
were presented in the tests identified in Chapter 3. For example, there is no way of
identifying the type of variation of the support surface. Pardasaney et al. (2013) define
the variation of support surfaces to include the BoS. However, the BoS is not an
environmental constraint. Any change in the BoS is related to postural equilibrium thus
variations in the BoS should come under a separate classification. An example of this is
the difficulty that arises when determining how to categorise the forward lunge test.
The test starts and concludes in the same place so it does not include locomotion, yet
there is a change in position and using the definitions provided by Pardasaney et al.
(2013) it could be classified as gait. There is a change in the BoS similar to that which
occurs in walking, moving from one support limp to two support limbs. Another example
is the change in the BoS that occurs in the BESS which cannot be classified using the
taxonomy of Pardasaney et al. (2013). Object interaction is an independent category
within this tool, but one could argue that it is an environmental constraint and should
be classified as such. Pardasaney et al. (2013) define external forces as the application
of, or sudden removal of, external forces. There is some crossover with the
environmental variation of support surfaces within this category: if for example, the
external force is applied by a translating floor, which occurs in the Limits of Stability test.
Furthermore, if external forces are being accounted for, it is also of interest to be able
to classify internal forces as the proposed definitions of dynamic balance and dynamic
postural control in Section 4.4.1 refer to internal forces. Pardasaney et al. (2013)
definition of moving people and objects is the “presence of moving people or objects in
the environment”. This category should specify whether these moving objects are or are
not related to the support surface. Additionally, there can be moving objects that are
not in the physical environment, for example, the use of tests that involve controlling
the position of the CoP, which is displayed on a screen, and the use of virtual reality.

Finally, there were no categories that allow classification of items that challenge
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perception or action for example the use of medication, neurostimulation, anaesthesia,

and limb cooling.

4.4 Development of a new taxonomy

The difficulties identified with classifying tests in the existing two taxonomies
established the need for the development of a new taxonomy. The BMC (Bloomfield et
al., 2004) was used to identify all common movements that can occur in sport due to its
use in football and netball. This was to ensure that the taxonomy would represent task
and environmental constraints for football players. Additionally, consultation with
researchers with expertise in running, gymnastics, cycling and capoeira were sought to
ensure a comprehensive range of task and environmental constraints were considered
for other sports and everyday tasks. A four-level taxonomy was produced in line with
Gentile’s taxonomy of tasks and Newell’s Constraints model, building on the taxonomies

of Huxham et al. (2001) and Pardasaney et al. (2013), with level headings:

e Postural equilibrium challenges
e Destabilising challenges (challenging posture)
e Challenging perception

e Challenging action.

Postural equilibrium challenges refers to self-initiated movements of constant velocity,
repeatable patterns of motion or when the body is at rest. Destabilising challenges are
internal and/or external accelerations, and object interactions that challenge the CoM
of the body and are occurring in addition to the movement identified within the postural
equilibrium challenge. Challenging perception relates to the introduction of visual,
vestibular, proprioceptive and cognitive processing tasks. Challenging action refers to
items that influence the performance of the action. The new taxonomy is presented in
Figure 4.3. New classifications were created where the existing classification systems
lacked appropriate categorisation. Each outcome at each level of the classification was
given a code by which balance tests and movements could be classified. All existing
dynamic balance tests were classified through the new taxonomy and assessed by

another researcher for agreement (Appendix F). A glossary was produced to provide a
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reference for the terms used (Appendix G). For demonstrative purposes, the starting
point and direction through the taxonomy, using a single leg hop (that commences and
finishes on the same leg) as an example movement, is presented with red boxes and

arrows. A single leg hop is classified as follows:

e Postural equilibrium challenges
PE11: A non-static base of support, with flight, no change in point of support, with one

support in contact with the reference surface P11, D2, D5, P1 and Al
e Destabilising challenges
D2: Suprapostural acceleration of the whole body vertically

D5: Suprapostural acceleration of the whole body anteriorly

e Challenging perception

P1: None

e Challenging action

P1: None
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Figure 4.3 Four-level taxonomy for balance component analysis and identification of
appropriate balance tests. a) Postural equilibrium challenges, b) Destabilising
(challenging posture), c) challenging perception, d) challenging action. The red boxes
and arrows refer to the path taken to classify

In the new taxonomy the first level, postural equilibrium challenges, refers to
movements of the base of support challenging overall posture and has 18 classifications
denoted by PE followed by a number. It is split into two levels, the first a static base of
support and the second, a non-static BoS. Static BoS has one level, the number of
supports: one, two or more than two, where more than two might be the use of another
limb or a walking aid. The non-static BoS, is further refined into flight or no flight. Flight
splits into two pathways. One pathway where the point of support changes during the
movement, for example one leg to another, or two legs to two hands. This pathway
further splits into two options of whether there is a change in the number of supports
in contact with the support surface or not. The second pathway in the non-static BoS
involving flight involves the point of support remaining the same during movement, for
example, the same leg whilst hopping or the same two legs during jumping. No flight
has two pathways: One involves a change in the number of supports in contact with the
support surface and alternative does not involve a change in the number of supports.
Table 4.2 provides examples of positions and/or movements that might occur at each

level of the classification. The second level of the taxonomy, destabilising (challenging
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posture) has 47 classifications. External forces within this level do not include those that
come from a change in the support surface. Virtual objects are the presence of objects
in the virtual environment that provide feedback and/or stimulation during a task. Table
4.3 provides examples of destabilising challenges for each classification. The third level,
challenging perception, has 15 classifications and includes classifications that change the
way we perceive the environment, where the ability of the visual and vestibular systems,
proprioceptive and cognitive processing are categorised. Table 4.4 provides examples of
perceptual challenges. The fourth level, challenging action, has four classifications and
categorises items that influence the perception of the environment and therefore affect

the ability to perform a task.

All individual items within balance tests were successfully classified at all levels. At the
postural equilibrium level individual items were uniquely classified as they represent the
task constraint. At the other levels, it was possible for individual items within each test
to be classified multiple times as these were the environmental constraints. There were
some classifications for which no dynamic balance conditions were coded for because

they did not present in any of the existing tests.
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Table 4.2 Examples of postural equilibrium positions and movements

Classification Classification Example
Code
PE1 Static, unipedal BoS Single leg stance
PE 2 Static, bipedal BoS Double support stance
PE3 Static, multiple support BoS More than two body parts providing support
on the support surface or two limbs and an
assistive device such as a walking stick
PE4 Non-static BoS involving flight with one support making contact with the support Running
surface, where the support changes from limb to limb
PES Non-static BoS involving flight with two supports making contact with the support Flick-Flack
surface, where the supports change from limb to limb
PE 6 Non-static BoS involving flight with more than two supports making contact with Jump with walking poles
the support surface, where these supports change with each contact with the
support surface
PE 7 Non-static BoS involving flight where the point of support in contact with the Hopscotch
support surface changes during the movement from 1-2 supports
PE 8 Non-static BoS involving flight where the point of support in contact with the Hop onto surface and land on all fours
support surface changes during the movement from 1->2 supports
PE 9 Non-static BoS involving flight where the point of support changes in contact with Frog jump
the support surface changes during the movement from 2->2 supports
PE 10 Non-static BoS involving flight where the point of support changes in contact with Running with poles

the support surface changes during the movement from 1-2->2 supports
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Classification

Code Classification Example

PE 11 Non-static BoS involving flight with the same uniped point of support making Hops
contact with the support surface

PE 12 Non-static BoS involving flight with the same biped points of support making Jumps
contact with the support surface

PE 13 Non-static BoS involving flight with the same multiple points of support making Frogs
contact with the support surface

PE 14 Non-static BoS, no flight, where the number of supports in contact with the support Walk/cartwheel
surface change from 1-2.

PE 15 Non-static BoS, no flight, where the number of supports in contact with the support Walking with crutch
surface change from 1->2.

PE 16 Non-static BoS, no flight, where the number of supports in contact with the support Jumping with frame
surface change from 2->2.

PE 17 Non-static BoS, no flight, where the number of supports in contact with the support Walking with a frame
surface change from 1-2->2.

PE 18 Non-static BoS, no flight, where the number of supports in contact with the support Rolling

surface do not change.
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Table 4.3 Examples of destabilising challenges

Classification Classification Example

code

D1 No destabilising challenges present None

D2 A vertical supra-postural acceleration of the whole body Squat

D3 A lateral supra-postural acceleration of the whole body Side lunge

D4 A rotational supra-postural acceleration of the whole body Pirouette

D5 An anterior-posterior supra-postural acceleration of the whole body Lunge

D6 A supra-postural acceleration resulting from a push/pull movement of the upper Opening a door
limb

D7 A supra-postural acceleration resulting from a reaching movement of the upper Reaching for an object
limb

D8 A supra-postural acceleration resulting from a strike/throw movement of the upper Throwing a ball
limb

D9 A supra-postural acceleration resulting from a lifting or lowering movement of the Lifting arms above head
upper limb

D10 A supra-postural acceleration resulting from a reaching movement of the lower Reaching for a ball
limb

D11 A supra-postural acceleration resulting from a swing/strike movement of the lower  Swinging the leg prior to kicking a ball
limb

D12 A supra-postural acceleration resulting from a lifting/lowering movement of the Lifting leg before stepping up
upper limb

D13 A supra-postural acceleration resulting from a bending of the trunk Bending down

D14 A supra-postural acceleration resulting from a rotation of the trunk Rotation during a golf swing
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Classification Classification Example
code
D 15 A supra-postural acceleration resulting from a head rotation Turning to change angle of view
D16 A supra-postural acceleration resulting from a head nod Movement to change angle of view
D17 An external force due to a deviation of the reference surface involving a rotational Neurocom SMART Equitest system
imposed acceleration
D18 An external force due to a deviation of the reference surface involving a horizontal ~ Chattecx Balance System
imposed acceleration
D19 An external force due to a deviation of the reference surface involving a vertical Vertically raising platform/elevator
imposed acceleration
D21 An external force due to a deviation of the reference surface involving an Ramp
inclination of the support surface without an imposed acceleration
D 22 An external force due to a deviation of the reference surface involving a reduced Beam
size of support surface without an imposed acceleration
D 23 An external force due to a deviation of the reference surface where the surface Grass
interaction resists motion and is uneven
D 24 An external force due to a deviation of the reference surface where the surface Ice in a single direction
interaction allows a sliding motion in a single degree of freedom
D 25 An external force due to a deviation of the reference surface where the surface Playground round-about
interaction allows a rotation around the vertical axis
D 26 An external force due to a deviation of the reference surface where the surface Rotation around a bar
interaction allows a rotation around the horizontal axis
An external force due to a deviation of the reference surface where the surface .
D27 Gym exercise ball

interaction allows movement in multiple degrees of freedom
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Classification Classification Example
code
D28 An external force due to a deviation of the reference surface where a low friction Highly glossed support surface
surface allows movement in multiple degrees of freedom
D29 An external force due to a deviation of the reference surface where low friction Foam surface
surface allows movement in multiple degrees of freedom
D30 The application of a vertical predictable/voluntary imposed external force Releasing from suspension
D31 The application of a lateral predictable/voluntary imposed external force Inside a vehicle going around a bend
D32 The application of an anterior-posterior predictable/voluntary imposed external Inside a vehicle accelerating
force
D33 The removal of a vertical predictable/voluntary imposed external force Releasing from suspension
D34 The removal of a lateral predictable/voluntary imposed external force Inside vehicle coming out of a bend
D 35 The removal of an anterior-posterior predictable/voluntary imposed external force Inside a vehicle decelerating
D 36 The application of a vertical imposed external force Releasing from suspension
D 37 The application of a lateral unpredictable/involuntary imposed external force Inside a vehicle going around a bend
D 38 The application of an anterior-posterior unpredictable/involuntary imposed Inside a vehicle accelerating
external force
D39 The removal of a vertical unpredictable/involuntary imposed external force Releasing from suspension
D40 The removal of a lateral unpredictable/involuntary imposed external force Inside vehicle coming out of a bend
D 41 The removal of an anterior-posterior unpredictable/involuntary imposed external Inside a vehicle decelerating
force
D42 A real object interaction involving negotiating a fixed object Stepping over stationary object
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Classification Classification

code

Example

D43
D44
D 45
D 46
D 47

A real object interaction involving negotiating a moving object
A virtual object interaction involving an application of force

A virtual object interaction involving a removal of force

A virtual object interaction involving negotiating a fixed object

A virtual object interaction involving negotiating a moving object

Stepping over non-stationary object
Virtually simulated push

Virtually simulated release

Stepping over stationary virtual object

Stepping over non-stationary virtual object

86



Table 4.4 Examples of perception challenges

Classification Example

P1 No challenge involved

P2 Caren Gait system

P3 Blacked out lens

P4 Goggles

P5 Low level lighting/no light
P6 rapid head movements

P7 Transcutaneous electrical stimulation
P8 Stimulation of the ear nerves
P9 Vibration plate

P10 Cochlea implant

P11 Ice bath

P12 Textured insoles

P13 Ankle brace

P14 Feedback

P15 Dual task

The classification of all balance tests ensures that the taxonomy is robust enough to
cover all previously identified task goal and environmental constraints. Additionally, by
classifying all dynamic balance tests it provides a method to determine sport-specific

tests of dynamic balance.

Figures 4.4 and 4.5 present the frequency of balance measures for postural equilibrium
challenges and destabilising challenges, respectively. The highest frequency of postural
equilibrium challenges was a non-static base of support, with no flight and a change in
supports from 1 to 2; equivalent to walking. Following this was a static base of support
with two supports, equivalent of stance; then a static base of support with one support,
equivalent of single leg stance. Five postural equilibrium challenges within the taxonomy
did not have any components of any tests classified against them. The next most
frequent components with destabilising challenges were categorised as a whole body
suprapostural vertical acceleration (23 test components) and an external force with a
deviation from the reference surface with a change in the size of the support (17 test

components). Figure 4.6 displays components of dynamic balance tests that involved a
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perceptual challenge. Most tests did not involve perceptual challenges. The perceptual
challenges identified involved movement of a visual surround, blocked vision, dual tasks,
distorted vision, textured insoles and responding to a command to modify a primary

task.
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Figure 4.4 Frequency of components of dynamic balance tests classified by postural
equilibrium challenge using the newly proposed taxonomy
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Figure 4.5 Frequency of components of dynamic balance tests classified by
destabilising challenge using the newly proposed taxonomy. D20 is missing due to an
error in numbering
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Figure 4.6 Frequency of components of dynamic balance tests classified by perceptual
challenge using the newly proposed taxonomy

4.5 Discussion

The results of this body of work identified that most dynamic balance tests used in the
literature involve movements akin to walking gait. There is a possibility that this is due
to multi-components tests having a high frequency of gait related items for example,
walking gait in: the TUG, the Dynamic Gait Index and the Locomotor sensory
Organisation Test. Additionally, where tests were named as walking gait but had
different methodologies, these were recorded within the results as separate tests which
would have increased the number of tests recorded as individual tests involving walking
gait. The next highest frequency classifications both involve a static base of support.
There were seven classifications for which no dynamic balance tests were classified. This
suggests that there are tasks that involve components of postural equilibrium challenges
that have never been tested for. It is difficult to determine whether this is because they
have not been identified as a component of dynamic balance in previous research or
whether the limitation of key words to titles in the literature search may have missed

instances where these movements have been tested.

Although the importance of incorporating task and environmental conditions with
varying complexity has been previously emphasised (Huxham et al., 2001; Shumway-
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Cook & Woollacott, 2007), 62 out of 301 components of tests did not involve any
destabilising challenges. It has been suggested that evaluations should include the use
of a broad range of activities based on a framework of task and environmental
complexity to be representative of activities of daily living (Gentile, 1987) and this would
present a more representative design (Davids et al., 2013; Pinder et al., 2011). The most
frequent components with destabilising challenges were categorised as a whole body
suprapostural vertical acceleration (23 test components) and an external force with a
deviation from the reference surface with the deviation being a change in the size of the
support (17 test components). There were 23 classifications that existing tests had no
components for. The results of this body of work identify that a range of destabilising
challenges that arise from the environment are missing from existing tests or they have
not been assessed as being important. The new taxonomy provides a method by which
future researchers and clinicians can determine how the movements of interest relate

to existing tests and determine the most appropriate tool for the population of interest.

Another interesting finding of this study is that the most common dynamic balance tests
used in sport, and more specifically football, are the SEBT, LQ-YBT, single leg stance and
perturbed single leg stance. Table 4.7 displays the classification from the results of this
study for the aforementioned tests. Football rarely involves isolated movements where
a single stance leg is non-moving. Additionally, there are many environmental
constraints within football that should be varied and assessed with tests. It is not
practicable to test every single environmental aspect (Pardasaney et al.,, 2013)
therefore, it is of interest to identify the components of balance important for football.
Classifying the most important movements for football performance would identify

sport specific dynamic balance tests.
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Table 4.7 Classification of postural equilibrium and destabilising challenge for the most
common dynamic balance tests used in football

. e o Destabilising Challenge
Test Postural Equilibrium Classification ipe .. & &
Classification
SEBT non-moving base of support, one Supra-postural acceleration, lower
support limb, reaching
LQ-YBT non-moving base of support, one Supra-postural acceleration, lower
support limb, reaching
Single leg non-moving base of support, one No destabilising challenges
stance support
Perturbed non-moving base of support, one External force, imposed forces,
single leg support predictable/voluntary, application of
stance A-P, lateral

4.4 Limitations

There are some limitations of this research. Although an extensive literature search was
conducted in Section 3, there is a possibility that some balance measures were not
identified if they were presented in papers that did not have the balance terms: dynamic
balance, dynamic postural control and dynamic postural stability in the title or were
outside of the search time window. As a result, some balance tests may not have been
included. However, the number of papers included in the study in Chapter 3 is large and
the use of additional researchers with expertise in a range of sports as well as the use of
previous taxonomies and the BMC, provides confidence that the proposed taxonomy is

robust.

4.5 Conclusions

The newly proposed taxonomy, presented in Figure 4.4 has drawn on both models set
forth by Huxham et al. (2001) and Pardasaney et al., (2013) as well as considering
Newell’s constraints model. It provides a more detailed approach to be able to
differentiate the range of different components of balance considering the task and the
environment within tests and has extended the work of Pardasaney et al. (2013). This

new taxonomy together with the classification of all existing dynamic balance tests have
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significant practical applications. The classification of existing tests through the
taxonomy provides a more detailed and comprehensive profile of all existing dynamic
balance tests. The taxonomy also provides a method by which any new tests can be
profiled. By also providing a method of movement classification, it provides a tool by
which appropriate measures can be chosen that align with existing tests. Additionally, it
provides a tool whereby researchers and clinicians can identify the strengths and
limitations within each test in terms of task goal, environmental challenges, perceptual
challenges and action challenges to recognise representative assessments that are
adequately challenging for the population being tested. The taxonomy provides a tool
to be able to classify movements that are considered important in football and align
them with existing dynamic balance tests to provide sport specific tests to be used in

Chapter 6.

This body of work proposes a new set of definitions for the most common terms used
to describe dynamic balance (dynamic balance, dynamic postural control and dynamic
stability) that consider Newell’s constraints model. It is recommended that future

research in this field refers to these definitions.
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Chapter 5 Important measures of dynamic balance in football

5.1 Introduction

Chapter 3 identified that most existing tests of dynamic balance are static in nature,
have predictable environments and inadequately represent postural control demands
in sport specific situations involving complex and dynamically changing environments.
Static balance is essential in sports such as shooting and archery where the BoS remains
unchanged (Ball et al., 2013; Mononen et al., 2007; Sattlecker et al., 2014). However,
sports such as football involve a wide range of different movements such as
accelerations and decelerations, changes of direction and the application and removal
of forces from opponents and the ball (Bloomfield et al., 2004; Zemkov4d, 2014). Popular
dynamic balance tests in football such as the SEBT, YBT and single leg stance are static
in nature as they involve a static BoS. They have been justified in the research as being
specific to football as kicking and reaching for a ball involve balancing on one limb
(Paillard et al., 2006) however, this is not representative of kicking because it is not an
isolated movement and the sport requires quick movements and reactions. Additionally,
the performance related outcome variables do not provide information pertaining to
control strategy. There is evidence that athletes have better balance than non-athletes
and higher skilled athletes show better performance than lower level athletes (Bhat &
Moiz, 2013; Bressel et al., 2007; Davlin, 2004; Gerbino et al., 2007; Kioumourtzoglou et
al., 1997; Perrin et al., 2002; Thorpe & Ebersole, 2008) however the tests used to assess
balance can be considered inappropriate as discussed in Chapter 3. Many of the reasons
explaining better performance or differences in performance of athletes of particular
sports or different levels is the training experience (Balter et al., 2004; Bressel et al.,
2007; Davlin, 2004; Kioumourtzoglou et al., 1997; Perrin et al., 2002; Thorpe & Ebersole,
2008), the nature of the movements involved (Kioumourtzoglou et al., 1997; Perrin et
al., 2002) or how proprioceptive and visual cues are handled by the participant (Ashton-

Miller et al., 2001).

As a result, these inadequacies were addressed, and a taxonomy was developed to
encompass the multi-dimensional aspects of dynamic balance. The new taxonomy

classifies movements of everyday living and sport. Chapter 4 classified all existing
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balance tests identified in Chapter 3. It was of interest to determine what movement
demands exist in football and which of those movements are considered important for
success of the game. It was also of interest to determine whether these important

movements could be aligned with existing balance tests.

Previous literature has ascertained that balance is multi-dimensional and that there are
different components of balance (Pollock et al., 2000). There is also the argument that
testing should be representative of the sport (Pinder et al., 2011). To the author’s
knowledge dynamic balance testing within sport and in particular football has not
considered the specificity of tests in terms of the task goal, environmental and individual
constraints. Chapter 4 identified that existing taxonomies of classifying balance tests
(Huxham et al., 2001; Pardasaney et al., 2013) were inadequate due to their limited
application within falls and community dwelling older adult populations and extended
the work of Pardasaney et al. (2013) to provide a taxonomy through which important
movements pertaining to a sport or activity could be determined and matched with
existing dynamic balance tests of the same classification. This taxonomy provides a sport
specific measure of dynamic balance that references Newell’s model of constraints
(Newell et al., 1989) through the consideration of task goal and environmental
constraints. Chapter 4 reported the classification of all identified existing dynamic
balance tests. This chapter firstly, details an investigation into movements that are
important for football performance and secondly uses the taxonomy from Section 4 to

guide the selection of the most appropriate measures to quantify dynamic balance.

5.1.1 Aims and Objectives

The aim of this chapter was to identify common physical movements in football and use
these to determine which of these movements are considered by experts as important
for success in the game. The outcome of this work was to provide a set of movements
to be put through the movement taxonomy in Chapter 6, to determine which balance

test they best align with and subsequently use in testing in Chapter 7.
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Objectives:
e |dentify important physical movements in football
e Use a panel of experts to rank these movements to identify those that are
important for success in the game
e |dentify existing balance tests that align with these important movements to

identify sport specific measures of dynamic balance

5.2 Method

5.2.1 Participants

All procedures were approved by Sheffield Hallam University Ethics Committee. 15
football professional participants with 6.9 £ 5.4 (mean, SD) years elite level experience
were recruited via email through convenience sampling. Inclusion criteria were that
respondents worked in the following roles: medical (n = 2), performance analysis (n = 3)
or coaching staff (n = 10) in professional football at Football League levels: Premiership
(n = 1) and Championship (n = 14). All participants provided written informed consent

(Appendix H).

5.2.2 Research Protocol

A questionnaire was developed and piloted through consultation with professional
football coaches, performance analysts and players and is presented in appendix I. A
glossary of terms, presented in appendix J, was provided with the questionnaire to
ensure all respondents understood the questions alike. The questionnaire contained 49,
closed pre-coded questions with a 3 category Likert scale: 1: disagree, 2: agree, 3:
strongly agree. Participants were required to enter a number 1-3 that represented their
expert opinion on how the movement in each question related to each of the four
performance categories: Creating a goal scoring opportunity; defending around the box;

winning a tackle/regaining possession; and injury risk.
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5.2.3 Analysis

Each movement of each question was grouped on responses for all four performance
categories. The taxonomy developed in Chapter 4 was then used to categorise each
movement for postural equilibrium and destabilising challenges. Each individual
movement was classified by one postural equilibrium item, but it was possible to have
multiple destabilising challenge items. The movements that fell under the same
classification were then grouped together as the same components of dynamic balance.
The total score of 3s and 2s for each classified group were summed. The three highest
totals for the classified groups were chosen as the most important dynamic balance
components. It was then determined which existing tests aligned with these dynamic
balance components. Microsoft Excel (Microsoft Office 2011, Microsoft Corporation,

USA) was used to record classifications and apply the points system.

5.3 Results

5.3.1 Classification of movements

The most common classification of postural equilibrium was a non-static base of support
with no flight and a change in number of supports from one to two or vice versa (PE 14),
for example walking, with 12 movements classified in this way (Figure 5.1). There were
9 movements that were classified either as a non-static base of support involving flight,
with a change in points of support remaining as one (PE 4), for example running. There
were 9 movements that were classified as a non-static base of support involving flight,
with a change in points of support from one to two or vice versa (PE 7), for example hop

scotch.
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Figure 5.1 Frequency of classification of movements in football for postural equilibrium
as classified using the new taxonomy proposed in Chapter 4.

A vertical supra-postural acceleration of the whole body and an anterior-posterior
supra-postural acceleration of the whole body were the highest classified
destabilisations with 23 instances each displayed in figure 5.2. This was followed by a
predictable or voluntary application of an imposed external force laterally (such as that

experienced in a shoulder barge) with 20 classifications.
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Figure 5.2 Frequency of movements classified in football for destabilising challenges
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5.3.2 Dynamic balance components

The results in Table 5.4 show that the most points were allocated to shielding the ball,
a shoulder barge whilst running, jostling to win the ball and shielding the ball whilst
jostling with 285 points, followed by accelerating and braking with 161 points, and a
single leg kick or standing volley with 144 points. Shielding the ball, a shoulder barge
whilst running, jostling to win the ball and shielding the ball whilst jostling were classified
as PE14 for postural equilibrium and D31, D32, D37 and D38 for destabilising challenge.
Within the taxonomy in Chapter 4 this relates to non-static BOS, no flight with a change
in supports from 1-2 or vice versa, with a predictable or voluntary application of an
imposed external force laterally and anterior-posteriorly, and an unpredictable or
involuntary application of an imposed external force laterally and anterior-posteriorly.
Accelerating and braking was classified as PE4 for postural equilibrium and D5 for
destabilising challenge This relates to a non-static BOS, no flight with a change in
supports from 1-2 or vice versa with a whole body suprapostural acceleration in the
anterior/posterior direction. Kicking the ball was classified as PE14 for postural
equilibrium and D5 and D32 for destabilising challenge. This relates to a non-static BOS,
no flight with a change in supports from 1-2 or vice versa with a suprapostural
acceleration of the lower limb involving a swing and a predictable or voluntary

application of a predictable/voluntary imposed external force anterior-posteriorly.
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Table 5.4 Football movements classified using the new taxonomy proposed in Chapter 4. Rankings of 3 (strongly agree), 2 (agree) and their totals by
football professionals via a questionnaire relate to responses that the movement is important in the four performance categories: Creating a goal scoring
opportunity, defending around the box, winning a tackle/regaining possession, and injury risk. Information in the table is ordered numerically by postural
equilibrium challenge.

Performance category and

Football Movement Postural equilibrium Destabilising challenge No. of 3s No.of 2s Total

question number

A31, B31, C31, D31 Single leg kick PE1 D11, D32 27 29 144
A32,B32,C32,D32 A standing volley PE1 D11, D32 15 31

A34, B34, C34, D34 Single leg balance whilst PE2 D10, D11, D31, D32 16 15 47

manipulating the ball

A35, B35, C35, D35 Receiving a ball PE2 D10, D31, D32 17 18 52
A36, B36, C36, D36 Heading PE2 D15, D16, D31, D32, 34 19 87
A48, BA8, C48, D48 A shoulder barge while standing PE2 D3, D31, D37 24 24 72
Al12, B12, C12, D12 A squat with outstretched leg PE2 D2, D10 7 32 46
Al11, B11, C11, D11 Squat PE2 D2 7 28 42
A37, B37,C37, D37 Chesting PE2 D32 13 34 60
A13, B13, C13, D13 accelerating PE4 D5 22 29

Al4, B14, C14,D14 braking PE4 D5 32 24 161
A2, B2,C2,D2 Running with a turn PE4 D4 21 32 135
A4, B4, C4, D4 Running in an arc PE4 D4 10 41
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Performance category and

. Football Movement Postural equilibrium Destabilising challenge No. of 3s No. of 2s Total

question number

A33, B33, C33,D33 A volley whilst running PE4 D11, D32 15 31 61

A6, B6, C6, D6 Dribbling PE4 D5, D11, D31, D32 15 9 39

A3, B3, C3, D3 Running whilst rotating the trunk PE4 D14 14 34 62

A5, B5, C5, D5 Running with a cutting/sidestepping  PE4 D3, D5 20 28 68
movement

Al,B1,C1, D1 running straight line PE4 D1 10 35 55

A42,B42,C42, D42 Shielding the ball PE4 D31, D32, D37, D38 21 26

A49, B49, C49, D49 A shoulder barge whilst running PE4 D31, D32, D37, D38 21 29 285

A40, B40, C40, D4 Jostling to win the ball PE4 D31, D32, D37, D38 24 30

A41,B41,C41, D41 Shielding the ball whilst jostling PE4 D31, D32, D37, D38 18 32

A39, B39, C39, D39 Jockeying PE4 D3, D4, D5 23 17 63

A44,B44, C44, D44 A scissor kick PE5 D2,D4,D14 14 21 49

Ale6, B16, C16, D16 A two-foot jump single leg landing PE7 D2, D4, D5 10 39 102
with whole body turn

A28, B28, C28, D28 A hop two leg landing with whole PE7 D2, D4, D5 1 41 102
body turn

A43,B43, C43, D43 A bicycle kick PE7 D2, D4,D14 12 21 45

A15, B15, C15, D15 A two-foot jump single leg landing PE7 D2, D5 11 36 105

A27,B27,C27,D27 A hop two leg landing PE7 D2, D5 5 37 105
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Perf Total
er ormance category and Football Movement Postural equilibrium Destabilising challenge No. of 3s No. of 2s ota

question number

A18, B18, C18, D18 A two-foot jump single leg landing PE7 D2, D5, D15 9 43 100
with head rotation

A30, B30, 30, D30 A hop two leg landing with head PE7 D2, D5, D15 2 35 100
rotation

A29, B29, C29, D29 A hop two leg landing with trunk PE7 D2, D5, D14 1 32 91
rotation

Al17,B17,C17,D17 A two-foot jump single leg landing PE7 D2, D5, D14 9 39 91
with trunk rotation

A25, B25, C25, D25 A hop single leg landing with trunk PE11 D2, D5, D14 13 31 57
rotation

A23, B23, C23, D23 A hop single leg landing PE11 D2, D5 8 34 50

A26, B26, C26, D26 A hop single leg landing with head PE11 D2, D5, D15 11 34 56
rotation

A24, B24, C24, D24 A hop single leg landing with whole PE11 D2, D4, D5 11 32 54
body turn

A38, B38, C38, D38 Chesting with a jump PE12 D2, D32 9 30 48

A19, B19, C19, D19 A two-foot jump two leg landing PE12 D2, D5 8 41 57

A20, B20, C20, D20 A two-foot jump two leg landing PE12 D2, D4, D5 44 58

with whole body turn
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Performance category and

. Football Movement Postural equilibrium Destabilising challenge No. of 3s No. of 2s Total

question number

A22,B22,C22,D22 A two-foot jump two leg landing PE12 D2, D5, D15 5 48 58
with head rotation

A21, B21, C21, D21 A two-foot jump two leg landing PE12 D2, D5, D14 5 44 54
with head rotation

A47,B47,CA47, D47 A feint PE14 D3, D5 16 14 46

A10, B10, C10, D10 side lunge PE14 D2, D3 13 41 67

A7,B7,C7, D7 A lunge forward PE14 D2, D5 19 34 132

A8, B8, C8, D8 A lunge backwards PE14 D2, D5 12 36 60

A45, B45, C45, D45 A side block tackle PE14 D4, D31 25 18 68

A46, B46, C46, D46 A sliding tackle PE14 D4 23 19 65

A9, B9, C9, D9 A lunge with outstretched leg PE14 D2, D5, D10 20 34 74
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5.3.3 Test Specificity

There were no existing dynamic balance tests that aligned with the important
movements identified for football. For shielding the ball, jostling to win, and shielding
the ball whilst jostling, there were no existing dynamic balance tests that align with
classifications of PE4, D31, D32, D37 and. For accelerating and braking there were no
existing tests that aligned with PE4 and D5. For a single leg kick/standing volley, there

were no existing dynamic balance tests that align with PE1, D11 and D32.

5.4 Discussion

The aim of this investigation was to identify important football movements and their
dynamic balance components to align these with existing tests that would provide sport
specificity in dynamic balance testing. Football professionals completed a questionnaire
to establish which football movements they considered important for success of the
game. Football movements were classified through the taxonomy in Chapter 4, then
guestionnaire ratings were used to identify those considered most important. Finally,
the three highest ranked movements were aligned with dynamic balance tests that were
classified in Chapter 4 to determine sport specific measures for football. To the author’s
knowledge this is the first study to report an analysis of movements considered
important to the game of football and then use a taxonomy to classify movements based

on postural task and environmental constraints

5.4.1 Classification of movements

The present study identifies that shielding and jostling, both involving external forces
from an opponent, were most important. Following that were accelerating and braking,
both requiring internal forces, and then a single leg kick or volley which involves both
internal and external forces. Owing to their varying influence on postural control
demands, it has been emphasised in previous literature that incorporating task and
environmental conditions with variable complexity is important (Horak et al., 2009;
Huxham et al., 2001; Shumway-Cook & Woollacott, 2017). Furthermore the use of a

broad range of activities based on task and environmental constraints provide more
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representativeness of performance (Davids et al.,, 2013; Gentile, 1987; Pinder et al.,
2011). An observation of this study was that only one of the three football movements
identified involved a static base of support. This confirms that the previous use of
common tests in football involving a static base of support with no environmental
constraints are inappropriate. Where the single leg kick or volley was identified as having
a static BoS it involved additional environmental constraints that previous tests of
dynamic balance in football have not addressed. Whilst the BMC (Bloomfield et al.,
2004) identified in Chapter 2 identifies that the physical demands of football it does not
take into consideration the types of movements that occur in interactions with
opponents and does not consider how these movements relate to success of the game
or injury risk. The present study has identified that there are movements with task goal
and environmental constraints that are not identified in the physical demands of the

game but may be important in terms of performance and dynamic balance.

5.4.3 Test Specificity

These results highlight the lack of tests available that address the components of
balance identified as important in football. The movements classified in the present
study demonstrate that the postural equilibrium classifications of movements in football
were mostly categorised as involving a moving base of support. Additionally,
destabilising challenges were often more complex than just the movement of the non-
stance limb as in the case of the popular dynamic balance tests in football. All of the
common measures of dynamic balance in football (Table 4.7, Section 4.3) involve a
postural equilibrium classification of a single leg, non-moving BoS however, most of the
football movements classified involved a moving BoS and two of the three groups of
important movements involved a moving BoS. No test categorised in the taxonomy
developed in Chapter 4 matched the categories of the important football movements at
the postural equilibrium level nor the destabilising challenge level of the taxonomy. This
provides insights into task goal and environmental constraints that should be
incorporated into new measures to provide more representative and comprehensive

assessments of dynamic balance.
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Common tests of dynamic balance: SEBT, YBT and single leg stance, have been used to
demonstrate that footballers have performed better than other athletes and controls
(Bressel et al., 2007; Davlin, 2004; Khuman et al., 2014; Matsuda et al., 2017; Teixeira et
al., 2011). However there is inconsistency within these studies as they have also
demonstrated that footballers perform similarly to other athletes and non-controls
(Bressel et al., 2007; Davlin, 2004; Matsuda et al., 2017). These common methods of
dynamic balance assessment in football were classified through the newly developed
taxonomy in Chapter 4 and it was identified that they do not align with any of the
football movements identified in the present study. Furthermore, only the perturbed
single leg stance presents with any of the environmental constraints identified in the
destabilising challenges of the important movements in football but does not align with
the postural equilibrium classification. These common tests can therefore be considered
as not sport specific by way of classification. It is necessary to develop more appropriate
dynamic balance tests that align with the task goal and environmental constraints of the
important football movements through the taxonomy levels postural equilibrium and

destabilising challenges.

The results of this work demonstrate that new measures are required to account for the
range of task and environmental constraints identified above. It is of interest to

determine whether newly created measures can differentiate for skill level.

5.5 Limitations

This study has limitations that require consideration. Movements identified as
important may differ at different competition levels of the game. Most of the
guestionnaire responses were from Championship level football professionals and as
such, it is unknown whether the same movements would be considered important to
the game at lower or higher levels. There may have been more appropriate methods of
identifying important movements in football such as the use of a Delphi Poll or the use
of performance analysis software and techniques routinely employed in the assessment
of player and team performance in the game. Delphi polls are a group facilitation

technique, with an iterative multistage process, designed to transform opinion into
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group consensus (Hasson et al., 2000). The use of a Delphi poll could have provided a
method of gaining opinions from a wide range of individuals within a wide range of
playing levels of football so that important football movements could be determined at
all levels. However, the use of a Delphi Poll would have required an unacceptable level
of time from the football professionals. Delphi polls have their own limitations not
limited to researcher skills, interpretation and reporting of findings and as a means of
gathering opinion rather than predictions. The use of time-motion analysis would enable
the separate identification of important movements related to performance or injury
risk as well as at different levels of football. However, this method requires specialist
training, is labour intensive and access to data would present difficulties. Additionally,
the use of performance analysis techniques would not inform important movements
considered to be related to success of the game. The use of a questionnaire provided a
practical way of obtaining information as opposed to the use of an interview, was more
convenient for participants and provided highly structured data. The test-retest
reliability of the questionnaire was not assessed. Therefore, it is recommended that
future work assesses the reliability of any questionnaire that is used to determine the

most important movements of the activity in question.

5.6 Conclusions

Important movements in football in relation to success of the game have been
identified. All football movements have been classified using the taxonomy developed
in Chapter 4. It was possible to identify components of dynamic balance and group
movements by postural equilibrium and destabilising challenges using the taxonomy.
Furthermore, the taxonomy made it possible to discover existing dynamic balance tests
that aligned with the most important football movements identified through the results
of this study. It was identified that there were no existing balance tests that aligned
demonstrating that 1., previous research has not identified the components of balance
that should be tested for in football, 2., previous research has not made use of sport
specific tests to assess dynamic balance in football and 3., the taxonomy is a useful tool
that provides a method of classifying important components of dynamic balance in

football and identifying appropriate tests. The taxonomy is a tool that may be useful in
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other sports in identifying components of balance and aligning existing balance tests for

specificity.

107



Chapter 6 Differentiation of skill level through dynamic balance
testing in male footballers

6.1 Introduction

Chapter 2 identified that previous research has shown that athletes perform better than
controls in tests of dynamic balance. Additionally, dynamic balance ability is dependent
on sport played. Explanations for these differences have been attributed to specificity
of training. However, when research has examined the dynamic balance ability of
athletes within the same sport at different skill levels there is a lack of consensus that
higher-level athletes perform better with some studies showing that within certain
aspects of tests lower-ability athletes perform better. An important limitation of
previous dynamic balance testing in sporting athletes is that the tests used involve a
static base of support and Chapter 2 highlighted the need for sport specific tests.
Additionally, whilst existing dynamic balance tests commonly used in sport, and in
particular football, provide a measure of the performance they do not provide any detail
on the strategies involved that might explain differences between athletes and non-

athletes, and between skill levels.

Chapter 4 developed a taxonomy by which existing tests could be categorized according
to postural demands and environmental constraints to be able to determine sport
specific measures of dynamic balance. Chapter 5 identified football movements
considered by experts as important for success in the game through questionnaire data;
thereby identifying dynamic balance components important for football. These were
identified as shielding and jostling, accelerating, and braking, and a single leg kick or
volley. These movements were classified in the proposed taxonomy developed in
Chapter 4 with the aim of aligning them with existing balance tests. It was found that
not one individual existing balance test had appropriate content that matched that all
the movements identified as being important in football, demonstrating that previous
research has not identified nor considered the components of balance that should be

tested for in football.
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This chapter firstly reports the development of new dynamic balance measures specific
to football. The development of these new measures includes both performance related
outcomes and ways of identifying strategies that might explain the performance. This
chapter then applies the developed measures alongside a standard balance measure
popular in football to determine whether they can better differentiate for skill level in

football players.

6.1.1 Aims and objectives
The aim of this chapter was to determine whether sport specific measures of dynamic
balance differentiate for skill level in football players. The objectives were:
e To develop new football specific measures of dynamic balance
e To investigate whether the developed measures and a reference measure
differentiate for skill level between elite, recreational and non- football players.
e To determine whether dynamic balance differs for dominant vs non-dominant

limbs.

6.2 Development of new measures

For movements where there were no tests that align from the taxonomy, tests that had
a matching postural task and/or destabilising challenge were chosen and adapted to
provide specificity by including the missing classifications. Existing measures were
examined for their environmental constraint applicability to the components of dynamic
balance identified as important in Chapter 5 for football players. Additionally, papers
from reference lists were also consulted. Table 6.1 presents tests where environmental
constraints were investigated to determine whether items would provide specificity and

would be practical considering equipment availability and logistics of the study.
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Table 6.1 Tests identified with environmental constraints to be considered for development of new football specific measures of dynamic balance.

Football
movement

Test

Item specifics

Cutcome measures

Reference paper

External force

Acceleration/De
celeration

Single leg
kick/standing
volley

Perturbation

Shuttle run
Sprint test

Single leg
kick

i. Surface perturbations -translation/rotation

ii. Wobble board

iii. Slips

iv. Trips

v. Arm movements

vi. Sagittal plane perturbations applied via a pendulum
vii. Frontal plane experimenter delivered perturbation
viil. Frontal plane torque perturbations applied via
robotised ankle-foot orthosis whilst treadmill walking
ix. Frontal plane perturbations applied via belt at waist
whilst treadmill walking

¥. Frontal plane perturbations with a motorised waist-
pull system

sprinting 10 m from a stationary start position

i. Single limb stance, leg swinging, rotation of trunk and
hips to simulate kick

ii. unipedal stance on force plate performing oscillatory
movements in both A-P and M-L leg sway tasks at 3 Hz
iii. a). Single limb stance, rapid limb swings in AP and ML
direction. b). instep kicking

iv. Single limb stance, kick a ball

Stability index, time in
balance, pivot
displacement, Score,
margin of stability, total
energy power spectrum
of the oscillations,
platform angle
deviation, angle
variation, CoP and CoM
trajectories

Time

i. CoP measures

il. CoP excursion

iii. a). GRF power
spectra. b). GRF,
impulse

iv. CoP displacement

i.7,23,3256,71, 77,90, 184,197, 198, 208, 208, 213, 240, 246, 275,
281, 283,312,319 324,327 330, 331, 392, 306, 398, 399, 415, 432,
435, 437, 446, 447, 458, 455, 451, 4563, 468, 459, 474, 487, 499, 513,
521, 534, 550, 556, 565, 758, 704, 78BS, 794, 797, 831, 832, B37, 843,
B74, BBE, BBG, 903, 906, 908, 949, 970, 974, 975, 9585, 987, 995, 995,
1018, 1025, 1042, 1043, 1044, 1047, 1052, 1053, 1066, 1075, 1107,
1124, 1141, 1188, 1206, 1209, 1220, 1222 1223 1248, 12565, 1261,
Behan et ai. (2018)

ii. 20, 246, 78BS, B74, 1066

ili. Marigold et al., 2005

iv. 5chillings et al., 2000; Pijnappels, Bobbert and Wan Dieen, 2006
v. Fujiwara et al. {2011)

vi. Davidson et al. (2009)

vii. Rietdyk et al. (19993}

viii. Blanchette et al. (2011)

ix. Hof, et al. (2010}

x. Gray et al. {2017)

Little & Williarns {2005}

i. Fernandes et al. [2016)
ii. Teixera et al. {2011}
iii. Hatzitaki et al. (1559)
iv. Rios et al. (2015)

Numerical references refer to literature presented in Appendix A.
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6.2.1 External forces

The use of surface perturbations in standing balance applied through platform motion
have been used extensively, as well as the use of a wobble board and through arm
movement (Fujiwara et al., 2011). These compromise the representativeness of the
environmental stimulation due to their narrow and predictable range of perturbations
(Rietdyk et al., 1999) and do not satisfy the postural equilibrium challenges and
destabilizing challenges (environmental constraints) of shielding and jostling, which
involve the removal or application of predictable or unpredictable externally imposed
forces in the lateral and anterior-posterior direction. Other more severe challenges have
included induced slipping (Marigold et al., 2005) and tripping (Pijnappels et al., 2006;
Schillings et al., 2000), and likewise these methods are not representative of the
environmental challenge. Standing and walking with perturbations has been studied
much less (Rietdyk et al., 1999, Davidson et al., 2009; Hof et al, 2010; Blanchette et al.,
2011). These methods include standing whilst perturbed by padded pendulums in the
sagittal plane (Davidson et al., 2009) and experimenter delivered perturbations in the
frontal plane (Rietdyk et al., 1999), walking on a treadmill: wearing a robotised ankle-
foot orthosis through which a torque perturbation was applied (Blanchette et al., 2011),
with the perturbation applied through a rod attached via a broad belt around the waist
to a pneumatic cylinder (Hof, et al., 2010) and a frontal plane motorised waist pull
system . The application of the perturbation through the methods of Blanchette et al.
(2011) were not justified for use in this study, as a perturbation at the ankle joint would
not provide specificity of perturbations experienced to the upper body during shielding
and jostling. Due to practical limitations, perturbations applied via padded pendulums
or via a pneumatic cylinder were not possible. The experimenter delivered perturbations
of Rietdyk et al. (1999), do not allow a consistent measurable approach within and
across participant trials, nor do they allow a measurement of the force applied. The
methods of Gray et al. (2017) in applying perturbations at the waist were of interest
however, a motorised system was a methodological issue for this study. Adaptions of
the discussed techniques above were viable in providing a suitable method. Pilot testing
found that a pre-tensioned bungee cord secured to the wall and then attached to the
mid front and mid back of a chest harness worn by the participant via a rope provided a
method of applying and releasing a force that caused a perturbation of the upper body.

Figure 6.1 displays the method of applying perturbations. The bungee was held taut by
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the tester which allowed the rope to become slack ensuring there was no perturbation
to the participant during this time. Application of the perturbation involved the tester
releasing the bungee from their grip causing the rope and bungee to become taut.
Release of the perturbation involved pulling the bungee towards the participant causing
the rope to become slack. Pilot testing determined the time this took to complete across
trials and participants was repeatable. The use of a spring scale placed between the rope
and bungee allowed a consistent approach to adjusting the force for the individual.
During pilot testing participants struggled to maintain their balance with perturbations
above 10 % of their body mass and 5 % of body mass was not enough to provide a
destabilising force. Feedback from elite and recreational participants in pilot testing was
that a perturbation force of 10 % of participant body mass was similar to what was

encountered during a game. Therefore, a perturbation force of 10 % was chosen.

a) Wall
Treadmill
Ear:i biner
s Rope ,-"IJ
Carabiners :h'“““x_ Bungee
Participant

Application of perturbation: Bungee
released to create a taut rope and bungee

Treadmill
Carahiner

Rope

| /
Carabiners <
.
Bungee
\ - _‘\-._/J
Participant ,._--f/:
H""-u._

Release of perturbation: Bungee pulled towards
participant to provide slack on rope

Figure 6.1 Application and release of perturbations during the external forces test. A
bungee was secured to a wall, then to the participant via rope and carabiners to the
front and rear of a chest harness. a) perturbation application, b) perturbation release.

112



6.2.2 Acceleration and deceleration

Football match performance is impacted by the ability of players to produce varied high-
speed actions (Luhtanen & Ekblom, 1994), with acceleration identified as being a specific
quality integral to successful performance outcomes (Harper et al., 2020; Little &
Williams, 2005). Critical activities such as being first to the ball, beating an opponent
into space, and creating and stopping goal-scoring opportunities during team sports
(Carling et al., 2008; Reilly et al., 2000) are dependent on the ability to increase velocity
or accelerate. Shuttle runs and sprint tests were identified as familiar performance tests
for football and could be modified to include measurements of balance. Modification of
shuttle run or sprint test to include measurements of balance would be appropriate.
Shuttle runs and sprint tests are usually performed at 18.3 m and 10 m distances,
respectively. The laboratory dimensions were 16 m long x 10 m wide however due to
storage of equipment the available space was 13 m long x 8 m wide. The laboratory
space is not long enough to accommodate the length of a shuttle run and as the sprint
tests only involves an acceleration, to be able to successfully record a deceleration after
10 m would prove challenging in the available space. Should the total amount of
laboratory space available have been used it would have created a large capture volume
for 3D motion capture, and with the amount of cameras available, would reduce the
accuracy of the system (van der Kruk & Reijne, 2018). Furthermore, accelerations
experienced by elite footballers have been identified as; low, 1-2 ms?; medium, 2-3 ms’
2 and high > 3 ms? (Akenhead et al., 2013; Géralczyk et al., 2003; Hodgson et al., 2014).
It was of interest to have all participants experience the same acceleration and
deceleration rates therefore, a treadmill was used to accelerate and decelerate

participants.

It was identified in pilot testing that the treadmill could accelerate at a rate of 1 ms™?,
this did not provide the high threshold that would provide a more destabilising force to
participants. Additionally, the treadmill did not have the ability to consistently
accelerate at the same speed for every participant because of the limited motor power
available of the treadmill belt. Additionally, the treadmill company would not unlock the
advanced features to provide higher accelerations as the treadmill did not have a safety
arch and means of attaching a harness. Therefore, only the deceleration component of

the football movement identified in Chapter 5 was possible. In team sports
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decelerations are just as common as accelerations (Osgnach et al., 2009; Spencer et al.,
2004). There is a greater rate of velocity change in high intensity decelerations which
occur more frequently in team sports (Harper et al., 2020). Rapid decelerations are
crucial in changes of direction for both attack and defence (Harper et al., 2020; Osgnach
et al., 2009; Spencer et al., 2004) Furthermore, greater mechanical loads are imposed
with high-intensity decelerations and involve high eccentric braking forces to slow the
body’s CoM. Deceleration occurs after any sprint performance to slow the body’s CoM
(Dalen et al., 2016; Hewitt et al., 2011; Vanrenterghem et al., 2017). Deceleration in
football may occur in response to other player’s movements such as (marking, evading,
or collision avoidance) or to stay within a playing area. To safely decelerate the body
several shortened gait cycles are used which absorb the high eccentric forces with as
little stress to the joints as possible (Andrews et al., 1977). Several body segments are
adjusted to slow the forward moving CoM. The body is expected to be positioned with
a posterior tilt of the pelvis, erect or posterior lean with elbow flexion and abduction
during over ground deceleration (Hewitt et al., 2011). Consequently, high-intensity
decelerations are a component of the external load that disproportionately drives
neuromuscular fatigue and thereby simultaneously escalating the risk of tissue damage

(Harper & Kiely, 2018).

There is no known research to date that has investigated balance ability when
decelerating during a run, nor is there a known balance test that has focused on
outcome measures related to the deceleration phase in sprinting. Key football literature
regarding time motion analysis of player movements was consulted to identify the
nature of accelerations and decelerations players experience in the game (Dalen et al.,
2016; Newans et al., 2019; Russell et al., 2016; Vigh-Larsen et al., 2018). Decelerations
have been classified as: low deceleration, -1 to -2 ms’2; medium, -2 to -3 ms?; and high,
> -3 ms? (Akenhead et al., 2013). During pilot testing it was found that the treadmill
could decelerate at a rate of -1 ms2 using the speed reduction buttons or at a rate of -5
ms2, using the safety cut off switch. As the use of the reduce speed buttons did not
provide a high enough deceleration rate, the use of the safety cut off switch was chosen
to provide the most challenging condition. A recent systematic review and meta-analysis
reports that spatiotemporal, kinematic and kinetic outcome measures are largely

comparable between treadmill and over ground running (Van Hooren, Fuller, & Buckley,
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2020), therefore there was confidence that the treadmill would be suitable for use in

decelerations.

6.2.3 Kicking

The defining action of football is kicking (Lees et al., 2010). Considerable demands are
placed on dynamic balance due to the requirement to control large reactive forces whilst
maintaining stability over a narrow base of support (Chew-Bullock et al., 2012). There
has been extensive research investigating the kinematics and kinetics of kicking in
particular examining the relationship between the mechanics of the kicking leg and kick
performance (Dorge et al., 2002; Isokawa & Lees, 1988; Lees et al., 2010; Lees & Nolan,
1998; Nunome et al., Sakurai, 2002; Shan & Westerhoff, 2005). There are equivocal
findings in the scant research investigating the mechanics of the plant leg (Kellis et al.,
2004; Masuda et al., 2005; Orloff et al., 2008). Remarkably, there is little research
examining the relationship between balance ability and kicking and there is no known
peer reviewed research to date that has used kicking as a dynamic balance test. Chew-
Bullock et al. (2012) examined the relationship between single-leg balance on a force
plate and kicking accuracy and velocity. Their results identified a lack of association
between single leg balance and kicking velocity. They suggested that the stability
requirements associated with balancing on one leg are different from those required to
support the body when swinging the kicking leg at maximal velocity. This provides
support for the need for dynamic balance tests that address all the task and

environmental constraints.

Four articles were identified (table 6.1) where one or more environmental constraints
could be classified within the same categories as single leg kicking. Three studies
involved single leg stance with flexion/extension and/or adduction/abduction of the
non-stance leg to simulate kicking (Fernandes et al., 2016; Hatzitaki et al., 1999; Teixeira
et al., 2011). Whilst these methods included movements that would satisfy the
environmental constraint of a supra-postural acceleration of the lower limb in the form
of a swing, the fixed base of support and no external force that occurs due to impact
with the ball meant these tests would not meet the level of specificity required. A study

by Rios et al. (2015) launched a ball to their participants meeting the classification
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required for the external force however, the fixed base of support did not match the
postural equilibrium classification. An important consideration of kicking is that there is
a destabilising force when contact with the ball occurs, therefore it was decided that a
test where participants kicked a ball would be used. As the game of football
predominantly involves a moving ball and the classified football movements includes a
standing volley it was of interest to be able to include a moving ball in the test. However,
difficulties were experienced in pilot testing with allowing participants an approach to
the ball and positioning of launch of the ball and a successful foot-ball interaction.
Additionally, in the interest of maintaining a consistent ball speed at launch, it was it
was decided that a stationary ball placed on top of a lightweight plastic tube to replicate

an instance where it would be in the air and afford a volley kick, would be used.

6.3 Existing reference measure

An existing test often referred to as a measure of dynamic balance was included in the
study as a reference measure. The SEBT has been used as a common dynamic balance
test in football (Anoop et al., 2010; Bhat & Moiz, 2013; Bressel et al., 2007; Cug et al.,
2016; Daneshjoo et al., 2012; Haksever et al., 2012). The mSEBT is a shortened version
of the SEBT (Hertel et al 2006). Instead of eight reach distances, there are only three.
The choice of the mSEBT as opposed to the SEBT is twofold: One, it reduced the time of
the full testing protocol and two, there is evidence that it captures the least redundant
information (Hertel et al., 2006; Gribble et al., 2012; Hertel et al., 2011). The intra-rater
reliability of the SEBT has been reported as moderate to good (Plisky et al., 2009) Due
to the measurement error identified in Section 2.2.1.4. in determining reach distance,
this was measured from the distance between the anatomical markers of the fifth
metatarsal of the stance and reaching foot (Pionnier et al., 2016). It was decided that
the use of kinetic analysis with a force plate would provide better information on
dynamic postural control strategies to explain any differences in performance, which is
missing from previous research in football. Therefore, the mSEBT was performed with

the stance limb on a force plate to record kinetic parameters.

As football requires players to be skilled on both limbs in terms performance it was of

interest to see if differences exist between skill level and limb in dynamic balance ability

116



for the mSEBT and kicking test. A recent systematic review and meta-analysis indicate
that balance performance is not influenced by leg dominance, however this evidence is
strongest for tests involving single leg stance (Schorderet, et al., 2021). Where literature
included in the review involve tests referred to as sport specific i.e., SEBT, YBT, the
limitations of these are that they still involve a static base of support. Furthermore, there
were only three studies in the review that used more sport specific measures such as a
jump landing (Shiravi et al., 2017; Troester et al., 2018; Wikstrom et al., 2006). Only one
study contained athlete participants (Troester et al., 2018), so it is unknown whether
these results can be used for comparisons between athletes of different skill levels and
non-athlete populations, as well as whether the same outcomes would be found using

sport specific tests.

6.4 Methods

6.4.1 Participants

Sheffield Hallam University Local Research Ethics Committee provided ethical approval
for all procedures and documents (Converis Ethics Review ID: ER7666529). Male
participants were recruited by contacting local professional and male non-league
football clubs, the Men’s University football team and male University students through
flyers, social media and University message boards. Participants were grouped by skill
level as elite, recreational and non-footballers. Participants were recruited from
Championship level football teams, Collegiate level and non-league football teams
within the Sheffield area and students at Sheffield Hallam University. Elite players were
recruited from Championship level football teams due to responses from the study in
Chapter 5 also being from majority championship level teams. Inclusion criteria were:
aged 18+ with an ability to run at 6.1 ms™. Elite athletes: Playing in the first team or
within the academy system of a league club. Recreational athletes: Playing collegiate
level/non-league/weekly organised games. Non-footballers: Never have played
competitive or and not playing recreational football. Exclusion criteria were: any
musculoskeletal injury that was being treated at the time of testing, any balance or
vestibular issue, history of fracture or surgery in either limb and any other orthopaedic,
muscular or neurological condition that could affect balance or the ability to perform

tasks. Table 6.1 describes the group. The preferred leg of participants was determined
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by asking which foot they would kick a ball with. All participants provided written
informed consent (Appendix K) and completed a Physical Activity Readiness
Questionnaire (to determine participant safety) (Appendix L) as well as providing details

regarding their football playing experience prior to data collection.

Table 6.2 Mean * standard deviations of the group descriptors for all participants and
each skill level group

Non-

All Elite Recreational
Descriptive footballers
No 22 5 7 10
Age (years) 245 19.7+1.8 23.9+5.4 26.6+4.9
Stature

179.4+5 175.7+5 178.5+1.9 181.6+ 8.6
(cm)

Mass (kg) 75.8+84 753+7.8 79.1+9.8  73.7+7.8

6.4.2 Experimental set up

Kinematic data were collected using 13-camera optoelectronic motion capture system
(11 x model Raptor and 2 x model Eagle, Motion Analysis Corporation, Santa Rosa, CA,
USA) operating at 240 Hz. The cameras were placed around the force plate, which is
located in the centre of the room. To allow for testing both on the treadmill and on the
adjacent force plates a large calibration volume was chosen (2.5 m long, 2.5 m wide and
2.5 m tall). There was a two-step process employed for calibration. First, a rigid L-frame
with four markers of known locations was used to define a right-handed global
coordinate system. Second, individual camera views were scaled using a three-marker
wand of 500 mm. The averages of the 3D residuals were below 0.4 mm for each calibration.
Kinetic data was collected on a force plate (9287CA, Kistler Instrumente, AG,
Switzerland) at 240 Hz. All data were collected in the biomechanics lab at Sheffield

Hallam University.

A scaffold tower (figure 6.2) was used in the place of a safety arm on the treadmill to
secure participants via a harness, rope and carabiners during the external forces and

deceleration test. The scaffold tower consisted of connecting six aluminium frames and
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three cylindrical aluminium poles. A single horizontal pole was used to connect two
diagonal corners of the frame to prevent tilting. Two horizontal poles at the top of the
tower were used to prevent tilting and to secure rope and carabiners to secure
participants via a harness. Claw hook ratchet straps were used to prevent frame
connections from separating (visible in figure 6.4) in each of the four corners of the
frame. The purpose of the scaffold tower was to secure participants via carabiners, rope
and harness, as a risk assessment identified that participants were at a risk of a fall. The
treadmill did not have a safety arm therefore, the scaffold tower mitigated the risk and
would prevent serious injury should a fall occur. Despite arranging the cameras for
optimal position and view, the scaffold tower, would occasionally occlude markers on
the head and legs on certain participants due to the positioning of the bars and the
participant’s height. The use of cluster markers provided a more robust marker set to
mitigate this problem. As identifying the control of the CoM was important to be able to
determine the dynamic balance strategies of participants, a full marker set was chosen
to ensure that any important movements of the trunk, upper limbs and the head would

contribute to calculation of the CoM.
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Figure 6.2 Safety scaffold tower to secure participants to via chest harness, rope and
carabiners.

A full body marker set was modified from (Davis et al., 1991) in accordance with
Cappozzo et al., 1995) to model 13 segments (head, arms, forearms, torso, pelvis, thighs,
shanks and feet). 53 retro-reflective spherical markers (12.5 mm) were affixed by
adhesive tape to the following anatomical landmarks: head, C7, xiphoid process,
acromioclavicular joint, lateral humeral epicondyle, mid-point between the ulnar styloid
and radial styloid, anterior superior iliac spine (ASIS), posterior superior iliac spine (PSIS),
sacrum, greater trochanter, medial femoral epicondyle, lateral femoral epicondyle,
medial malleolus, lateral malleolus, posterior calcaneus, medial calcaneus, lateral
calcaneus, and the 2" and 5% metatarsal base (figure 6.3). Four non co-linear markers
were fitted to moulded thermoplastic shells to create rigid segment clusters and were

secured on the arms, forearms, thighs and shanks with double sided tape and elastic
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cohesive bandage (Cappozzo et al., 1997; Lees et al., 2009; Manal et al., 2000). Adhesive
spray was applied to the skin at the locations of pelvis markers and segment clusters for

better adhesion (Milner, 2008).

A static trial was completed prior to data collection, with the participant in the anatomic
position for three seconds. For dynamic trials, the following markers were removed:
acromioclavicular joint, lateral humeral epicondyle, mid-point between the ulnar styloid
and radial styloid, sacrum greater trochanter, medial femoral epicondyle, lateral femoral
epicondyle, medial malleolus, lateral malleolus due to marker redundancy and skin
movement artefact. To reduce marker placement variability, the marker set was applied

by the same researcher for all participants.

Figure 6.3 Marker set applied to participants. Left to right: front, rear.
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6.4.3 Protocol

A warm-up consisting of walking and running on a treadmill (h/p/cosmos pulsar,
Nussdorf-Traunstein/Germany) and kicking balls at low velocity was performed prior to
the testing. Participants then performed four tests of balance: External forces test,
deceleration test, mSEBT and kicking. Participants were topless and wore form-fitting
shorts, allowing all markers but the ankle and feet markers to be placed directly onto

the skin.

For the running trials, external forces and deceleration test participants ran on the
treadmill in the direction of the negative x-axis (anterior-posterior), where the positive
z-axis was directed vertically upwards (longitudinal) and the positive y-axis
(mediolateral) was pointing to the athletes’ right. For the kicking and mSEBT tests
participants moved in the direction of the positive y-axis (anterior posterior), where the
positive z-axis was directed vertically upwards (longitudinal), and the positive x-axis

(mediolateral) was pointing to the athletes’ right.

6.4.3.1 External forces

Prior to the external forces test participants ran for 60 s at 12 kmh™ on the treadmill
whilst kinematic data was recorded to provide reference data for subsequent analysis.
Participants wore a chest harness and were attached to a secure scaffold tower via rope
and carabiners (figure 6.4). A treadmill safety cut off clip was attached to the participant
to activate the emergency stop in the case of a fall. A rope and bungee cord were
attached to the participant at the front and rear of the chest via the harness and then
secured to a wall. This provided a lateral perturbation on the right-hand side of the
participant and was determined as the most consistent method of applying a lateral
perturbation during pilot testing. Participants ran on the treadmill at 12 kmh-1,
considered a safe speed for applying perturbations, for a period of 60 s with the force
being applied for 3 seconds and removed five times at randomised times within that

period. Application and removal of the external force is described in Section 6.2.1.

Participants were instructed to expect the first force application but were not instructed

on the timing of any subsequent ones. A warning for the first force application was given,
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as pilot testing identified that without a warning some participants had to hold the bar
to steady themselves. Force applications where holding the handrail occurred were not
included in analysis (Maki et al., 2003). This test was performed once. Kinematic data

were recorded to determine dependent variables.

Figure 6.4 External forces equipment set up. Participant was attached to a scaffold tower
via a chest harness and rope and carabiners. Rope was attached via carabiners to the
anterior and posterior of the harness and then via a carabiner to a bungee secured to
the wall. Forces were administered and removed on the participants’ right-hand side.
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6.4.3.2 Deceleration Test

Participants were secured to the scaffold tower as described in Section 6.4.3.1. The test
commenced with participants standing on the treadmill followed by an acceleration to
18kmh-1. Participants ran for between 5-10 seconds at this speed at which point the
treadmill was stopped abruptly using the emergency stop. The test was repeated 3 times

and kinematic data were recorded to determine dependent variables.

6.4.3.3 Kicking

A football (size 5, Mitre) was placed on a lightweight plastic tube as a tee (20 cm x 7 cm).
The raised location of the ball was used to mimic the positioning of a ball when
performing an instep volley (striking the ball with the top of the foot), considered to be
the most accurate and powerful combination kick for passing and shooting (Barfield,
1995; Lees & Nolan, 1998). Participants were instructed to approach the ball at any angle
they felt comfortable with as it does not affect kicking accuracy or ball velocity (Scurr &
Hall, 2009), but were restricted to a maximum of two steps to mimic the movement that
would occur prior to a standing volley. The football was positioned in a way that ensured
the participant’s stance foot contacted the force plate. Participants were instructed to
kick the ball towards a 2 m? target 5 m in front of them (Chew-Bullock et al., 2012). The
test was performed on dominant and non-dominant limbs as it has been stated that the
ability to move the ball up and down the field with both legs is crucial for success
(Barfield, 1995). Before data collection, each kicking task was performed twice (dos
Santos et al., 2014) to familiarise each participant with the procedure. Three instep
volleys were performed by each participant on dominant and non-dominant limbs. The
trial with the highest linear foot velocity was selected for further analysis as higher foot
linear velocity is related to ball velocity (Dorge et al., 2002; Nunome et al., 2006). The
order of testing was randomized between the dominant and non-dominant limbs (Dorge
et al.,, 2002). Kinematic and kinetic data were recorded to determine dependent

variables.
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6.4.3.4 Modified Star Excursion Balance Test (mSEBT)

Participants’ leg length was measured as the distance between the anterior superior iliac
spine and the ipsilateral medial malleolus measured in the anatomical reference
position (Gribble & Hertel, 2003). The three reach directions were marked out on the
floor with white tape using a 360- degree protractor. Participants were instructed to
stand on the force plate, with the toes of their stance leg behind a line provided on the
floor with hands on hips. Whilst maintaining balance on one leg, they were asked to
reach as far as possible along each line, lightly touch the line with the furthest point of
the reaching foot without shifting weight or coming to rest on the foot of the reaching
limb. Following each reach, the limb was returned to its initial position to assume a
bipedal stance (Pionnier et al., 2016). Testing took place on both the dominant and non-
dominant limbs. Participants were required to have four practice trials to overcome any
learning effect and increase reliability (Munro & Herrington, 2010; Robinson & Gribble,
2008). The recorded trial was redone if the participant performed an observable support
transfer on the non-stance limb or the participant could not maintain single leg balance
during the test (Pionnier et al., 2016). Kinematic and kinetic data were recorded to

determine dependent variables.

6.4.4 Outcome measures and data analysis

Cortex (version 7, Motion Analysis Corporation, Santa Rosa, CA, USA) was used to
synchronise, track, and export raw 3D coordinate and kinetic data. For clusters, any gaps
in the data were filled using the other three markers where they were present.
Automatic gap filling was used as an alternative using a cubic spline where gaps were
<10 frames. Visual 3D (version 6, C-Motion, Rockville, MD, USA) was used to defined and
construct segments, local coordinate systems and joint centres in line with ISB guidelines
(Wu et al., 2002, 2005). A full-body six-degree-of freedom kinematic model was applied
using segmental data estimated from De Leva, (1996), considered the most appropriate
and representative of the athletic population within the investigation. Whole body CoM
trajectory was calculated from the weighted sum of the COM of the parameters of all
13 segments within Visual 3D. Raw kinetic and kinematic data consisting of: CoP
trajectories, whole body CoM trajectories, marker trajectories, ground reaction force

and segment linear velocities were exported from Visual 3D for filtering and analysis.
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Winter’s residual (Winter, 2009) was used to determine appropriate cut off frequencies
for removing noise of skin marker movement from the data, to address positional
changes of the CoM on the treadmill during the external forces test and noise from the
kinetic data. It is commonplace in kinematic analyses to apply a single cut off frequency
to all markers. However, some studies have applied different cut of frequencies to
markers in different locations (Mills et al., 2011). For this reason, the above methods
were investigated for one marker on each limb of one participant for each of the four
tests. A range of cut off frequencies between 11-20 Hz were applied to a sample of
participants for each test. These were then visually inspected to determine the optimal
cut off frequency. Visual inspection of the data identified that optimal cut off
frequencies for different markers were within 2-3Hz of each other therefore an average
of the range of cut off frequencies was used on all markers. Filtering was investigated
and applied in MATLAB (vR2019a, MathWorks, Natick, USA). Details of the type of filter
and cut off frequencies for each test are provided in the following sections. To avoid
endpoint error, the distortion introduced at the start and end of a signal when using
digital filters, 100 additional frames of data were included at the start and end of the

section of the signal of interest.

6.4.4.1 External forces

The raw markers of the external forces test data were filtered using a 2" order recursive
Butterworth filter with a bandpass filter of 0.1-15Hz to remove low frequencies related
to slow changes that occurred due to a change in position on the treadmill and leave the
higher frequency changes related to each foot-step and balance. The lowest frequency
of interest was the stride frequency approximately 1.5 strides per second. The data were
inspected visually with a range of frequencies below 1Hz to determine a suitable cut off
that ensured the step-by-step variations were maintained and the amplitude of the
peaks was not reduced. Dependent variables calculated in MATLAB were magnitude of
the CoM ML displacement and time to stabilisation (TTS). Application of the
perturbation force was identified by a positive peak presented in the CoM ML data. The
release of the perturbation force was identified by the sudden decrease in the CoM
position that continued past the mean of the CoM position and was also verified though

visual inspection of the model animation data in Visual 3D. The phase of interest for this
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test was from the point of release of the perturbation to identification of recovery. The
application of perturbation was not analysed, as the application of the force was much

slower than the removal therefore, the perturbation was moderate in comparison.

To identify the recovery of the CoM in the ML axis, the mean of the CoM was calculated
for the running trial performed before the external forces test. The following standard
deviations (SD) of the mean were then calculated: 0.25, 0.5, 0.75, 1 and 2. This mean
and range of SDs from the running data were applied to the external forces data for all
participants. The data were investigated to determine whether the CoM position fell
within one of the ranges of SDs and remained there for at least one cycle. On visual
inspection of all participant data, it was observed that participants displayed a return to
within 1 SD of the CoM mean following the release of perturbation for at least one cycle
for every trial. For some participants, an overshoot of the CoM position was observed,
therefore determining the point of stabilisation included this overshoot within the data
analysis process. Figure 6.5 displays the overshoot during one force application and

release during the external forces for an example participant.
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Figure 6.5 CoM position during the external forces test displaying the overshoot of the
CoM position. Perturbation application and release and calculated stable point and are
identified by vertical lines. Horizontal lines are mean and SD’s at 0.25, 0.5, 0.75, 1 of the
separate running trial.
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6.4.4.2 Deceleration

The raw markers of the deceleration test data were filtered using a second order
recursive Butterworth filter with a cut off frequency of 16Hz. After filtering data were
cropped from the point where the treadmill was stopped, which was identified by a
sudden decrease in the velocity of the heel markers to the end of the trial. Dependent
variables calculated using custom code in MATLAB were: CoM range in AP, TTS and step
frequency. Step frequency was determined from the number of steps taken when the

treadmill slowed to the point of stabilisation as identified from the TTS.

Time to stabilisation is a commonly used measure to evaluate postural stability following
a jump landing (Colby et al., 1999; Gribble et al., 2009; Liu et al., 2013; Ross &
Guskiewicz, 2003, 2004; Wikstrom et al., 2004, 2005). Typically, TTS is derived through
force plate data and used to evaluate postural stability by measuring the time taken for
vertical ground reaction force to reach and stabilise within 5% of the subject’s body
weight following the landing from a jump (Wikstrom, 2004), or through a sequential
estimation method (Colby et al., 1999). As no force plate data were collected during the
deceleration test, the sequential estimation method was more appropriate. Custom
code (MathWorks, R2019a) was used to calculate a cumulative average of the data
points in a series by successively adding 1 point at a time. After the first point, the first
two data points were averaged. Then the first three data points were averaged, and so
on for the three-second period following the treadmill belt being stationary. The overall
mean of the series was then calculated. The cumulative average was compared against
the overall series mean, and the CoM was considered to be stable when the sequential
average remained within 0.25 standard deviations of the mean of the entire time series
(Colby et al., 1999; Wikstrom et al., 2005). This point was taken as the TTS. Some
researchers have combined the TTS in the horizontal planes to provide a composite
value. However it has been argued that TTS parameters present three separate
measures for each trial and do not provide a common characteristicamong components
and the use of multiple directions are beneficial for indicating directional control deficits
(Wikstrom et al., 2005). Because the deceleration occurs in the sagittal plane, CoM and

TTS were determined in the AP direction only.
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6.4.4.3 Kicking

Kinematic data of the mSEBT test data were filtered in MATLAB using a 2" order
recursive Butterworth filter with a cut off frequency of 18Hz, whilst kinetic data were
filtered at 20Hz. Following filtering, data were cropped from impact with the force plate,
identified when the vertical ground reaction force was higher than a threshold of 10 N
until impact with the ball. Impact with the ball was identified by the movement of
markers attached to the lightweight plastic tube upon which the ball was positioned.
Dependent variables: linear velocity of the centre of mass of the foot, resultant CoP
range normalised to foot length and time to boundary (TtB) on both limbs were
calculated with custom code in Matlab. Linear velocity was represented by the velocity

of the foot's centre of mass, which was defined by the toe and heel markers.

Measurement of balance by using CoP in both AP and ML directions is a common
specific measure assessed in balance testing (Hoffman and Payne, 1995;

Hrysomallis, 2008; Le Clair and Riach, 1996; Paillard et al. 2006; Verhagen et al.

2005). The resultant CoP range was chosen to account for different angles of approach
by participants. This measure was normalised to foot length by dividing the CoP range
by the foot length of the participant and multiplied by 100 to express it as a percentage
of foot length. This accounted for the variability in foot length of participants. The
markers on the foot were used to determine foot placement on the force plate to
calculate time to boundary (TtB). TtB is an estimate of the time it would take for the CoP
to reach the BoS boundary if the CoP were to continue on its trajectory at its
instantaneous velocity (van Emmerik et al., 2002; Van Wegen et al., 2002). Previous
literature has used shank angular velocity as a measure of kicking success (Luhtanen,
1988) however, Dorge et al. (2002) have shown that at instant of impact with the ball,
the shank is not at its maximum, and suggest linear velocity of the centre of mass of the
foot as the best measure of kicking success. For this reason, linear velocity of the foot

was used as a measure of performance.

6.4.4.4 mSEBT
Kinematic data of the mSEBT test data were filtered in MATLAB using a 2" order

recursive Butterworth filter with a cut off frequency of 16Hz, whilst kinetic data were
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filtered at 20Hz. Following filtering, data were cropped for each reach direction from the
start of the reach, identified by anterior movement of the reaching limb, until the
furthest reach position, identified as the maximum excursion of the anatomical markers
of the fifth metatarsal of the stance and reaching foot (Pionnier et al., 2016). Custom
code in MATLAB was used to calculate dependent variables, normalised reach distance,
CoP path length and TtB. The reach distance was considered as the maximum excursion
of the non- stance leg at the touchpoint divided by leg length and multiplied by 100 to
represent reach distance as a percentage of limb length (Gribble et al., 2012). CoP path
length is a measure that has been used in previous research to characterise the SEBT
(Pionnier et al., 2016). It was calculated as the total trajectory followed by the CoP from
its initial position to its maximal position. TtB was calculated by the same method

provided in Section 6.4.4.3.

6.4.6 Statistical analysis

Calculations were performed in SPSS, version 24 (SPSS; Inc, Chicago, IL). Descriptive
statistics (mean, standard deviation) were calculated for all variables. Differences
between dependent measures of the external forces and deceleration tests were
assessed using a one-way analysis of variance (ANOVA) where data met the assumptions
of parametric data; normal distribution, homogeneity of variance, linearity and
independence (Field, 2009). No post hoc procedures were required as planned contrasts
were conducted (Field, 2009). For the kicking test, a repeated measures ANOVA was
performed. The within subject’s condition was stance limb. The between-subjects factor
was skill level. For the mSEBT, 2 x 3 mixed design repeated measures ANOVAs were
performed as all data met assumptions of parametric data. The within subjects’
conditions were stance limb (x 2) and reach direction (x3). The between-subjects factor
was skill level (x 3). The effect of stance limb, reach direction and skill level on the
dependent variables, as well as the interaction between them were assessed.
Assumptions of sphericity were met for all dependent variables (Field, 2009). Gabriel’s
test was used as a post-hoc test due to unequal sample sizes and a Bonferroni correction
was applied (Field, 2009). The level of significance for all statistical procedures was set
at p = 0.05. For some outcome measures in the kicking and mSEBT tests there were only

data available for two participants. For this reason, effect sizes were also considered.
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Results were also interpreted using effect size, which places the emphasis on the size of
the difference (Coe, 2002). The investigation contained small and unequal sample sizes
and therefore was likely to be statistically underpowered, reducing the chance of
detecting a true effect. Interpretation of Hedge’s g was also reported to correct for the

small and uneven sample size using the following equation (Durlak, 2009):

Equation 1

Where M1 - M2 is the difference between the group means (M), sd is the pooled
standard deviation and n is the total sample size. Interpretation of Hedge’s g followed
the guidelines of (Cohen, 1988) where g < 0.20 represents a trivial difference, 0.20 >
0.50 indicates a small difference, 0.50 > 0.80 a moderate difference and > 0.80 a large
difference between means. Where comparisons between groups contained unequal
sample sizes, Hedge’s g was reported. Effect sizes for one-way ANOVAs were reported
using Hedge’s g. Effect sizes for mixed design repeated measures ANOVA were reported
using partial eta?. Partial eta? can be defined as the ratio of variance accounted for by
an effect and that effect plus its associated error variance within an ANOVA study

(Tabachnick & Fidell, 2007).

112 SSeffect
P SSeffect + SSerror

Equation 2

Where SSgffect is the sum of the squares of the effect, and SS error is the sum of the
squares of the error. Partial eta® was interpreted following recommendations where rhz,
values of .0099, .0588, and .1379 are benchmarks for small, medium, and large effect

sizes, respectively (Cohen, 1969; Richardson, 2011).
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6.5 Results

6.5.1 External forces

Experimenter error during data collection and processing resulted in four trials being
lost and caused the discrepancies in degrees of freedom for F ratios. Participant
numbers for external forces data were elite, n = 5, recreational, n = 5, non-footballers,
n = 8. After each application of force, there was no reduction in CoM magnitude or TTS
indicating that no learning effect took place. Following release of the force, participants
experienced a displacement of their CoM to the release direction before returning to a
position that was within 1-2 standard deviations of the mean CoM position during the
12 kmh™ run. Following the initial response in the direction of release, some participants
exhibited an overshoot in the opposite direction before returning to within 1-2 standard
deviations of the mean run CoM position however, this was not limited to any one skill
group. Figure 6.2 presents the mean CoM magnitude of displacement in the ML axis for
all participants. Elite football players exhibited the lowest magnitude of CoM ML
displacement. There were no statistically significant differences between group means
for magnitude of CoM displacement F(2,15) = 2.12 p = 0.155 as determined by a one-
way ANOVA. A large effect size was observed between elite and recreational players (g
=-1.3) and recreational and non-football players (g = 0.82). There was a small effect size

between elite and non-football players (g = -0.43).
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Figure 6.2 Mean magnitude of CoM ML displacement of all participants
for the external forces test. The error bars display +/- 1 SD. A one-way ANOVA revealed
no significant differences. Elite; n = 5, recreational; n=5, elite; n=8.
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Figure 6.3 presents the mean TTS for all participants. Elite football players exhibited the
lowest TTS and non-footballers exhibited the largest TTS. There were no statistically
significant differences between group means F(2,15) = 2.27, p = 0.138 as determined by
a one-way ANOVA. There were large effect sizes between elite and recreational players
(g = -0.860) and elite and non-football players (g = -1.12) and a moderate effect size
between recreational and non-footballers (g = -0.51). Larger standard deviations were

observed for non-footballers reflecting larger variability between participants.
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Figure 6.3 Mean TTS of each participant for the external forces test. The error bars
display +/- 1 SD. A one-way ANOVA revealed no significant differences. Elite; n = 5,
recreational; n=5, elite; n=8.

6.5.2 Deceleration

Experimenter error during data collection and processing resulted in nine trials being
lost and caused the discrepancies in degrees of freedom for F ratios. This resulted in
participant numbers as follows; elite players, n =5, recreational players, n = 7 and non-
footballers, n = 8. Figure 6.4 displays the mean CoM range in AP and ML directions for
the deceleration test. A one-way ANOVA revealed the following: there was no
statistically significant differences between groups for CoM AP range F(2, 19) =0.120, p
= 0.89. Trivial to small effect sizes were observed when comparing groups as follows:
elite with recreational players (g = 0.25), recreational players with non-footballers (g = -
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0.23) and elite with non-footballers (g = 0.03). There were no statistically significant

differences between skill level for TTS AP F(2,18) = 2.421, p =0.121.
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Figure 6.4 Mean CoM range in the AP directions for the deceleration test. The error bars
display +/- 1 SD. A one-way ANOVA revealed no significant differences. Elite: n = 5,
recreational: n = 6, non-footballers: n = 8.

Figure 6.5 presents mean TTS for participant groups. There were no statistically
significant differences between skill levels for step frequency, F(2,19) = 2.592, p = 0.104.
Effect sizes were observed as large between elite and recreational players (r = 0.89) and
recreational and non-football players (r = 1.18), and small between elite and non-

football players (r = 0.18).
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Figure 6.5 Mean TTS range in AP direction for the deceleration test. Error bars are 1 SD.
A one-way ANOVA revealed no significant differences. Elite: n = 6, recreational: n = 7,
non-footballers: n = 8.

Figure 6.6 displays the mean step frequency during the deceleration phase for each skill
level. A one-way ANOVA revealed no significant differences between skill level F(2,19)
= 2.592, p =0.104. Effect sizes were observed as large when comparing the means
between elite and recreational players (r = 0.4), elite players and non-footballers (r =
0.28) and recreational players and non-footballers (r = 0.39). Examination of individual
performance in the deceleration test, there appears to be a relationship between higher

TTS and a lower step frequency for elite players but no other groups.
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Figure 6.6 Mean step frequency for the deceleration test. Error bars are 1 SD. A One-
way ANOVA revealed no significant differences. Elite: n = 2, recreational: n = 6, non-
footballers: n=9.

6.5.3 Kicking

Experimenter error during data collection and processing resulted in a few trials being
lost and caused the discrepancies in degrees of freedom for F ratios. This resulted in
data being analysed as elite n = 2, recreational n = 6 and non-footballers n = 9. There
were no significant differences between groups for maximum foot angular velocity.
Figure 6.7 presents the mean maximum linear foot velocity during the kick for all
participants. A repeated measures ANOVA revealed a main effect of limb on foot
velocity, F(1,14) = 11.456, p = 0.004, 1122, = 0.45. Foot velocity was higher when kicking
the ball with the dominant limb. There was no main effect of skill level on foot velocity,
F(2,14) =0.452, p = 0.645, rlf, =0.061. There was no interaction of limb and skill level on

foot velocity F(2,14) = 2.114, p = 0.158, 15, = 0.232,
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Figure 6.7 Mean maximum foot linear velocity during kicking for dominant and non-
dominant stance limbs for all skill groups. A repeated measures ANOVA found no main
effects or interactions. Elite: n = 2, recreational: n = 5, non-footballers: n = 9.

Figure 6.8 displays the mean total CoP path length as a percentage of foot length for
dominant and non-dominant stance for all skill levels. A repeated measures ANOVA
determined a non-significant main effect of limb on total CoP path length, F(1,14) =
1.945,p =0.184, Ihz, =0.122. There was a non-significant main effect of skill level on total
path length, F(2,14) = 0.269, p = 0.698, 1172, = 0.05. There was a significant interaction of
limb and skill level on total CoP path length, F(2,14) =6.175, p=0.012, I]f, =0.469. Figure
6.9 displays the interaction between limb and skill level on total CoP path length. Elite
players had a lower total CoP path length in dominant limb stance than recreational
players and non-footballers, and a higher total CoP path length in non-dominant limb
stance than recreational players and non-footballers. In dominant stance, recreational
players had a higher total CoP path length, but in non-dominant stance, they had a lower

total CoP path length in comparison to elite players and non-footballers.
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Figure 6.8 Mean total CoP path length normalised to foot length during kicking for
dominant and non-dominant stance limbs for all skill groups. A repeated measures
ANOVA found no main effects or interactions. %FL: percentage foot length. Elite: n = 2,
recreational: n = 5, non-footballers: n = 9.
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Figure 6.9 Interaction between limb and skill level on total CoP path length
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Figure 6.10 displays the mean TtB on dominant and non-dominant limbs for all
participants during kicking. A repeated measures ANOVA determined no main effects of
limb or skill level on TtB, F(1,14) = 0.110, p = 0.745, 11,27 =0.008 and F(2,14) =0.302, p =
0.744, rhz, =0.041 respectively. There was no significant interaction of limb and skill level

on TtB, F(2,14) = 0.111, p = 0.896, 1)2 = 0.016.
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Figure 6.10 TtB in kicking. Error bars are 1 SD. A repeated measures ANOVA found no
significant main effects. Elite: n = 2, recreational: n = 5, non-footballers: n = 9.

6.5.4 mSEBT

Experimenter error during data collection and processing resulted in 12 trials being lost
and caused the discrepancies in degrees of freedom for F ratios. This resulted in the
following: Five elite, six recreational and seven non-footballers were included in the
statistical analysis for reach distance. Five elite, and seven recreational and non-
footballers were included in the analysis for CoP path length. Two elite, six recreational
and seven non-footballers were included in the analysis for TtB. A 3 x 2 x 2 mixed
methods repeated measures ANOVA was performed to determine the main effect of,

and interaction between limb, reach direction and skill level on all dependent variables.
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6.5.4.1 Reach distance

Figure 6.11 presents the mean reach distance achieved by each skill level in all directions
of the mSEBT on each limb. There was a non-significant main effect of stance limb on
reach distance, F(1,16) = 0.178, p = 0.679, rh% =0.011. There was a non-significant main
effect of skill level on reach distance, F(2,16) = 1.295, p = 0.301, 11% =0.139. There was a
significant main effect of reach direction on reach distance, F(2,32) = 151.948, p =<0.01,
11% = 0.905. Anterior and PM reach distances were significantly lower than PM distances
F(1,16) = 61.59, p = <0.01, n = 0.794, F(1,16) = 143.436, p = <0.01, 15 = 0.9. There was
a non-significant interaction of limb and skill level on reach distance, F(2,16) = 2.691, p
=0.098, rlf, = 0.252. There was a significant interaction of reach direction and skill level
on reach distance, F(4,32) = 3.541, p = 0.017, rhz, = 0.307 displayed in figure 6.12. There
was a non-significant interaction of limb and reach direction on reach distance, F(2,32)
=2.021, p = 1.49, 1],2, = 0.112. There was a non-significant interaction of limb, reach

direction and skill level on reach distance F(4,32) = 1.612, p = 0.195, rhz, =0.168
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Figure 6.11 Mean normalised reach distance as a percentage of leg length for all skill
levels, in each reach direction on each limb for the mSEBT. A mixed method repeated
measures ANOVA revealed a significant mean effect of reach direction on reach
distance, p = 0.0. D: dominant, ND: non-dominant, Ant: anterior, PL: post-lateral, PM:
post-medial; LL: leg length. Elite, n = 5; recreational, n = 6; non-footballers, n = 7.
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Figure 6.12 Interaction of means of reach direction and skill level on reach distance. A
mixed design repeated measures ANOVA demonstrated a significant interaction of
reach direction and skill level on reach distance.

6.5.4.2 CoP path length

Figure 6.12 displays CoP path length for participants of each skill level during each reach
direction on dominant and non-dominant limbs. There were no significant differences
between any main effects on CoP path length as follows: Limb F(1,16) = 1.670, p =0.215,
15 = 0.95; reach direction F(2,32) =3.212, p = 0.054, 1), = 0.167; skill level F(2,16) = 0.582,
p =0.57, I]f, = 0.068. There no significant interactions for the following and CoP path
length: limb and skill level F(2,16) = 1.535, p = 0.246, 1) = 0.161; Reach direction and
skill level F(4,32) =0.938, p =0.430, 1112, =0.109; limb and reach direction F(2,32) = 2.007,
p =0.151, 3 = 0.111; limb, reach direction and skill level F(4,32) = 2.472, p = 0.064, 13
=0.236.
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Figure 6.12 Mean normalised CoP path length as a percentage of foot length for all skill
levels during the mSEBT. Non-significant main effects and interactions as determined by
a mixed method, repeated measures ANOVA. D: dominant, ND: non-dominant, Ant:
anterior, PL: post-lateral, PM: post-medial, FL: foot length. Elite, n = 2; recreational, n =
6; non-footballers, n = 7.

6.5.4.3 TtB

Figure 6.13 displays the TtB for participants in each skill group for all reach directions on
dominant and non-dominant limbs. There were no significant differences between any
main effects on TtB as follows: limb F(1,12) = 0.038, p = 0.849, rﬁ, =.003; reach direction
F(2,24) = 0.867, p = 0.433, 1112, =0.067; skill level F(2,12) =0.778, p = 0.481, 11,2, =0.115.
There were no significant interactions for the following and TtB: limb and skill level
F(2,12) =1.171, p =0.343, 1],23 =0.163; reach direction and skill level F(4,24) =1.738,p =
0.175, n3 = 0.225; limb and reach direction F(2,24) = 1.377, p = 0.272, n)3; 0.103; limb,
reach direction and skill level F(4, 24) = 2.318, p = 0.086, rhz, =0.279.
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Figure 6.13 Mean TtB for all skill levels during the mSEBT. Non-significant main effects
and interactions as determined by a mixed method, repeated measures ANOVA. D:
dominant, ND: non-dominant, Ant: anterior, PL: post-lateral, PM: post-medial. Elite, n =
2; recreational, n = 6; non-footballers, n = 7.

6.6 Discussion

This study aimed to investigate whether sport specific measures of dynamic balance
could differentiate for skill level in football players. A secondary aim was to determine
whether any relationship existed between limbs and skill level for kicking and mSEBT.
Eighteen volunteers were recruited into three skill groups: Elite football players,
recreational football players and non-football players. 3D motion capture and force
plates were used to capture kinematic and kinetic data during three newly developed
sport specific balance measures; external forces test, deceleration test, and kicking.
Additionally, a common measure of dynamic balance in football; the mSEBT was
employed as a comparative measure. Outcome measures were compared between
groups to determine their ability to differentiate between skill level and to establish

whether any relationships exist between limbs for kicking and mSEBT.
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6.6.1 External forces

This is the first known study to assess dynamic balance response to lateral perturbations
during running. Elite players were able to maintain their CoM within a smaller distance
and recover quicker following the perturbation than recreational and non-football
players. Despite there being no statistical differences between groups for both CoM
displacement and TTS, the large effect size observed between elite and recreational
players for CoM displacement, and between elite and recreational players and elite and
non-football players for TTS suggests a relationship between skill level and ability to
control the whole-body CoM. Due to small sample sizes further research would be

needed to confirm this.

Within previous football participant research there has been an investigation of CoM
displacement utilising perturbations applied via a translation in the support surface in
the anterior and posterior directions (Behan et al., 2018). This method is not
representative when considering perturbations experienced by players during training
or a game situation occur due to contact with an opponent. Previous research
investigating standing perturbations have found CoM displacements of 0.6-0.64 cm
(Rietdyk et al., 1999). As running is a more challenging activity in terms of the control of
the CoM, it would be expected that higher CoM displacements were experienced by the

participants in this study.

Recreational footballers experienced the largest CoM displacement, which was
unexpected. If one was to consider that previous research has proposed that higher level
athletes possess better dynamic balance ability than lower-level athletes, it would be
expected that the recreational athletes would have a CoM displacement that was larger
than elite players but smaller than non-footballers. Elite players presented the lowest
value of TTS, whereas non-footballers displayed the highest TTS. Higher TTS values have
been identified in previous research as being indicative of dynamic postural stability with
lower TTS scores reflective of better balance (Ross & Guskiewicz, 2004; Wikstrom et al.,
2005). The values of TTS within this study are much lower than reported in previous
research (Ross & Guskiewicz, 2004; Wikstrom et al., 2004), which can be attributed to
the calculation method of TTS and the difference in task performed. Although there

were no statistical differences between groups, there were large effect sizes for elite
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compared to recreational players and elite compared to non-football players, as well as
a moderate effect for recreational compared to non-football players. It would be of
interest to determine whether the differences observed in this study could be replicated

in a study with more statistical power.

Differences are evident between groups for magnitude of CoM and TTS and the effect
sizes suggest a relationship between the outcomes at the different skill levels, with
differences between groups of; 2 - 4 cm, and 0.5 - 1.08 s for CoM magnitude and TTS
respectively. It is difficult to determine whether the results of this test indicate that a
lower CoM displacement and quicker time to stabilise following the release of lateral
perturbation force are associated with a higher skill level in football due to the small
sample size used within this investigation. A power analysis performed with Gpower (G
Power version 3.1.9.4, Franz Faul, Universitat Kiel, Germany) indicated that a sample
size of 81 participants would be necessary to identify whether there was a significant
difference between groups for CoM displacement and TTS and therefore, to confirm

whether these differences are present in the wider population groups.

It is important to consider that when the perturbation was applied and released that the
point in the gait cycle of participants was different. This is because depending on which
foot was in stance phase when the perturbation was applied or released would affect
the recovery of the participant. For example, if the release of the perturbation occurred
when the participant’s right foot was in contact with the treadmill, they would not be
able to correct until a full stride later. The lateral perturbation was performed multiple
times within the trial, these were randomised, and an average of outcome measures
was calculated. Although this may have reduced systematic differences there is still a
chance that this may have affected the results. A robust and computerised method of
identifying the phase of the gait cycle on each leg and apply the perturbation at different
points within the gait cycle would have added complexity to the study and any results
would only apply to those points of the gait cycle. Further research should look to
address whether differences are evident with perturbations applied and released on

both sides of participants and at different magnitudes and times.
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6.6.2 Deceleration Test

The lack of statistical significance between groups, small differences (up to 1 mm) and
trivial and small effect sizes would suggest that CoM AP range is not sensitive enough to
identify differences in dynamic balance ability across skill levels during a deceleration
test. The large effect sizes observed for both TTS and step frequency between elite and
recreational players and recreational and non-footballers may be spurious and related
to the larger variability of values in the elite and non-football players. As recreational
players had a lower CoM range it may be that the lower TTS was related to this. A
relationship between a lower TTS and higher step frequency was observed for elite
players only. Individual step frequency identified that the participant with the highest
step frequencies were midfielders and forwards. As the elite players will train more
often than recreational players and the non-footballers will not be subjected to
performing decelerations, the higher step frequency demonstrated by elite players may
have been developed through these experiences. However, it is difficult to know
whether inherent predispositions are present in the higher level footballers (Balter et
al., 2004; Paillard & Noe, 2006; Perrin et al., 2002). Further investigation with a larger

number of participants is required to determine whether this relationship is meaningful.

It is possible that performance on the deceleration test might be related to playing
position. It has been demonstrated that different elite playing positions experience
different numbers of accelerations within games with forward and midfield playing
positions experience higher and more decelerations than other playing positions (Mara
et al., 2017; Oliva-Lozano et al., 2020; Vigh-Larsen et al., 2018). It is possible that the
methodological choices of the deceleration test had an impact on the outcomes.
Decelerations have been identified as being as common as accelerations (Harper et al.,
2020; Osgnach et al., 2009; Spencer et al., 2004) and important to success for players
(Carling et al., 2008; Haroer et al., 2020; Reilly et al., 2000). In this investigation the
deceleration rate of the treadmill was 5 ms, categorised as a very high deceleration
(Akenhead et al., 2013; Géralczyk et al., 2003; Hodgson et al., 2014). This is higher than
deceleration rates experienced by elite players during game scenarios (Oliva-Lozano et
al., 2020). There is a possibility that the very high deceleration rate caused a lot of
variability in the data. Further work should investigate whether a range of decelerations

typical for those experienced in the game lead to differences in balance control at
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varying skill levels. Previous research has identified the dynamic postural control
strategies in controlling the CoM during decelerations. When decelerating the position
of the CoM should be posterior to the point of contact with the ground, the stiffness of
joints is decreased, flight time is minimised and there is a maximised landing distance
(Andrews et al., 1977). For this reason, it may be of interest in future work to determine
how the CoM of participants relates to the base of support during this deceleration
phase to determine any differences in control strategy. During decelerations there are
predominantly eccentric muscle contractions, with most contractions occurring in the
hip flexors, knee extensors and planter flexors (Andrews et al., 1977). It is not known
how the body segments contribute to the control of CoM. It may be more beneficial to
look at postural control strategies through kinematic analysis to assess any differences
in limb positions and between participants. Running on an accelerating or decelerating
treadmill is mechanically different to running overground due to the absence of linear
whole-body acceleration (Van Caekenberghe et al., 2013). Therefore, the deceleration
test may be considered inadequate at accurately assessing balance strategies. Further
work is required to determine whether balance is less critical in deceleration or
acceleration using methods that best represent the linear whole-body acceleration that
is experienced in over ground running. This will help determine whether acceleration
tests can differentiate for skill level and whether any relationships exist between

dynamic balance control in acceleration and deceleration.

6.6.3 Kicking

The main biomechanical indicator of kicking success is the speed of the ball and is
influenced by many factors (Kellis & Katis, 2007). This study did not measure speed of
the ball, however faster ball velocities have been attributed to faster linear velocities of
the centre of mass of the foot (Nunome et al., 2006). The results of this study found that
foot velocity was lower than that reported in previous literature (Dorge et al., 2002;
Nunome et al., 2006). There was no difference in foot velocity between skill level.
Participants were instructed to kick the ball as hard as they could towards a target. No
emphasis was placed on the accuracy of the kick and trials were not deemed

unsuccessful if an accurate kick was not achieved.
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Elite players performed worst as indicated by a lower linear foot velocity, however there
were not any statistical differences between groups in performance. There were only
data available for analysis from two participants within the elite group and one
participant with the elite group, had returned to play from an ACL injury. Inspection of
this individual’s results revealed that the linear velocity of their foot was lower than all
other participants when kicking with their dominant limb and one of the lowest
velocities for the non-dominant limb. The second elite participant had linear foot
velocities on each limb higher than 50% of the other participants. Together with only
two participants, this reduced the mean foot velocity. The lower performance of the
elite players may also be explained by their interpretation of the task. When accuracy of
kicking is the focus, there is a reduction in ball speed and linear velocities when
compared with a powerful kick (Lees & Nolan, 1998; Teixeira et al., 2018). When players
are instructed to produce a maximal kick, they increase their approach speed and the
kick is less accurate (Godik et al., 1993). Elite players were more accurate in this kicking
task than recreational and non-football players. It is possible that for elite players the
target provided a constraint on the task whereby they traded off speed for accuracy and
therefore utilised a lower foot speed. There were small effect sizes between groups. A
larger sample size providing more statistical power is required to determine whether

any significant differences are present.

Higher foot velocity was exhibited when kicking with the dominant limb (p = 0.004)
which is comparable to previous research (Dorge et al., 2002). Differences in linear
velocity of the foot between limbs has been reported to be due to larger angular velocity
of the shank due to moments of force originated from the muscle forces on the segment

and from the joint reaction forces (Dorge et al., 2002).

There has been little research that has investigated the importance of balance during
football kicking tasks, despite the intuitive demands on balance control. Deviations in
the location of the CoP during the kick in this study provided a way of identifying
differences in strategies of control of the balance for different skill levels. Previous
research investigating balance ability and kicking performance has compared the results
of static balance tests in single leg stance with kicking performance (Chew-Bullock et al.,

2012). The lack of correlations found in the study by Chew-Bullock et al. (2012) is likely
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due to the use of a static balance test. There were no significant effects of limb or skill
level on CoP path length, however the results of this study identified a significant
crossover interaction of limb and skill level on total CoP path length (p = 0.012). Elite
players presented a much lower CoP path length when kicking with the non-dominant
limb whereas recreational and non-footballers had a much smaller difference in path
length between limbs with a longer path length when kicking with the dominant limb.
Despite elite players having a lower CoP path length, TtB values were similar between
limbs and across groups with no significant main effects of limb or skill level nor
interactions. The small effect sizes suggest that CoP path length and TtB are not sensitive
enough to differentiate for skill level in footballers during a kicking task. It is important
to note that for the kicking test data analysed for the elite group included two
participants. A larger sample size would be needed to provide more statistical power in

this task.

6.6.4 mSEBT

The non-significant main effect of stance limb on reach distance is comparable to a
recent meta-analysis of SEBT performances in sporting athletes (Schorderet et al.,
2021). This study identified a significant main effect of reach direction on reach distance
with Anterior and PL reach distances significantly lower than PM reach distances (p =
<0.01). There was a significant interaction of reach direction and skill level on reach
distance with elite players having a significantly lower reach score in the PL direction (p
= 0.017) than the other skill groups. In this study all participants reached furthest in the
PL direction and least in the anterior direction which is comparable with previous
research in basketball and football players (Ates, 2017; Emirzeoglu & Ulger, 2020).
However, there are studies where higher reach distances were observed for anterior
reach direction (Akinci et al., 2019) and PM reach direction (Bhat & Moiz, 2013; John et
al., 2018) in football players. When comparing footballers to controls, previous research
has identified that football players reached significantly further in the anterior and
posterior directions (Thorpe & Ebersole, 2008) however, there is also evidence that
lower level footballers have reached further in the anterior reach than elite footballers
(Butler et al., 2012). Thorpe & Ebersole (2008) explained differences as being associated
with a training effect. Butler et al., (2012) suggested that previous research highlighting
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the effect of ankle instability might explain the differences. As this study and that of
Butler et al., (2012) did not collect information regarding previous injury history it is

difficult to establish any direct relationship.

The results of the mSEBT reach distance as a performance measure in this study does
not support the viewpoint that higher-level athletes perform better in dynamic balance
tests. Whilst recreational players did reach further than controls in all reach directions,
they also reached further than elite players, which does not support the argument of
the effect of training on performance. The kinetic measures employed in this research
were included to provide a way of identifying strategies that might explain differences
in performance. There were no significant main effects or interactions observed for CoP
path length or TtB. Visual inspection of the data provides little information regarding

any obvious trends.

For CoP path length, elite players demonstrated slightly lower values and recreational
players demonstrated slightly higher values. It is possible that the reach distance might
have influenced the path length; however, observing individual performances within
groups does not support this. On observation of the participants performing the test,
the most challenging reach direction in terms of unsuccessful attempts was in the PM
reach, however there is not an obvious trend that would indicate that the CoP path
length was higher or lower based on the difficulty of the reach direction. For TtB elite
players displayed a higher value overall which might be attributed to better dynamic
postural stability, however there were only two participants’ data used in the analysis
and there are very large variances. Additionally, observing the individual values for the
two participants, the highest and lowest values fall within the highest and lowest values

within the other groups.

Movements involved in the mSEBT are multi-limb and multi-articular (Kinzey &
Armstrong, 1998). There is a controlled lowering of the body involved in achieving the
reach. Previous research has suggested that reach distances are greatly affected by joint
range of motion and muscular strength. Anterior reach distance is affected by knee
flexion and ankle dorsiflexion range of motion of the stance limb and hip flexion, knee

extension and ankle plantarflexion of the reaching limb. The hip flexors have an
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increased role in the support of the stance leg during the PL reach, with hip internal
rotators providing stability of the pelvis in the 90° lateral movement (Akinci et al., 2019).
Additionally, research suggests that lower limb isometric strength plays a role in
performance of the mSEBT (Chtara et al.,, 2016). A reliability study by Kinzey &
Armstrong (1998) found moderate estimates of reliability in maximal reach distances
and discuss different movement trajectories as a possible explanation for random high
and low reach distances. The kinematic strategies involved in achieving reach distances
has not been assessed for this study but may provide further information regarding
differences in strategies employed by participants. It may be of interest to determine if
the kinematics of stance and reaching limbs may explain the lower distances of elite
football players. Inherently, there is more variability associated with the movements of
the mSEBT than single limb and uniarticular movements (Walter et al., 1993). In
activities of daily living and sport, a person would not normally challenge their state of
equilibrium in single leg stance to the extent required in this test. Additionally, the static
base of support of the mSEBT identified discussed in Chapter 2 and the taxonomy
classification of a non-moving base of support with suprapostural acceleration providing
a destabilising challenge, identifies the mSEBT as a non-sport specific measure of
dynamic balance. Furthermore, the methodological difficulties associated with the

mSEBT identified in Chapter 2 can influence individual performance.

The results of this study indicate that a test involving a lateral perturbation during
running can differentiate for skill level in football players. With highly skilled players
demonstrating a better stability and quicker recovery of the CoM. Tests of deceleration,
mSEBT and kicking were not able to differentiate for skill level. Within these tests, the
elite players often performed in a way that could be considered inferior to recreational
and non-footballers. It is possible that fatigue prior to the testing session may have
impaired the performance of these players. A Player’s physical performance is often
temporarily impaired due to the stress associated with training and competition (Thorpe
et al., 2015). The impairment can be acute, last minutes or hours possible stemming
from metabolic disturbances and substrate utilisation associated with high intensity
exercise. Additionally, impairment can last for days with exercise induced muscle
impairment and delayed-onset muscle soreness (Barnett, 2006). Biomechanical and

biochemical changes such as decline in leg power, maximum isometric force alterations
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and activity of the quadriceps (Nicol et al., 1991), decline in the vertical jumping ability
(Rodacki et al., 2001), changes in ground reaction forces and joint kinematics of running
(Mizrahi et al., 2000; Williams et al., 1991) and increased lactate production (Bangsbo,
1997) are caused by fatigue. Training levels and activities prior to testing were not
recorded for participants so it is difficult to determine whether this may have been a
factor in the performance. Elite participants within this study were tested in the middle
of the in-season. The performance of elite footballers is strongest during pre-season and
declines as the season progresses as identified in personal communication with Sport
Science staff of a professional football club. As the elite players within this study were
tested in the middle of the season, it is possible that their performance does not reflect
their abilities when at their peak. Additionally, as one participant had returned to play

from injury there is a possibility that their performance was affected by this.

6.7 Limitations

The participants recruited into the recreational players’ skill group were from a wide
range of playing levels from collegiate level to non-league to Sunday league teams.
Additionally, some of the non-footballer participants were involved in other sports such
as cycling and athletics. It is unknown how involvement in other sports and such a large
range of skill level within the recreational group may have influenced performance
measures and dynamic postural control strategies chosen in these groups. Additionally,
the very small sample size of elite players in the kicking task and mSEBT mean it is
difficult to determine whether the performance and dynamic postural control strategies

displayed by these participants is reflective of this skill level.

The elite players displayed a reduced performance in the deceleration, kicking and
mMSEBT tests. A possible limitation of these tests are that they do not represent all the
environmental constraints of the tasks in the real world and are therefore lacking in
representative design (Pinder et al., 2011). During kicking for example, footballers would
be influenced by the size of the goal and the presence of a goalkeeper. Additionally, elite
footballers may have underperformed due to motivational cues missing from the task

such as evading an opponent or a goal scoring opportunity.
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During the kicking task an assumption was made that the foot markers remained in the
same position from heel contact to impact with the ball. The TtB was calculated from
impact with the force plate and as participants brought their swing leg through their
heel raised off the force platform. As heel movement was not analysed in this task it is

not known how this may have impacted CoP path length and the calculation of TtB.

Future research should investigate the use of non-linear methods of analysis, for
example fractal dimension and detrended fluctuation analysis, to identify whether they
provide more sensitive measures with the potential to reveal whether different postural
control strategies exist between groups. There are aspects of the tests that could have
been improved to provide more sensitive performance measures. For example, kicking
accuracy and linear ball speed in the kicking task may have been more sensitive in
detecting performance differences between groups. In the deceleration test, the use of
a performance measure over ground such as time and/or distance to achieve a pre-
determined change in velocity may have been better at differentiating deceleration

ability between highly skilled and less skilled footballers.

6.8 Conclusion

The external forces test shows promise at being a measure that can differentiate for skill
level in football. Interpretation of effect sizes for the deceleration and kicking tests
indicate that the test or the outcome measures chosen are not able to differentiate for
skill level in football. The mSEBT is not a good test to measure performance nor is it able
to differentiate skill level of male footballers. Further work is required to determine the
best performance measures to be used in the mSEBT, kicking task and deceleration task
and to identify measures that are sensitive enough to differentiate for skill level in male
footballers by identifying dynamic postural control strategies. Due to the many factors
that affect performance in these tests and the inability to determine dynamic postural
control strategies between groups, further work should look to modify the tests to make

them more sensitive.

Previous research has highlighted that in measurements of CoP deviations in balance

tasks, large deviations may represent poor postural control in some individuals and in
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others an effective means of achieving balance (Palmieri et al.,, 2002). The lack of
obvious trends between performance measure and dynamic postural control measures
in the deceleration test, kicking test and mSEBT makes it difficult to determine whether
a smaller CoP path length relates to a better performance. Further work should
investigate whether other measures provide a better indication of dynamic postural
control strategies. As well trained individuals may use different strategies to perform
the same task over repeated trials (Palmieri et al., 2002) and within this body of research
elite players performed in unexpected ways, it is of interest to use a larger sample of
elite players to determine how much variability occurs between trials and within

participants.

Due to small and unequal sample sizes within this investigation, the degree to which
these results are representative of the wider population groups in unknown. Caution
should be used when interpreting and generalising these results to the wider population
of these skill levels. Further work using larger sample sizes is required to confirm any

differences between and within groups.
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Chapter 7 Overall Discussion

7.1 Introduction

This chapter discusses the results of this programme of research. An overview is
presented by summarising the findings of each objective. This is followed by

implications, limitations of the findings, future directions and finally a conclusion.

7.2 Summary of findings
Objective 1: To provide a critical review of literature in dynamic balance, establishing

current knowledge and identifying gaps that require further research.

Initially a literature review informed the current programme of research by identifying
that there was ambiguity surrounding the definition of dynamic balance and associated
terms and that there were many dynamic balance tests available with no method of
identifying an appropriate test. The importance of dynamic balance in elite level sport
was discussed as well as its multidimensional nature and dependence on context.
Evidence was presented demonstrating that in some sports higher-level athletes have
better balance skill, and athletes in some sports have better balance than in other
sports. It was identified that dynamic balance measures used within sport and in
particular football, underrepresent the demands placed on the postural control system
and that different sports are likely to have different balance requirements. Therefore,
there was a need for sport specific balance measures. The literature review identified
that two methods of determining test suitability exist (Huxham et al., 2001; Pardasaney
et al., 2013). However, due to their limited assessment of tests relating to falls and
community dwelling older people there was no evidence that they would be valuable
tools for assessing balance measures for other populations and more specifically for
sport. As there is a lack of research that has investigated different components of
balance nor a method for identifying these components and suitable tests, a framework
for identifying components and aligning suitable tests would complement definitions

encompassing all scenarios of dynamic balance.

155



Objective 2: To understand and provide an encompassing definition of dynamic balance

and associated terms.

A scoping review was performed to identify definitions of dynamic balance and
associated terms and to identify the range of tests available. A key paper (Pollock et al.,
2000) was identified that aspired to bring the terms into concordance and it was
identified that this has not been satisfied, as existing definitions were identified as not
providing coverage of a full range of dynamic balance circumstances (Hof et al., 2005).
The ambiguity of terms and lack of specificity in tests were identified as barriers to
development of research in this area. The evidence provided a clear need for dynamic
balance, dynamic postural control, and dynamic stability to have distinct and precise
meanings. The definitions developed in Chapter 3 extended the proposed definitions of
Pollock et al. (2000) by incorporating organismic and environmental constraints based
on Newell’s constraints model (Newell et al., 1989) providing independent terms that

account for real-world scenarios in sports and clinical settings.

Objective 3: To identify the important dimensions of dynamic balance in football and to

identify sport specific measures of dynamic balance in football.

The existing taxonomies of Huxham et al. (2001) and Pardasaney et al. (2013) are
methods of classifying balance tests by task and environment; they were found to be
inadequate in classifying components of balance identified in the wide range of tests
due to their targeted application within falls and community dwelling older adult
populations. As a result, a new taxonomy was developed which extended that of
Pardasaney et al. (2013) with a focus on the task and environmental constraints of
Newell’s constraints model (Newell et al., 1989). The benefits of the newly developed
taxonomy are threefold. Firstly, it provides a method by which components of balance
considered important within a population and/or sport can be classified. Secondly, it
allows researchers and clinicians to identify the strengths and limitations within dynamic
balance tests and select assessments that are adequately challenging for the population
being tested. Finally, it provides a tool by which appropriate measures can be chosen

through alignment with existing tests.
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An investigation was conducted into important components of balance within football.
All movements occurring in football were identified through the Bloomfield Movement
Classification (Bloomfield et al., 2004) and presented in a questionnaire to football
professionals. A rating scale (3,2,1) was employed to determine football professionals’
expert opinion on how the movement in each question related to each of the four
performance categories: creating a goal scoring opportunity, defending around the box,
winning a tackle/regaining possession, injury risk. Additionally, all the movements were
classified through the taxonomy developed in Chapter 4 and grouped where
classifications were the same. The results of the classification identified that the highest
frequency of postural equilibrium involved a non-static BoS, yet popular dynamic
balance measures used in football populations involve a static BoS. Furthermore, the
highest frequency of destabilising challenges classified from football movements were
vertical and anterior-posterior whole- body accelerations, and an imposed external
lateral force which are also not represented in commonly used dynamic balance tests in
football. The results of the questionnaire identified that the highest rated groups of
movement were: 1., shielding the ball, a shoulder barge whilst running, jostling to win
the ball and shielding the ball whilst jostling; 2., accelerating and braking; and 3., a single
leg kick or standing volley. None of the existing dynamic balance tests aligned with these
classifications, suggesting that previous research has not identified the components of
balance that should be tested for in football. The outcomes of the present study also
suggest that previous research has not made use of sport specific tests to assess dynamic
balance in football and that the taxonomy is a useful tool that provides a method of
classifying important components of dynamic balance in sport and identifying

appropriate tests.

As none of the existing dynamic balance tests aligned with the movements identified as
important in Chapter 5, football specific measures of dynamic balance were developed
to provide the required specificity. Existing dynamic balance tests and performance tests
used in football were considered and critiqued where they satisfied either the postural
equilibrium or destabilising challenges of the classification of the football movements
using the taxonomy. Logistical constraints were also taken into consideration in

development of the new measures.
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Objective 4: To investigate the extent to which dynamic balance ability differentiates

between skill levels in football and whether differences exist between limbs.

The final study within this programme of research investigated whether the newly
developed sport specific measures of dynamic balance could differentiate for skill level
in football players. A common measure of dynamic balance in football, the mSEBT, was
also used to determine its suitability as a measure of dynamic balance when outcomes
measures pertaining to the dynamic postural control strategies were investigated, and
as a reference measure due to its popularity. A secondary aim of the final study was to
determine whether any relationship in dynamic postural control existed between limbs
and skill level in kicking and the mSEBT. 3D motion capture and force plates were used
to determine performance measures and dynamic postural control strategies in
footballers to determine whether they could differentiate for skill level. Three new
dynamic balance tests were employed following identification through the taxonomy in
Chapter 5. These were external forces test, deceleration test, kicking test. The results of
the final study in this programme of research identified that the external forces test
shows promise at differentiating for skill level between footballers as determined by
effect size. The performance measures of the dependent variables of the mSEBT, kicking
task and deceleration task may not suggest a higher dynamic balance ability for elite
players compared to recreational or non-players. Additionally, it was not possible to
identify dynamic postural control strategies that indicated a better or worse
performance. The small and unequal sample sizes within this final study suggests that
the degree to which these results are representative of the wider population groups in
unclear. Therefore, further work using larger sample sizes is required to determine any

differences between and within groups.

7.3 Limitations
The results of this programme of research may have been influenced by various
limitations. These limitations have been discussed in detail in each individual chapter.

For this reason, there will be a brief discussion of the limitations in the current section.

A scoping review was chosen as a method of synthesising the research on dynamic

balance, dynamic postural control and dynamic postural stability. Therefore, the
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literature that informed the newly proposed definitions and taxonomy of movements
and tests was not critically appraised and did not produce a synthesised result unlike
other forms of systematic review. However, the indication for a scoping review was to
identify current knowledge in a broad topic area, and to determine the range and
quantities of tests of dynamic balance used which has been recommended as an
appropriate methodology in this case (Munn et al., 2018). The scoping review was
conducting following Arksey and O’Malley’s (Arskey & O’Malley, 2005) 5-stage
framework and the recommendations of (Levac et al., 2010). Any relevant papers or
tests that may have been missed due: to the confinement of search terms to the title,
the limited range of publication dates selected and the restriction to English language
publications may have impacted the tests classified through the taxonomy and in turn
the development of sport specific tests in Chapter 6. However, there was a clear pattern
of the literature in the scoping view and development of the tests investigated key
literature and citation searching to inform decisions. Furthermore, in development of
the definitions and taxonomy, a multidisciplinary team was employed in the discussion

and decision making, suggesting a sufficiently broad coverage was likely.

The important movements identified for use in determining dynamic balance
components in football were based on success of the game and injury implications. A
guestionnaire was used to determine football professionals’ considerations. There is a
possibility that due to most questionnaire respondents being Championship level
professionals, the movement choices may only be specific for that level of football.
Therefore, it is not known whether these movements would be considered equally as
important in the Premier league or lower professional leagues below Championship.
Championship level teams were targeted for recruitment of elite participants in the final
study of this programme of research and the results may be indicative of that skill level.
Furthermore, it was not identified whether some components of dynamic balance are
more important for either injury risk or performance as during the classification of the
football movements the scores were grouped. Further work may wish to determine
whether dynamic balance components may be different based on determination of
injury risk or performance ability. Use of a Delphi poll or time-motion analysis in football
may provide alternative methods for determining the important movements in football,

however within this study they were deemed inappropriate and questionnaire data

159



provided highly structured data with more convenience for participants. It is not known
whether important movements might differ at different skill levels and there is no
research to date that has addressed this. For this study it was considered more

appropriate to determine the components of balance for the higher skilled athletes.

In the final study of this programme of research, small and unequal sample sizes may
have influenced the results. Therefore, caution must be applied when generalising the
results to the wider football community. The participants recruited into the recreational
players skill group were from a wide range of playing levels from collegiate level to non-
league to Sunday league teams. Additionally, some of the non-footballer participants
were involved in other sports such as cycling and athletics. It is not known how
involvement in other sports and such a large range of skill level within the recreational
group may influence and performance measures and dynamic postural control
strategies chosen in these groups. Additionally, the very small sample size of elite
players in the kicking task and mSEBT mean it is difficult to determine whether the
performance and dynamic postural control strategies displayed by these participants is

reflective of this skill level.

The elite players displayed a reduced performance in the deceleration, kicking and
mSEBT tests. A possible limitation of these tests are that they do not represent all the
environmental constraints of the tasks in the real world and are therefore lacking in
representative design (Pinder et al., 2011). During kicking for example, footballers would
be influenced by the size of the goal and the presence of a goalkeeper. Elite footballers
may have underperformed due to motivational cues missing from the task such as
evading or a goal scoring opportunity. Additionally, injury and fatigue may be a factor

that should be considered in relation to performance of elite players.

Finally, during the kicking task an assumption was made that the foot markers remained
in the same position from heel contact to impact with the ball. The TtB was calculated
from impact with the force plate and as participants brought their swing leg through
their heel raised off the force platform. As heel movement was not analysed in this task
it is not known how this may have impacted the calculation of TtB if there was a

rearwards movement of the CoP involved in the stabilisation. It is possible that some of
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the measures within the tests were not sensitive enough to differentiate between skill
level both in the balance and performance aspects of the tests. Alternative methods of
assessing performance and additional measures using non-linear methods should be
investigated to determine whether they are more sensitive at detecting differences

between groups.

7.4 Implications of findings

The findings of the programme of research have significant implications in furthering
knowledge of this research area. This body of work proposes a new set of definitions for
the most common terms used to describe dynamic balance (dynamic balance, dynamic
postural control and dynamic stability) that consider Newell’s constraints model (Newell
et al., 1989) and accounts for the full range of dynamic balance situations not accounted
for in previous definitions. It is recommended that future research in this field refers to
these definitions. The benefit of the adoption of these new definitions would provide
less ambiguity in the use of these terms and would result in the removal of barriers in

the development of a coherent research base in dynamic balance.

The findings of Chapters 4 and 5 support the view that dynamic balance is not a single
construct and is multi-dimensional. A taxonomy has been developed that has the
potential to categorise components of dynamic balance in football as well as other
sports and activities based on postural task and environmental constraints. Additionally,
through classification of existing dynamic balance tests it provides a method of assessing
the suitability of a dynamic balance test for a particular population and in identifying
whether a test exists that provides specificity for movements of interest. The use of the
taxonomy in future research when identifying dynamic balance components and sport
specific tests in the assessment of dynamic balance would strengthen the evidence in
identifying whether higher skilled athletes demonstrate better dynamic balance ability
and whether dynamic balance ability differs between athletes of different sports based

on the important movements identified in those sports.

This research has practical implications relevant to football development in particular

the training of footballers and the decision process in retain and release of players at
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academy level. Within Academy football provision, players can be anecdotally referred
to as a “poor mover”, based largely on fitness scores and subjective opinion of observed
movements. The use of dynamic balance testing, such as those within this research,
would provide an objective measure, which would support multidisciplinary team
decisions in either retaining or releasing a player, and individual training programme
planning. The outcomes of testing would contribute to the rationale of developing an
individual’s balance, other skills or released based decisions. The use of sport specific
measures of dynamic balance tests in pre-season screening would provide benchmarks

for injured players and new players joining the club.

7.5 Future directions

The results of this thesis provide a basis for future research in dynamic balance. Three
of the dynamic balance tests used in the final study: deceleration, kicking and mSEBT did
not demonstrate the ability to differentiate for skill level in footballers. A major
limitation of this study was the small sample sizes. Further work should identify whether
these tests remain unlikely to identify dynamic postural control strategies with a larger
sample size which would provide more power. As it was not possible to identify different
postural control strategies between the recreational players and non-footballer groups,
this work should also seek to identify whether movement strategy differences exist at
an individual level. Bartlett et al. (2007) suggests that in more complex tasks variability
of movement strategies occurs between individuals and between trials, it is of interest
to determine whether performance and control strategies of individual participants
differ in this way. This variability might help explain the inability of the tests to identify
any dynamic postural control strategies related to performance measures. Finally, there
is no consensus in the literature as to which measurable parameter quantifies postural
control (Palmieri et al., 2002). The use of joint kinetics and kinematic variables may help
to explain strategies in dynamic postural control. Additionally, investigation of non-
linear methods may provide a method of quantification of the time-varying structure of

dynamic postural control patterns (Zemkova, 2011).
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7.6 Conclusion

The goal of this research was to investigate whether sport specific measures of dynamic
balance could differentiate for skill level in footballers. The newly proposed definitions
provide independent terms that consider the organismic, task and environmental
constraints necessary to account for real-world scenarios. The taxonomy provides a
method of categorising movements and dynamic balance tests in order to determine
appropriate and specific measures of dynamic balance for any sport or activity. The
external forces test suggested that highly skilled footballers performed better than
lower-level footballers and that the dynamic postural control strategy involved
maintaining the CoM within a smaller range. Larger sample sizes are required before this
can be interpreted as definitively representing these populations. The deceleration test,
kicking test and mSEBT were not able to determine differences in performance of
dynamic balance nor was it possible to identify what dynamic postural control strategies
explained the performance. Further work should address the use of these tests and
outcome variables as methods of differentiating for skill level in footballers in larger
sample sizes and incorporate the use of joint kinematics and kinetics, and the use of

non-linear variables for assessing dynamic postural control strategies.
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Chapter 9 Appendices

Appendices

Appendix A: Scoping review literature extracted

All articles identified in the scoping review using the terms dynamic balance, dynamic postural control or dynamic postural stability in the title
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238 Chtara M, Rouissuei M, Dynamic Balance Ability In Young Elite 2016  J Sports Med Phys Fitness.
Bragazzi NI, Owen Al, Soccer Players: Implication Of Isometric 2016
Haddad M, Chamari K. Strength.
240  Chuang,Shih- Effect Of Knee Sleeve On Static And 2007  The Kaohsiung Journal Of 23 8
Hung;Huang,Mao- Dynamic Balance In Patients With Knee Medical Sciences
Hsiung;Chen,Tien- Osteoarthritis
Wen;Weng,Ming-
Chang;Liu,Chin-
Wei;Chen,Chia-Hsin
241  Cinelli,B.;De Paepe,J. L. Dynamic Balance Of Learning Disabled And 1984 Perceptual & Motor Skills 58 1
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Dynamique Chez Des Enfants Ayant Des
Difficultes D' Apprentissueage Et Des
Enfants Normaux
246  Clark, C.J.; Clark, S.; Correlation Of The Functional Difficulties 2016 Physical Therapy In Sport 21
Dorey, C.; Williams, J. Questionnaire (Fdg-9) With Dynamic
Balance Using The Smart Instrumented
Wobbleboard
248  Clark,S.;Rose,D. J. Evaluation Of Dynamic Balance Among 2001  Archives Of Physical Medicine 82 4
Community-Dwelling Older Adult Fallers: A And Rehabilitation
Generalizability Study Of The Limits Of
Stability Test
249  Clark,S.;Rose,D. Generalizability Of The Limits Of Stability 1997  Archives Of Physical Medicine 78 10
J.;Fujimoto,K. Test In The Evaluation Of Dynamic Balance And Rehabilitation
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251  Clyse,S. J.;Short,M. A. The Relationship Between Dynamic Balance 1983 Physical & Occupational 3 3
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Disabled Children
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252  Cohen,H S.;Kimball,K Posturography And Locomotor Tests Of 2012  Journal Of Vestibular 22 4
T.;Mulavara,A;Bloomberg, Dynamic Balance After Long-Duration Research: Equilibrium &

JJ.;Paloski,WH. Spaceflight Orientation

253  Gagnon,l.;Swaine,B.;Fried  Children Show Decreased Dynamic Balance 2004 Archives Of Physical Medicine 85 3
man,D.;Forget,R. After Mild Traumatic Brain Injury & Rehabilitation

257 Coleman Td, Lawrence Hj, Standardizing Methodology For Research 2016  J Appl Biomech. 2016
Childers WI. With Uneven Terrains Focused On Dynamic

Balance During Gait.

259  Collings R, Paton J, Effects Of The Site And Extent Of Plantar 2015 Foot (Edinb) 25 3
Chockalingam N, Gorst T,  Cutaneous Stimulation On Dynamic Balance
Marsden J. And Muscle Activity While Walking.

264  Colnat- Management Of Postural Sensory Conflict 2011 Neuroscience 193
Coulbois,S.;Gauchard,G. And Dynamic Balance Control In Late-Stage
C.;Maillard,L.;Barroche,G.; Parkinson's Disease
Vespignani,H.;Auque,].;Pe
rrin,P. P.

274  Cone BI, Levy Ss, Goble Dj.  Wii Fit Exer-Game Training Improves 2015 Gait Posture 41 2

Sensory Weighting And Dynamic Balance In
Healthy Young Adults.

275 Costa,Pablo The Acute Effects Of Different Durations Of 2009  Journal Of Strength & 23 1
B.;Graves,Barbara Static Stretching On Dynamic Balance Conditioning Research
S.;Whitehurst,Michael;Jac  Performance (Lippincott Williams & Wilkins)
obs,Patrick L.

279 Cote,Karen P.;Brunet Effects Of Pronated And Supinated Foot 2005  Journal Of Athletic Training 40 1

li,Michael
E.;Gansneder,Bruce
M.;Shultz,Sandra J.

Postures On Static And Dynamic Postural
Stability
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Association)
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281 Courtney,Carol Central Somatosensory Changes Associated 2006  Gait & Posture 24 2
A_;Rine,Rose M. With Improved Dynamic Balance In Subjects
With Anterior Cruciate Ligament Deficiency
283 Craig, C.E., Goble, D.J,, Proprioceptive Acuity Predicts Muscle Co- 2016 Neuroscience, 322
Doumas, M. Contraction Of The Tibialis Anterior And
Gastrocnemius Medialis In Older Adults'
Dynamic Postural Control
309 Crockett, Effect Of Prophylactic Ankle-Brace Use 2015  Journal Of Sport Rehabilitation 24 3
Nathan J.; Sandrey, During A High School Competitive
Michelle A Basketball Season On Dynamic Postural
Control
311  Cug, Mutlu; Wikstrom, The Effects Of Sex, Limb Dominance, And 2016 Journal Of Sport Rehabilitation 25 1
Erik Soccer Participation On Knee
A.; Golshaei, Bahman; Proprioception And Dynamic Postural
Kirazci, Sadettin Control
312  Cug,Mutlu;0zdemir,Recep Influence Of Leg Dominance On Single-Leg 2014  Turkish Journal Of Physical 60 1
Ali;Ak,Emre Stance Performance During Dynamic Medicine And Rehabilitation
Conditions: An Investigation Into The
Validity Of Symmetry Hypothesis For
Dynamic Postural Control In Healthy
Individuals
315 Curtze C, Hof Al, Postema  Staying In Dynamic Balance On A Prosthetic 2016 Med Eng Phys 38 6
K, Otten B. Limb: A Leg To Stand On?
316 Dabholkar,Ajit;Shah,Ankit Comparison Of Dynamic Balance Between 2012 Indian Journal Of 6 3

a;Yardi,Sujata
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319 Daehee,L. E. Effects Of Indoor Horseback Riding And 2014  Journal Of Physical Therapy 26 12
E.;Sangyong,L. E. Virtual Reality Exercises On The Dynamic Science
E.;Park,Jungseo Balance Ability Of Normal Healthy Adults
320 Dallinga, JM.; Van Der Dynamic Postural Stability Differences 2016 Physical Therapy 17
Does, HT.D.; Benjaminse, = Between Male And Female Players With In Sport
A; Lemmink, K And Without Ankle Sprain
321 Damiano,DL.;Wingert,JR.;  Contribution Of Hip Joint Proprioception To 2013  Journal Of Neuroengineering 10 1
Stanley,CJ.;Curatalo,L Static And Dynamic Balance In Cerebral And Rehabilitation
Palsy: A Case Control Study
322 Daneshjoo,A; Mokhtar,A;  The Effects Of Comprehensive Warm-Up 2012 Plos One 7 12
Rahnama,N;Yusof,A Programs On Proprioception, Static And
Dynamic Balance On Male Soccer Players
324  Davlin,Christina D. Dynamic Balance In High Level Athletes 2004  Perceptual & Motor Skills 98 3
327 Davlin-Pater,Christina Perceptual Style And Visual Contribution To 2008 Perceptual & Motor Skills 106 1
Dynamic Balance: A Pilot Study
330 Davlin-Pater,Christina The Effects Of Visual Information And 2010 Motor Control 14 3
Perceptual Style On Static And Dynamic
Balance
331 De Kam D, Kamphuis Jf, The Effect Of Weight-Bearing Asymmetry 2016  Gait Posture 45
Weerdesteyn V, Geurts On Dynamic Postural Stability In Healthy
Ac. Young Individuals.
333 Delima M.A.C,, De The Influence Of The External Ankle Support 2015 Motriz. Revista De Educacao 21 3

Medeiros Barbosa G.,
Ribeiro J.D.C., De Almeida
Ferreira J.J., De Andrade
P.R., Dos Santos H.H.
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354  Carvalho, A; Almeida, G; Dynamic Postural Stability And Muscle 2016 Knee 16
Magalhaes, M; Franca, F; Strength In Patellofemoral Pain: Is There A
Ramos, L; Comachio J; Correlation?
Marques, A.

361 De Ridder R, Willems Tm,  Effect Of Tape On Dynamic Postural 2015 Int J Sports Med 36 4
Vanrenterghem J, Roosen  Stability In Subjects With Chronic Ankle
P. Instability.

365 De Ridder, R.Willems, T. Effect Of A Home-Based Balance Training 2015 International Journal Of Sports 36 7
M.Vanrenterghem, Protocol On Dynamic Postural Control In Medicine
J.Roosen, P Subjects With Chronic Ankle Instability

368 Delahunt,E;Chawke,Mark; Lower Limb Kinematics And Dynamic 2013 Journal Of Athletic Training 48 2
Kelleher,Judy;Murphy,Kati Postural Stability In Anterior Cruciate (Allen Press)
e;Prendiville,Anna;Sween Ligament-Reconstructed Female Athletes
y,Lauren;Patterson,Matt

369 Delahunt,Eamonn;Mcgrat Effect Of Taping On Actual And Perceived 2010  Archives Of Physical Medicine 91 9
h,Angela;Doran,Naoise;Co Dynamic Postural Stability In Persons With & Rehabilitation
ughlan,Garrett F. Chronic Ankle Instability

371 Dello Core Stability Training Program (Cstp) 2014  Gazzetta Medica ltaliana 173 4
lacono,A.;Martone,D.;Alfi  Effects On Static And Dynamic Balance Archivio Per Le Scienze
eri,A.;Ayalon,M.;Buono,P. Abilities Mediche

372 Demura,Shinichi;Sohee,Sh  Sex And Age Differences Of Relationships 2008  Journal Of Physiological 27 4
in;Yamaiji,Shunsuke Among Stepping Parameters For Evaluating Anthropology

Dynamic Balance In The Elderly
381 Deoreo,K. L. Dynamic Balance In Preschool Children: 1976 Research Quarterly 47 3
Quantifying Qualitative Data
384 Depaepe,l. A Dynamic Balance Measure For Persons 1993 Perceptual And Motor Skills 76 2

L.;Ciccaglione,S.

With Severe And Profound Mental
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385 Desai,Ankur;Goodman,Val Relationship Between Dynamic Balance 2010 Physical Therapy 90 5
erie;Kapadia,Naaz;Shay,Ba Measures And Functional Performance In
rbara L.;Szturm,Tony Community-Dwelling Elderly People
386 Desroches,Guillaume;Gag  Magnitude Of Forward Trunk Flexion 2013  Journal Of Electromyography 23 6
non,Dany;Nadeau,Sylvie;P  Influences Upper Limb Muscular Efforts And & Kinesiology
opovic,Milos Dynamic Postural Stability Requirements
During Sitting Pivot Transfers In Individuals
With Spinal Cord Injury
389 DiCagno,A; Fiorilli,G; Time-Of-Day Effects On Static And Dynamic 2014 International Journal Of Sports 9 4
luliano,E; Aquino,G; Balance In Elite Junior Athletes And Science & Coaching
Giombini,A; Battaglia,C; Untrained Adolescents
Piazza,M; Tsopani,D;
Calcagno,G
390 Dibrezzo,Ro;Shadden,Bar  Exercise Intervention Designed To Improve 2005 Journal Of Aging & Physical 13 2
bara B.;Raybon,Blake Strength And Dynamic Balance Among Activity
H.;Powers,Melissuea Community-Dwelling Older Adults
392 Diener,H. C.;Dichgans,J. On The Role Of Vestibular, Visual And 1988 Progress In Brain Research 76
Somatosensory Information For Dynamic
Postural Control In Humans
393 Dodd,Karen;Hill,Keith;Haa Retest Reliability Of Dynamic Balance 2003 Physiotherapy Research 8 2
s,Romi;Luke,Carolyn;Milla  During Standing In Older People After International
rd,Stephanie Surgical Treatment Of Hip Fracture
394 Doherty C, Bleakley C, Dynamic Balance Deficits 6 Months 2015  J Orthop Sports Phys Ther 45 8

Hertel J, Caulfield B, Ryan
J, Delahunt E.

Following First-Time Acute Lateral Ankle
Sprain: A Laboratory Analysis.
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395 Doherty, C;Bleakley, C; Dynamic Balance Deficits In Individuals With 2016 Knee Surgery, Sports 24 4
Hertel, J ;Caulfield, B, Chronic Ankle Instability Compared To Traumatology, Arthroscopy
John;Delahunt, E Ankle Sprain Copers 1 Year After A First-
Time Lateral Ankle Sprain Injury
396 Douglas,M;Bivens,S;Peste  Immediate Effects Of Cryotherapy On Static 2013 International Journal Of Sports 8 1
rfield,J;Clemson,N;Castle, And Dynamic Balance Physical Therapy
W;Sole,G;Wassinger,Ca.
398 Dvir,Z.;Danielatrakci,R.;Mi  The Effect Of Frontal Loading On Static And 1997 Basic And Applied Myology 7 2
rovski,Y. Dynamic Balance Reactions In Patients With
Chronic Low Back Dysfunction
399  Dvir,Z.;Trousil,T. Electromyographic Study Of Several Lower 1982  Agressologie: Revue 23 2
Limb Muscles During Maintenance Of Internationale De Physio-
Dynamic Balance In The Frontal Plane Biologie Et De Pharmacologie
Appliques Aux Effets De
L'agression
401 Eechaute,Christophe;Vaes The Dynamic Postural Control Is Impaired In 2009 Clinical Journal Of Sport 19 2
,Peter;Duque,William Patients With Chronic Ankle Instability: Medicine
Reliability And Validity Of The Multiple Hop
Test
403  Egerton,Thorlene;Brauer, Dynamic Postural Stability Is Not Impaired 2010 Human Movement Science 29 6
Sandra By Moderate-Intensity Physical Activity In
G.;Cresswell,Andrew G. Healthy Or Balance-Impaired Older People
404  Elena,Sabau;Georgeta,Nic  Study Of Dynamic Postural Control In Young 2015 Ovidius University Annals, 15 2

ulescu;Florentina,Popescu
;Cristiana,Porfirescu;Cecili
a,Gevat;Elena,Lupu

Adults
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Sport/Science, Movement &

Health

208



Id Authors Title Pub Periodical Vol Issue
Year
410 Eltoukhy M, Kuenze C, Jun Assessment Of Dynamic Balance Via 2015  Sports Biomech 14 1
Hp, Asfour S, Travascio F. Measurement Of Lower Extremities
Tortuosity.
411  Cushing,S; L.;Chia,R; A Test Of Static And Dynamic Balance 2008  Archives Of Otolaryngology-- 134 1
;James,A ;Papsin,B; C,; Function In Children With Cochlear Head & Neck Surgery
Gordon,K. Implants: The Vestibular Olympics
415 Emara,Hatem Abdel Effect Of A New Physical Therapy Concept 2015 Egyptian Journal Of Medical 16 1
Mohsen Abdel Hamid On Dynamic Balance In Children With Human Genetics
Spastic Diplegic Cerebral Palsy
416  Ericksen,Hayley;Gribble,P  Sex Differences, Hormone Fluctuations, 2012 Journal Of Athletic Training 47 2
hillip A. Ankle Stability, And Dynamic Postural (National Athletic Trainers'
Control Association)
423  Eshraghi,A; Maroufi,N Effect Of Milwaukee Brace On Static And 2013 Prosthetics And Orthotics 37 1
;Sanjari,M.A.; Saeedi,H Dynamic Balance Of Female Hyperkyphotic International
;Keyhani,M.R;Gholizadeh, Adolescents
H ;Osman, N.A.A
426  Eun-Jung Chung;Jung- The Effects Of Core Stabilization Exercise On 2013  Journal Of Physical Therapy 25 7
Hee,K. |. M.;Byoung- Dynamic Balance And Gait Function In Science
Hee,L. E. E. Stroke Patients
427  Faigenbaum,AD.;Bagley,J; Dynamic Balance In Children: Performance 2015  Athletic Training & Sports 7 4
Boise,S;Farrel,A;Bates,N; Comparison Between Two Testing Devices Health Care: The Journal For
Myer,GD. The Practicing Clinician
428  Faigenbaum,Ad.; Feasibility And Reliability Of Dynamic 2014 International Journal Of Sports 9 2

Myer,G.D.; Perez,F.M
;Carrasco,E;
Gomez;Bates,N;Farrell A.;
Ratamess,Na.; Kang,J

Postural Control Measures In Children In
First Through Fifth Grades
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429  Falk,E.E; Seeley,Mk.; Effect Of Experimental Anterior Knee Pain 2014  Athletic Training & Sports 6 1
Hunter,| ;Park,J; On Measures Of Static And Dynamic Health Care: The Journal For
Hopkins,J. T. Postural Control The Practicing Clinician
431  Falkerslev, S., C. Baagg, Dynamic Balance During Gait In Children 2013 Clinical Biomechanics 28 3
Tine Alkjaer, L. Remvig, J. And Adults With Generalized Joint
Halkjaer-Kristensen, Peter Hypermobility
Kastmand Larsen, B. Juul-
Kristensen, And E. B.
Simonsen.
432  Fatma,A; Kaya,M; The Effect Of Eight-Week Proprioception 2010  Ovidius University Annals, 10 1
Baltaci,G; Taskin,H; Training Program On Dynamic Postural Series Physical Education &
Erkmen,N Control In Taekwondo Athletes Sport/Science, Movement &
Health
433  Fayson,Shirleeah The Effects Of Ankle Kinesio Taping On 2013 Research In Sports Medicine 21 3
D.;Needle,Alan Ankle Stiffness And Dynamic Balance
R.;Kaminski,Thomas W.
435  Fernandes, T; Lazzaretti; R Evaluation Of Static And Dynamic Balance In 2016 Clinics 71 8
F; Ellen, C; Bessa, F; Luna, Athletes With Anterior Cruciate Ligament
N.M.S.; Sugimoto, D; Injury - A Controlled Study
D'andrea Greve, J.M;
Hernandez, A.J
437  Ferraye,M.U;Debu,B; ; Using Motor Imagery To Study The Neural 2014 Plos One 9 3

Heil,L; Carpenter,M;
Bloem,B; Toni,l

Substrates Of Dynamic Balance
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441  Field-Fote,E.;Ray,S. S. Seated Reach Distance And Trunk Excursion 2010 Spinal Cord 48 10
Accurately Reflect Dynamic Postural Control
In Individuals With Motor-Incomplete Spinal
Cord Injury
442  Fitzgerald,Diarmaid;Trakar Effects Of A Wobble Board-Based 2010  The Journal Of Orthopaedic 40 1
nratanakul,Nanthana;Smy Therapeutic Exergaming System For Balance And Sports Physical Therapy
th,Barry;Caulfield,Brian Training On Dynamic Postural Stability And
Intrinsic Motivation Levels
444  Fitzpatrick,C.;Simpson,J. The Measurement Properties And 2005 Clinical Rehabilitation 19 4
M.;Valentine,J. Performance Characteristics Among Older
D.;Ryder,S.;Peacock- People Of Turn180,A Test Of Dynamic
Edwards,T.;Sidnell,P.;Colo  Postural Stability
gnese,M.
445  Forte,R;Boreham,C; De Measures Of Static Postural Control 2014 Aging Clinical And 26 6
Vito,G; Ditroilo,M; Pesce,C Moderate The Association Of Strength And Experimental Research
Power With Functional Dynamic Balance
446  Fotiadou,Eg;Neofotistou,K The Effect Of A Rhythmic Gymnastics 2009  Journal Of Strength & 23 7
h.; Sidiropoulou,Mp; Program On The Dynamic Balance Ability Of Conditioning Research
Tsimaras,Vk.;Mandroukas, Individuals With Intellectual Disability (Lippincott Williams & Wilkins)
Ak.; Angelopoulou,Na.
447  Fotios,M.;Miltiadis,P.;Eirin Dynamic Balance In Girls Practicing 2013 Science Of Gymnastics Journal 5 1
i,A.;Andromahi,S. Recreational Rhythmic Gymnastics And
Greek Traditional Dances
448  Fournier Belley, A., Development And Reliability Of A Measure 2016  Gait And Posture 49

Bouffard, J., Brochu, K.,
Mercier, C., Roy, J.-S,,
Bouyer, L.

Evaluating Dynamic Proprioception During
Walking With A Robotized Ankle-Foot
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450 Fournier,Ka.;Kimberg,Ci.; Decreased Static And Dynamic Postural 2010 Gait & Posture 32 1
Radonovich,Kj.;Tillman,M  Control In Children With Autism Spectrum
D.;Chow,Jw.;Lewis,Mh.; Disorders
Bodfish,Jw.;Hass,C;j.
451  FranchignoniF., Godi M.,  Enhancing The Usefulness Of The Mini- 2015 European Journal Of Physical 51 4
Guglielmetti S., Nardone Bestest For Measuring Dynamic Balance: A And Rehabilitation Medicine
A., Giordano A. Rasch Validation Study
454  Fujimoto,Masahiro;Chou,L Dynamic Balance Control During Sit-To- 2012  Journal Of Biomechanics 45 3
i-Shan Stand Movement: An Examination With The
Center Of Mass Acceleration
457  Fujisawa,T.;Takuma,S.;Kos Recovery Of Intentional Dynamic Balance 2006 European Journal Of 23 5
eki,H.;Kimura,K.;Fukushim Function After Intravenous Sedation With Anaesthesiology
a,K. Midazolam In Young And Elderly Subjects
458  Fujisawa,T.;Takuma,S.;Kos Study On The Usefulness Of Precise And 2007 European Journal Of 24 5
eki,H.;Kimura,K.;Fukushim Simple Dynamic Balance Tests For The Anaesthesiology
a,K. Evaluation Of Recovery From Intravenous
Sedation With Midazolam And Propofol
459  Fujisawa,T;lida,A;Takuma, Recovery Of Dynamic Balance After 2007 The British Journal Of Oral & 45 3
S;Koseki,H;Kimura,K; Additional Small Divided Doses Of Maxillofacial Surgery
Fukushima,Ki Midazolam Given Intravenously For
Sedation
460 Fujisawa,T;Miyamoto,E; Recovery Of Dynamic Balance After General 2009  Journal Of Anesthesia 23 1

Takuma,S;Shibuya,M;
Kurozumi,A;Kimura,Y;
Kamekura,N;Fukushima,K

Anesthesia With Sevoflurane In Short-
Duration Oral Surgery
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461  Fujisawa,Toshiaki;Takuma Assessment Of The Recovery Of Dynamic 2005  Journal Of Anesthesia 19 1
,Shigeru;Koseki,Hiroyo;Ki Balance After Intravenous Sedation With
mura,Kunie;Fukushima,Ka Midazolam
zuaki

463  Fujisawa,Toshiaki;Takuma Correlation Between Precise And Simple 2007  Journal Of Anesthesia 21 2
,Shigeru;Koseki,Hiroyo;Ki  Tests In Recovery Of Dynamic Balance
mura,Kunie;Fukushima,Ka Function After Intravenous Sedation With
zuaki Midazolam In The Elderly

464  Fujita,D;Kobara,Kosaka,H; The Influence Of Rollators With Forearm 2012 Journal Of Physical Therapy 24 8
Watanabe,S;Sintani,T;Sugi Support On Walking Speed, Endurance And Science
mura,T;Makini,K;Cleminso Dynamic Balance
n,T;Morikawa,T

468  Fujiwara,Katsuo;Maekawa Adaptation Changes In Dynamic Postural 2012  Journal Of Physiological 31
,Maki;Kiyota,Naoe;Yaguch Control And Contingent Negative Variation Anthropology
i,Chie During Backward Disturbance By Transient

Floor Translation In The Elderly

469  Fujiwara,Katsuo;Toyama, Effects Of Regular Heel-Raise Training 2011  Journal Of Strength & 25 9
Hiroshi;Asai,Hitoshi;Yaguc  Aimed At The Soleus Muscle On Dynamic Conditioning Research
hi,Chie;lrei,Mariko;Naka, Balance Associated With Arm Movement In (Lippincott Williams & Wilkins)
Masami;Kaida,Chizuru Elderly Women

472  Fullam, Karl; Caulfield, Dynamic Postural-Stability Deficits After 2015  Journal Of Athletic Training 50 9

Brian; Coughlan, Garrett
F.; Mcgroarty,
Mark; Delahunt, Eamonn
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474  Gauchard,G. Influence Of Different Types Of Progressive 2001  Spine 26 9
C.;Lascombes,P.;Kuhnast, Idiopathic Scoliosis On Static And Dynamic
M.;Perrin,P. P. Postural Control
479  Giacalone,Wr;Rarick,Gl Dynamic Balance Of Preschool-Children As 1985  Journal Of Genetic Psychology 146 3
Reflected By Performance On Beam-
Walking Tasks
485  Gilbreath,lulie The Effects Of Mobilization With Movement 2014 Manual Therapy 19 2
P.;Gaven,Stacey L.;Van On Dorsiflexion Range Of Motion, Dynamic
Lunen,Bonnie Balance, And Self-Reported Function In
L.;Hoch,Matthew C. Individuals With Chronic Ankle Instability
486  Goel,Nitya;Bhatia,Shipra Effect Of Patellar Taping On Dynamic 2012 Indian Journal Of 6 1
Balance During Star Excursion Balance Test Physiotherapy & Occupational
In Patients With Patellofemoral Pain Therapy
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487 Golem D.L., Arent S.M. Effects Of Over-The-Counter Jaw- 2015  Journal Of Strength And 29 2
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489  Golomer,E.;Dupui,P.;Bess  Spectral Frequency Analysis Of Dynamic 1994  Archives Internationales De 102 3
ou,P. Balance In Healthy And Injured Athletes Physiologie, De Biochimie Et
De Biophysique
490 Gongbing,Shan;Xiang,Zha Quantification Of Golfer-Club Interaction 2011 International Journal Of 11 3
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493  Granacher,Urs;Lacroix,An  Effects Of Core Instability Strength Training 2013  Gerontology 59 2
dre;Muehlbauer,Thomas;  On Trunk Muscle Strength, Spinal Mobility,
Roettger,Katrin;Gollhofer, Dynamic Balance And Functional Mobility In
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509 Gusi,N;Carmelo Balance Training Reduces Fear Of Falling 2012  Journal Of Physiotherapy 58 2
Adsuar,J;Corzo,H;Del And Improves Dynamic Balance And
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Review And Meta-Analysis.
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954  Roberston,S.;Collins,J.;Elli  The Influence Of Skill And Intermittent 1994  Journal Of Motor Behavior 26 4
ott,D.;Starkes,]. Vision On Dynamic Balance
955  Robertson,S.;Elliott,D. Specificity Of Learning And Dynamic 1996 Research Quarterly For 67 1
Balance Exercise & Sport
957 Robertson,S.;Elliott,D. The Influence Of Skill In Gymnastics And 1996 International Journal Of Sport 27 4
Vision On Dynamic Balance (Influence Du Psychology
Niveau De Competence En Gymnastique Et
De La Vision Sur L'equilibre Dynamique)
958 Rodriguez Social Inequality In Dynamic Balance 2012  Archives Of Gerontology And 54 2
Lopez,S;Nilsson,C;Lund,R;  Performance In An Early Old Age Spanish Geriatrics
Montero,P;Fernandez- Population: The Role Of Health And
Ballesteros,R;Avlund,K Lifestyle Associated Factors
960 Rogers,Helen Adaptive Changes In Gait Of Older And 2008  Journal Of Aging & Physical 16 1
L.;Cromwell,Ronita Younger Adults As Responses To Challenges Activity
L.;Grady,James L. To Dynamic Balance
961 Rogers,M. W.;Hedman,L. Lateral Stability During Forward-Induced 2001 The Journals Of 56 9
D.;Johnson,M. E.;Cain,T. Stepping For Dynamic Balance Recovery In Gerontology.Series A,
D.;Hanke,T. A. Young And Older Adults Biological Sciences And
Medical Sciences
962 Rome,K.;Dixon,).;Gray,M.; Evaluation Of Static And Dynamic Postural 2009 Clinical Biomechanics 24 6
Woodley,R. Stability In Established Rheumatoid
Arthritis: Exploratory Study
963  Ross,S. E.;Guskiewicz,K. Research Digest. Time To Stabilization: A 2003  Athletic Therapy Today 8 3

M.

Method For Analyzing Dynamic Postural
Stability

239



Id Authors Title Pub Periodical Vol Issue
Year
964  Ross,Scott Examination Of Static And Dynamic Postural 2004  Clinical Journal Of Sport 14 6
E.;Guskiewicz,Kevin M. Stability In Individuals With Functionally Medicine
Stable And Unstable Ankles
966 Roth,AE.;Miller,MG.;Ricar Comparisons Of Static And Dynamic Balance 2006 Journal Of Sport Rehabilitation 15 4
d,M;Ritenour,D;Chapman, Following Training In Aquatic And Land
BL. Environments
968 Row,Brandi Reaching Upward Is More Challenging To 2007 Clinical Biomechanics 22 2
S.;Cavanagh,Peter R. Dynamic Balance Than Reaching Forward
970 Rowe,A.;Wright,S.;Nyland, Effect Of A 2-Hour Cheerleading Practice On 1999  Journal Of Orthopaedic & 29 8
J.;Caborn,D. N. M.;Kling,R. Dynamic Postural Stability, Knee Laxity, And Sports Physical Therapy
Hamstring Extensibility
971  RugeljD. The Relationship Between Innervation 2002 Cell Mol Biol Lett 7 1
Density And Dynamic Balance Function.
972  Sabzi,A. Arousal And Activation In A Dynamic 2012 Middle East Journal Of 12 3
H.;Vaezmousavi;Mokhtari, Balance Task Scientific Research
P.
973  Saito K, Miyakoshi N, Eldecalcitol Improves Muscle Strength And 2016 ] Bone Miner Metab 25
Matsunaga T, Hongo M, Dynamic Balance In Postmenopausal
Kasukawa Y, Shimada Y. Women With Osteoporosis: An Open-Label
Randomized Controlled Study.
974  Salavati, M., Akhbari, B., Effect Of Spinal Stabilization Exercise On 2015  Journal Of Bodywork And 20 2
Takamijani, |.E., Bagheri, Dynamic Postural Control And Visual Movement Therapies
H., Ezzati, K., Kahlaee, A.H Dependency In Subjects With Chronic Non-
Specific Low Back Pain
975 SalekS., Bahrpeyma F., Intermittent Pneumatic Compression 2015 International Journal Of 35

Mohajeri-Tehrani M.-R.

Therapy Improves Functional And Dynamic
Balance And Neuropathy Severity In
Neuropathic Patients With Type 2 Diabetes

Diabetes In Developing
Countries

240



Id Authors Title Pub Periodical Vol Issue
Year
976  Samaan M.A., Greska E.K., Dynamic Postural Control Two Years 2015 International Journal Of 20 2
Hoch M.C., Weinhandl| Following Anterior Cruciate Ligament Athletic Therapy And Training
J.T., Bawab S.Y., Ringleb Reconstruction In A Female Collegiate
S.I. Soccer Player
977  Sandrey,Michelle Improvement In Dynamic Balance And Core 2013  Journal Of Sport Rehabilitation 22 4
A.;Mitzel,Jonathan G. Endurance After A 6-Week Core-Stability-
Training Program In High School Track And
Field Athletes
978  Sangyong,L. E. Effects Of Extracorporeal Shockwave 2014  Journal Of Physical Therapy 26 1
E.;Daehee,L. E. Therapy On Patients With Chronic Low Back Science
E.;Park,Jungseo Pain And Their Dynamic Balance Ability
979 Sarabon,N.;Mlaker,B.;Mar A Novel Tool For The Assessment Of 2010 Gait And Posture 31 2
kovic,G. Dynamic Balance In Healthy Individuals
980 Sarabon,N.;Zacirkovnik,T.; Metric Characteristics Of The Tests For 2013 Physikalische Medizin 23 3
Rosker,J.;Loefler,S. Dynamic Balance Evaluation Rehabilitationsmedizin
Kurortmedizin
982  Sarshin,A;Mohammadi,S;  The Effects Of Functional Fatique On 2011 Biology Of Exercise 7 2
Shahrabad,HBP;Sedighi,M Dynamic Postural Control Of Badminton
Players
983  Sarvestani,H.J.;Tabrizi,H.  The Effect Of Eight Weeks Aquatic Balance 2012 Middle East Journal Of 11 3
B.;Abbasi,A.;Rahmanpour Trainingand Core Stabilization Training On Scientific Research
moghaddam,]J. Dynamic Balance In Inactive Elder Males
984  Sarvestani,H. J.;Tabrizi,H.  The Effect Of Ten Weeks Aquatic Balance 2012 Middle East Journal Of 11 3

B.;Abbasi,A.;Rahmanpour
moghaddam,]J.

Training and Functional Training On
Dynamic Balance In Inactive Elder Males

Scientific Research

241



Id Authors Title Pub Periodical Vol Issue
Year
985  Schaefer,Jessica Effects Of A 4-Week Dynamic-Balance- 2012  Journal Of Sport Rehabilitation 21 4
L.;Sandrey,Michelle A. Training Program Supplemented With
Graston Instrument-Assisted Soft-Tissueue
Mobilization For Chronic Ankle Instability
986 Schmidt D, Germano Am,  Aspects Of Dynamic Balance Responses: 2015 Plos One 10 9
Milani TI. Inter- And Intra-Day Reliability.
987  Schmitz,Randy;Arnold,Bre Intertester And Intratester Reliability Of A 1998  Journal Of Sport Rehabilitation 7 2
nt Dynamic Balance Protocol Using The Biodex
Stability..
988  Sell, TC.;Pederson,l).;Abt,] The Addition Of Body Armor Diminishes 2013 Military Medicine 178 1
P.;Nagai,T;Deluzio,J;Wirt, = Dynamic Postural Stability In Military
MD.;Mccord,LJ.;Lephart,S. Soldiers
989 Seo K, Park Sh, Park K. The Effects Of Stair Gait Training Using 2015  J Phys Ther Sci 27 5
Proprioceptive Neuromuscular Facilitation
On Stroke Patients' Dynamic Balance
Ability.
990 Seo Kc, Kim Ha. The Effects Of Ramp Gait Exercise With Pnf 2015 J Phys Ther Sci 27 6
On Stroke Patients' Dynamic Balance.
991  Seo-Hyun Jeonsuk-Min Therapeutic Effects Of Reaching With 2015  Journal Of Physical Therapy 27 8
Leejung-Hyun Kim Forward Bending Of Trunk On Postural Science
Stability, Dynamic Balance, And Gait In
Individuals With Chronic Hemiparetic Stroke
994 Sesma, Effect Of Foot Orthotics On Single-And 2010 Foot And Ankle Specialist
A.R.;Mattacola,C.G..;Uhl,T Double-Limb Dynamic Balance Tasks In
J..;Nitz, A.J.;Mceon,P.O. Patients With Chronic Ankle Instability
995  Séverac, Alexandra; Unusual Visual Stimulation In Dynamic 1994  Advances In Space Research 14 8

Bessou, Paul ; Pages,
Bernard

Balance Conditions: Proposal For A Space
Motion Sickness Test

242



Id Authors Title Pub Periodical Vol Issue
Year

997 Jelsma D, Ferguson Gd, Short-Term Motor Learning Of Dynamic 2015 Res Dev Disabil 38
Smits-Engelsman Bc, Balance Control In Children With Probable
Geuze Rh. Developmental Coordination Disorder.

998 Sherafat,Shiva;Salavati,M  Effect Of Dual-Tasking On Dynamic Postural 2014  Journal Of Manipulative And 37 3
ahyar;Takamjani,lsmail Control In Individuals With And Without Physiological Therapeutics
Ebrahimi;Akhbari,Behnam Nonspecific Low Back Pain
;Rad,Shahrzad
Mohammadi;Mazaheri,M
asood;Negahben,Hossein;

Lali,Pezhman

1000 Shimada,H.;Obuchi,S.;Ka Relationship With Dynamic Balance 2003 American Journal Of Physical 82 7
mide,N.;Shiba,Y.;Okamoto Function During Standing And Walking Medicine & Rehabilitation
,M.;Kakurai,S.

1001 Shin,Sohee;Demura,Shinic Effective Tempo Of The Step Test For 2007  Journal Of Physiological 26 6
hi Dynamic Balance Ability In The Elderly Anthropology

1004 Siddiqui,Tarannum;Sharm  Effect Of Flexible Flatfoot On Static And 2016 Indian Journal Of 10 3
a,Amit;Gupta,Ruchika;Ra  Dynamic Balance In School Going Children Physiotherapy & Occupational
m,C. S. Therapy

1005 Simon, A.L., llharreborde,  Dynamic Balance Assessment During Gait In 2015 Orthopaedics And 101 2
B., Souchet, P, Kaufman, Spinal Pathologies - A Literature Review Traumatology: Surgery And
K.R. Research ,

1006 Simon,Janet;Donahue,Ma Effect Of Ankle Taping Or Bracing On 2013  Journal Of Sport Rehabilitation 22 3
tt Creating An Increased Sense Of Confidence,

Stability, And Reassurance When
Performing A Dynamic-Balance Task
1009 Simoneau,Martin;Bafa©G The Effects Of Moderate Fatigue On 2006  Journal Of Neuroengineering 3

in,Franafa§0is;Teasdale,N
ormand

Dynamic Balance Control And Attentional
Demands

And Rehabilitation

243



Id Authors Title Pub Periodical Vol Issue
Year

1010 Simpson,J. A Standard Procedure For Using Turn180: 2002 Physiotherapy 88 6
M.;Worsfold,C.;Reilly,E.;N  Testing Dynamic Postural Stability Among
ye,N. Elderly People

1011 Si-Nae Jeonjung-Hyun The Effects Of Ankle Joint Strategy Exercises 2015  Journal Of Physical Therapy 27 8
Choi With And Without Visual Feedback On The Science

Dynamic Balance Of Stroke Patients

1012 Sofianidis,Giorgos;Hatzita  Effect Of A 10-Week Traditional Dance 2009  Journal Of Aging & Physical 17 2
ki,Vassilia;Douka,Stella;Gr  Program On Static And Dynamic Balance Activity
ouios,Giorgos Control In Elderly Adults

1014 Song,Jooeun;Sigward,Susa Altered Dynamic Postural Control During 2012 Parkinson's Disease 2012
n;Fisher,Beth;Salem,Geor  Step Turning In Persons With Early-Stage
ge J. Parkinson's Disease

1015 Souissuei,Nafaa;Zouita,A  The Effect Of Ramadan Intermittent Fasting 2014 Biological Rhythm Research 45 1
mira;Chtourou,Hamdi;Fer = On Dynamic Postural Control In Judo
chichi,Hbiba;Dziri,Catheri  Athletes
ne;Abedelmalek,Salma;So
uissuei,Nizar

1016 Spencer,Lynn- Taug-Guidance Of Dynamic Balance Control 2012  Gait & Posture 36 3
Mari;Van,Der Meer During Gait Initiation Across Adulthood

1017 Steib,Simon;Zech,Astrid;H  Fatigue-Induced Alterations Of Static And 2013  Journal Of Athletic Training 48 2
entschke,Christian;Pfeifer, Dynamic Postural Control In Athletes With A (Allen Press)
Klaus History Of Ankle Sprain

1018 Steiner, KM; Enders, A; Cerebellar Tdcs Does Not Improve Learning 2016 Plos One 11 9
Thier, W; Batsikadze, G; In A Complex Whole Body Dynamic Balance
Ludolph, N; llg, W; Task In Young Healthy Subjects
Timmann, D

1020 Streepey,). W.;Angulo- The Role Of Task Difficulty In The Control Of 2002 Human Movement Science 21 4

Kinzler,R.

Dynamic Balance In Children And Adults

244



Id Authors Title Pub Periodical Vol Issue
Year
1022 Sullivan B, Harding Ag, Improvements In Dynamic Balance Using An 2012  Games Health J 1 4
Dingley J, Gras Lz. Adaptive Snowboard With The Nintendo
Wii.
1023 Sung Min,S. O. Influence Of Resistance Exercise Training To 2014  Journal Of Physical Therapy 26 8
N.;Myung,Kyu Park;Na Strengthen Muscles Across Multiple Joints Science
Kyung,L. E. E. Of The Lower Limbs On Dynamic Balance
Functions Of Stroke Patients
1029 Suttie,S. J. Differential Effects Of Viewing Four Patterns 1973  Perceptual And Motor Skills 37 1
Of Figure Movement On Performance Of A
Dynamic Balance Task
1030 Tabrizi,H. Comparing The Static And Dynamic 2013 Middle East Journal Of 15 2
B.;Abbasi,A.;Sarvestani,H. Balances And Their Relationship With The Scientific Research
J. Anthropometrical Characteristics In The
Athletes Of Selected Sports
1031 Takacs J, Carpenter Mg, Factors Associated With Dynamic Balance In 2015  Arch Phys Med Rehabil 96 10
Garland Sj, Hunt Ma. People With Knee Osteoarthritis.
1033 Takacs,Judit;Carpenter,M  The Role Of Neuromuscular Changes In 2013 Aging And Disease 4 2
ark G.;Garland,S. Aging And Knee Osteoarthritis On Dynamic
J.;Hunt,Michael A. Postural Control
1034 Takatori K, Matsumoto D.  Relationships Between Simple Toe Elevation 2015 PmR 7 10
Angle In The Standing Position And Dynamic
Balance And Fall Risk Among Community-
Dwelling Older Adults.
1035 Takeshima,N;lslam,MM.; Pattern Of Age-Associated Decline Of Static 2014 Geriatrics & Gerontology 14 3

Rogers,ME.;Koizumi,D;
Tomiyama,N;Narita,M;
Rogers,NL.

And Dynamic Balance In Community-
Dwelling Older Women

International

245



Id Authors Title Pub Periodical Vol Issue
Year

1036 Terada,Masafumi;Harkey, The Influence Of Ankle Dorsiflexion And 2014 Gait & Posture 40 1
Matthew S.;Wells,Ashley  Self-Reported Patient Outcomes On
M.;Pietrosimone,Brian Dynamic Postural Control In Participants
G.;Gribble,Phillip A. With Chronic Ankle Instability

1037 Teyhen,DS.;Shaffer,SW.; Clinical Measures Associated With Dynamic 2014 Journal Of Strength & 28 5
Lorenson,CL.;Greenberg, Balance And Functional Movement Conditioning Research
MD.;Rogers,SM.;Koreerat, (Lippincott Williams & Wilkins)
CM.;Villena,SL.;Zosel,KL.;
Walker,MJ.;Childs,J

1038 Tomomitsu,M.S.;Alonso,A  Static And Dynamic Postural Control In Low- 2013 Clinics (Safa£0 Paulo, Brazil) 68 4
C.;Morimoto,E.; Bobbio,T. Vision And Normal-Vision Adults
G.;Greve,]. M.

1040 Toshi Teruya,T;Machado The Effect Of A Silicone Wristband In 2013 Perceptual & Motor Skills 117 2
Matareli,B;Soares Dynamic Balance
Romano,F;Mochizuki,L

1041 Toulotte,Claire;Thevenon, Effects Of Training And Detraining On The 2006 Disability & Rehabilitation 28 2
Andre;Fabre,Claudine Static And Dynamic Balance In Elderly

Fallers And Non-Fallers: A Pilot Study

1042 Trampas,Athanasios;Mpe Immediate Effects Of Core Stability 2014  Journal Of Sport Rehabilitation
neka,Anastasia;Malliou,Vi  Exercises And Clinical Massage On Dynamic
vian;Godolias,George;Vlac Balance Performance Of Patients With
hakis,Periklis Chronic Specific Low Back Pain

1043 Trousil,T.;Dvir,Z. Dynamic Balance: A Learning Strategy 1983 Human Movement Science 2 3

1044 Tsang,William W. N.;Hui-  Static And Dynamic Balance Control In 2010  Journal Of Aging & Physical 18 1
Chan,Christina Older Golfers Activity

1047 Tsigilis,N.;Zachopoulou,E.; Evaluation Of The Specificity Of Selected 2001 Perceptual & Motor Skills 92 3

Mavridis,Th

Dynamic Balance Tests

246



Id Authors Title Pub Periodical Vol Issue
Year

1050 Tsigkanos C, Gaskell L, Static And Dynamic Balance DeficienciesIn 2016 ) Back Musculoskelet Rehabil 29 4
Smirniotou A, Tsigkanos G Chronic Low Back Pain.

1052 Tsimaras,Vasileios The Effect Of A Traditional Dance Training 2012  Journal Of Strength & 26 1
K.;Giamouridou,Genovefa Program On Dynamic Balance Of Individuals Conditioning Research
A.;Kokaridas,Dimitrios With Mental Retardation (Lippincott Williams & Wilkins)
G.;Sidiropoulou,Maiua
P.;Patsiaouras,Asterios I.

1053 Tsimaras,Vassilios Effect Of Training On The Muscle Strength 2004  Journal Of Strength & 18 2
K.;Fotiadou,Eleni G. And Dynamic Balance Ability Of Adults With Conditioning Research (Allen

Down Syndrome Press Publishing Services Inc.)

1054 Abaraogu, Ukachukwu Depression And Dynamic Balance Recovery 2016 Polish Annals Of Medicine 24 2
Okoroafor; Opara, Among Stroke Survivors: A Preliminary
Michael Chibuike Investigation
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I; Savci S; Acar S; Ozpelit And Balance Confidence In Individuals With Rehabilitation And Prevention
E; Sevinc C; Akdeniz B And Without Pulmonary Arterial
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