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Abstract

Introduction

Sports related groin pain (SRGP) is common, debilitating and often recurrent. Rehabilitation
that addresses strength and flexibility deficits has only moderate effects. Recurrence of SRGP
remains high, suggesting that deficits remain after apparently succe ssful rehabilitation. The
aims of thisthesis were toinform best practice by (i) systematicallyreviewing the literature on
biomechanical factors associated with SRGP (ii) investigating muscle activation and movement
patterns associated with SRGP in both professional and amateur athletes; (iii) investigating
muscle activation and movement patternsimmediately after groininjury alongside their

response to standard rehabilitation.

Methods

A systematicreview with meta-analysis was completed. 84 athletes from foursports (56
professionaland 28 amateur) were recruited and clinically assessed. Hip joint kinematics and
surface electromyography of gluteus medius (GM) and adductor longus (AL) muscles were
measured while performing selected manoeuvres. A further5 athletes had serial measures

duringtraditional rehabilitation from acute injury.

Results

The review found strong evidence for decreased adductor flexibility as a risk factor; and
decreased adductor strength and external rotation range of movement being associated with
SRGP. The GM:AL ratioin injured professionals was increased due to reduced AL activation, a
decreased GM:ALratio was found in amateurs due toa decrease of GM activation. Ininjured
professionals hip kinematicchange matched the sSEMG findings (increased abduction),

whereas no consistent pattern was observed in amateurs. Longitudinal study participants



improved clinically after groin injury, but the muscle activation and movement patterns did not

alter.

Conclusion

These studiesidentified clear muscle activation differences that extend existing the literature
while the kinematic changes are novel. Further, participation leveland sports-specific
subgroups had not previouslybeen identified but are clearly evident. Published guidelines
require amendment, while clinical innovation that addresses sub-group specificbiomechanical
factors inrehabilitation programmes may inform prevention, improve outcome and certainly

warrant furtherresearch.
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Glossary

2D /3D Two dimensional / Three dimensional
Add Adduction

Ag/ AgCl Silver/Silver-chloride

AL Adductorlongus muscle

ANOVA Analysis of variance

ASIS Anteriorsuperioriliacspine

ASLR Active straightlegraise

Cl Confidence interval

CODA Cartesian Optoelectronic Dynamic Anthropometer
df Degrees of freedom

FABER Flexion-abduction-external rotation test
FADIR Flexion-adduction-internal rotation test
FAI Femoroacetabularimpingement

GM Gluteus medius muscle

HD-EMG High density array electromyography
HPL Human Performance Laboratory

HQS High quality study

ICC Intraclass correlation coefficient

MFAP Muscle fibre action potential

MFCV Muscle fibre conduction velocity
mocap Motion capture system

MRI Magneticresonance imaging

MU Muscle unit

MUAP Muscle unitaction potential

MV C Maximal voluntary contraction

Pec Pectoralis muscle

RF Rectus femoris muscle

ROM Range of movement

SD Standard deviation

SE Standard error

SEMG Surface electromyography

SENIAM Surface EMG for Non-Invasive Assessment of Muscles
SHF Standinghip flexion

SLS Single leg squat

SMD Standard mean difference

SRGP Sportsrelated groin pain

TrA Transversus abdominis muscle

UEFA The Union of European Football Associations
VAS Visual analogue scale
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Figure 26: Graphical representation of the results comparing surface electromyography and
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of SLS collectively; in the professional and amateur footballers. Pro — professional
footballers; Am —amateur footballers; SHF — standing hip flexion movement; SLS -
single leg squat movement. * represents significant difference between the control
participants in the professional and amateur subgroups (p <0.01). ....ccccceeeeeeeeeereenennes 202

Figure 35: Graphic representation of the maximal visual analogue scale (VAS) scores
obtained from each participant during each clinical examination as well as the means of
the scores, analysed collectively (palpation and clinical tests) (graph A) as well as
divided into palpation (graph B) and clinical test (graph C) separately. The X axis
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Chapter 1: Introduction

Thesis overview

The Introductory chapter of the thesis provides the background to the problem of sports
related groin pain (SRGP) and clarifies the rationalefor subsequent experimental studies. The
chapter presents the epidemiology of groin injuries, emphasising how common and
troublesome these are in sports medicine. The second section focusses on biomechanical
loadingthrough the pelvis, which may be partly responsible forthe susceptibility of multi-
directional athletestoinjuriesinthe area. | then summarise the most common pathologiesin
the groin region. An additional comprehensive section on the anatomy and pathology of the
groinarea can be foundin Appendix 1. Further, the chapter describes the diagnosticterms as
well as the diagnostic processin athletes with SRGP. The last part of the chapter givesan
overview of treatment strategies. Overall, the introduction argues thereis alack of clarity
aboutthe potential importance of biomechanical factors such as muscle activation and

movement patternsinthe presentation of SRGP —therefore outlining the research space.

Chapter2 isa systematicreview which provides a detailed synthesis of published retrospective
and prospective biomechanical factors associated with SRGP. As well as synthesisinga
substantial body of knowledge, this review further defines the research gapinthe field and
strengthens the rationale for the experimental work in the thesis. Simultaneously, the review
isalso an original piece of work, which separates, synthesises and analyses clinically applicable

biomechanical variables and provides a clear, novel and useful message for clinicians.

Chapter 3 of the thesis details overt aims and hypotheses, inthe form of null hypotheses. The
aims are then addressed by separate chapters of the thesis. The alternative hypotheses are

includedinthe introduction of each separate chapter.
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Chapter4 isa methods chapter which serves two purposes. Firstly, it describes my decision-
making process when choosing the optimal data collection, data processing or analysis method
by outlining the pros and cons of the most popularsolutionsand, in consequence, the
rationale of the final choice. Secondly, this chapter clearly describes the chosen data
collection, processing and analysis methods using worked example by explaining the step-by-

step data processing methods and presenting graphicrepresentations where relevant.

Chapter5: This study addresses one of the aims of the thesis whichis to establish in my hands,
and unusuallyinthis body of literature, the reliability of pelvicgirdle surface electromyography
and hip jointkinematic measurement during standing hip flexion (SHF) and singleleg squat

(SLS) manoeuvres.

Chapter 6; This observational study presents cross-sectional retrospective differencesin
gluteus medius versus adductorlongus muscle activation ratios measured by surface
electromyography, and hip joint kinematics measured by the CodaMotion capture system
between healthy athletes and those suffering from SRGP. Measured groups are from four
different sportsdisciplines and in two sportsinclude both amateurand professional cohorts.
The study procedure enabled usto explore associations between the movementand muscle
activation patterns and SRGP. Separate analysis of the sports groups allowed for excluding
potential bias of different biomechanical characteristics that may be associated with different
sports and levels of participation. The results of the study showed clear biomechanical
alterations betweenthe healthy andinjured athletes; therefore the level of play and sporting
discipline, which may be likely to play abigrole in the mechanism of injury, needs to be

controlled when investigating the biomechanics of the athlete with injury.

Chapter7: Thislongitudinal study presents the results of arepeated-measures study which
investigated muscle activation and movement patterns during the time-course of

rehabilitation from acute injury. This study was completed in orderto discover whether the
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biomechanical imbalances discovered in previous, observational study, have a primary or
secondary character, and whetherthey may be improved by the currentrehabilitation

programmes.

The Last chapterof the thesis, chapter 8, discusses the study results in the context of other
literature published in the field. It also considers the main study limitations, future directions

and final conclusions.

Background

Sports related groin pain (SRGP) isa common entity, particularly in contact sports requiring
repetitive high-speed kicking, twisting, pivoting and side-to-side movements (Lovell, 1995,
Slavotinek etal., 2005); such as football, rugby and hockey. Itis often associated with high
recurrence and prolonged time away from sport (Weiretal., 2009), and together with
hamstringinjuriesis responsibleforthe longest time away from playing sport (Orchard and
Seward, 2011). The poor treatment outcomes and high recurrence rate make SRGP a key area
for detailed studyin orderto deepen understanding of the pathophysiology and ultimately

improve management.

The difficultiesin diagnosis and treatment of SRGP result partly from a lack of consensus
amongst researchers and clinicians in classification of the functional anatomy of the areaand
the large range of diagnosticterms used (Weiretal., 2015, Bradshaw et al., 2008). Patients
suffering from SRGP are often ‘diagnosed’ with osteitis pubis, adductortendinopathy,
sportsman’s hernia, Gilmore’s groin oriliopsoas-, rectus abdominis- and adductor-related
musculardisorders. Various underlying tissue pathologies are likely to coexist (Holmich, 2007)
and thereisa lack of clinical orimaging tests with high levels of sensitivity or specificity (Weir
et al., 2015). SRGP was operationally defined in my thesis atthe outset based on carefully

considered pragmaticcriteria, designed to exclude hip joint pathology and include over-
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lapping softtissue derangement and dysfunction diagnosesin the relevantanatomical area.
No single published model was judged satisfactory at the time. The robustness of ourapproach
can be inferred from the close agreement to anidentical basket of pathologies defined atthe

recent Doha agreement (Weiretal., 2015).

SRGP usually has an insidious onset, but might also commence as an acute groin strain, which
then becomes chronic (Frickeretal., 1991, Renstrom and Peterson, 1980). SRGP isa challenge
to diagnose and, consequently, manage due to the complexity of pelvicgirdle anatomy with
multiple inter-dependent structures (Falvey etal., 2009) and the complex loading associated
with the central-lateral load distribution from the spine to pelvis and hips (Dalstraand Huiskes,
1995, Dalstraet al., 1993). Simple length, strength, range and palpation tests seemed
inadequate tofully elucidate diverse athlete presentations. Further,|feltthere wasastrong
argument— particularly from a rehabilitation perspective and in view of the overalpping
pathology - for potentially classifying patients by movement pattern ratherthan tissue
diagnosis (Sahrmann, 2001). For thisto be valid and for innovative treatments to be
subsequently determined, there needed to be studies determining whether common

movement patterns existatall - and if so, of what nature, andin whom.

An international consensus on the taxonomy of groin injuries (Doha agreement) has been
published very recently (Weiretal., 2015). It provided a useful tool for both clinicians and
researchers, asitestablished terminological agreement and should enable groin painresearch
to move forward (Delahuntetal., 2015). Additionally, anumber of recommendations
regarding furtherresearchinthe groin area have beenidentified, including specific
recommendations considering epidemiology, risk factors, clinical examination, outcome
measures, the role of imaging, and treatment of groin injuries (Weiretal., 2015, Delahuntet

al., 2015) —all of which are coveredinthisintroduction.
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What is not presentinthe consensus, are consideration of the roles adverse movement
patterns or muscle activationimbalance may play in SRGP occurrence and maintenance. This
reflectsamajor gapin the literature, ratherthan beingan errorin the consensus state ment.
What is perhaps more surprisingisthat consideration of sub-groups —and especially the sub-
groups of elite vs non-eliteathletes—is also not strongly represented in eitherthe literature or
the consensus. My thesis was positioned to address exactly those gaps, extending the promise
of previous smaller-scaleinvestigations of SRGP and recurrent hamstringinjury by our
research group, that have shown findings worthy of further more detailed exploration (Daly et
al., 2015, Morrissey etal., 2012a). A central theme of my thesis was therefore exploration of
whetherbiomechanical factors such as kinematically described movement patterns and
electromyographically measured muscle imbalance might be relevant to SRGP presentation
and management; and whethersports and participation-level specificgroups may be identified

using such methods.
Epidemiology

Epidemiology in football

The incidence and prevalence of groin pathologies have been reportedin avariety of sports.
One of the sports disciplines most commonly mentioned in relation to groininjuriesisfootball.
A prospective, high quality UEFA study investigated epidemiology of hip and groininjuriesin
28 professional teams over 7seasons (Werneretal., 2009). The prevalence forthose types of
injuriesinfootballwas reported to be between 12% and 16%. Thisis consistent with other
authorsreporting groin pathologies to accountfor 11% - 16% of all football injuries annually
(Hagglundetal., 2006, Ekstrand and Gillquist, 1983, Hagglund et al., 2009, Hawkins and Fuller,
1999). The study of Ekstrand (Ekstrand and Hilding, 1999) on two professional football

divisions (176 players) found groininjuries constitute 8% of all football injuries in 1995.
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Epidemiology in rugby

Epidemiological reportoninjuriesin professional English rugby union (Brooks et al., 2005a,
Brooks et al., 2005b) has investigated the incidence and severity of rugby players during
matches and training. The incidence of groin pathologies was 3.29 and 0.1 injuries per 1000
player-hours during training and matches, respectively. Groin injuries were also responsible for
101 (training) and 25 (match) absent days, and in consequence were ranked the fourth most
severe injury among rugby players. O’Connor (O'Connor, 2004) reported a very high, 23% risk
of sustaininggroininjuryin aprospective study on professional rugby players over a 2-year

period. Thisrate is consistent with datafrom Gibbs (Gibbs, 1993).

Epidemiology in hockey

Groin injuries are also recognized as amajor cause of morbidity in professional hockey players
(Irshad etal., 2001). Emeryetal. (Emeryetal., 1999a) reported anincidence of 20 groin or
abdominal injuries per 100 players annually and anincreasing trend of these injuries incidence
(increasingrate of 1.32 (95% confidence interval -0.58, 3.21) injuries/100 players/year). A
study on sub-elite Swedish hockey players over four seasons, published by Pettersson
(Pettersson and Lorentzon, 1993), found groin strains were the third most commoninjury,
accounting for 8% of all injuries. Another epidemiological study by Agel etal. found hip and
pelvis pathologies most common injury areaduringtrainingamong Collegiate Ice Hockey male

playersovera 16 years period (Agel etal., 2007).

Epidemiology in Australian Football league

The 2010 Injury Reportin Australian Football, published by Orchard in 2011 (Orchard and
Seward, 2011) (Table 1), showsthat groininjury incidence failed to decrease between 2001
and 2010. Prevalencerate of this type of injuries, described as missed games perclub per

season, was the second highest value after hamstring strains. Groininjuries also had the
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highest (recurrentgroin injuries constituted 20% of all reported groin injuries) recurrence rate

fromall reportedinjuries.

Groininjuries 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 10yrA
Incidence 3.5 3.8 2.9 3.1 2.9 3.3 4.1 3.2 3.3 4.1 3.5
Prevalence 13.6 15.7 13.7 13.3 11.2 14 18 12.4 11.7 15.3 13.6
Severity 3.9 4.1 4.8 4.4 3.9 4.3 4.4 3.9 3.5 3.7 3.9

Recurrencerate 20% 23% 20% 24% 23% 28% 38% 23% 19% 20% 20%

Table 1: Key indicators for groin injuries over past tenyears in Australian football (Orchard and
Seward, 2011)

Epidemiology in other sports

Groin injurieswere also reportedin othersportdisciplines. In Australian Cricket team they
were the 5" most commoninjury (7% of all injuriesin players peryear) overtwo seasons
(Orchard et al., 2002a). Swimmers, (mainly breaststroke discipline) also have a highincidence
of groininjuries. Out of 296 surveyed breaststroke swimmers, 42.7% had missed at least one

day of training due to groin problems (Grote, 2004).
Risk factors in groin pathologies

Highincidence, prevalence and morbidity of SRGP has led to considerableinterestamong
researchers toidentify risk factors forthis entity in orderto better understand the
mechanisms and facilitate prevention strategies. One systematicreview (Hrysomallis, 2009)
investigated the adductor muscle features associated with future SRGP and found low to
moderate evidence of decreased adductor muscles strength and flexibility associated with

increased risk for subsequent SRGP.

Two recently published systematic reviews identified factors consistently emerging fromthe
literature as the risk factors for SRGP: previous adductorinjury, decreased adductor strength

and reduced sports-specifictraining (Maffey and Emery, 2007, Whittaker etal., 2015).
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Previous adductor orabdominal injury was reported as arisk factorfor groinstrainsin a
number of separate studies (Emery and Meeuwisse, 2001, Engebretsen etal., 2010, Arnason,
2004, Gabbe et al., 2010). A high quality, prospective study of professional footballers
(Arnason, 2004) reported that previous groininjury makes a player 7 times more susceptible to
injury comparedto uninjured player. These results are consistent with increased risk profile
following exposure to musculo-skeletalinjury in general (Hagglund etal., 2006, Maffey and
Emery, 2007). Age was foundto be anotherimportantrisk factorin groininjuries (Arnason,

2004).

Emery et al. (Emery and Meeuwisse, 2001) reported much higherrisk of groin injury associated
with decreased number of sport-specifictraining hours. This might be related to otherfinding
of Arnason etal. (Arnason, 2004), who reported, thatinjured players had significantly higher

body fat compared to healthy cohort.

Itistherefore importantto note, thatapart fromfactors more universally defining the risk
factors for muscularinjuries such as age and decreased number of training hours, there is also
some evidence of simple biomechanical changes that precede pain onset. Those measures, as
well as the more sophisticated so under-researched biomechanical investigations therefore

warrant further study toimprove our understanidng and management of SRGP.

Biomechanics of load distribution through the pelvis

The location between stable pelvis and mobile hips makes the groin area potentially very
sensitiveto biomechanical load or muscle activation imbalances transferred between the torso

and lowerlimbs, regardingin particularthe loading distribution.

Additionally to aspecific ‘sandwich-like’ bony structure of the pelvis, with the extrastrong
cortical shell and relatively soft layer between external core, muscles have been reported to

significantly influence loadinginthe area. The pelvicstress forces were reported to be
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significantly decreased when applying muscleforces to the bony pelvicmodel (Dalstraand
Huiskes, 1995). Specifically, the muscularforce inputin the purely bony model of the pelvis
was reported to have a largely stabilising effect on the hip joint, compensating the hip joint
reaction forces. This may suggest, thatany weakness of any muscle attachingto the pelvis
(particularly to pubicsymphysis where the largest stresses occur) mightincreasethe loading

and lead to pathologies.

Sophisticated biomechanics of the pelvis and the stress distribution dependency of muscular
supportreported by Dalstra might suggest a particularsusceptibilityto pathologiesin this
area. Any muscularimbalance regardingincreased or decreased forces acting on the pelvic-hip
area may easily modify the stresses in pelvicregion (particularlypubicbone) and lead to

pathologies.

Thisis one of the reasons why the design of SRGP treatment strategies provides such a
challenge forclinicians (Falvey etal., 2009). The simple model of pelvicand hip loading
presented above becomes much more complexduring dynamic, unilateral tasks, such as
walking and jogging; even more in movements such as kicking, pivoting, cutting, side -to-side
runningor changing directions (Marshall et al., 2015), which are thoughtto increase the
susceptibility for SRGP. In order to manage those high biomechanical demands, a high number

of structures need to co-operate in an optimally balanced manner (Dalstra and Huiskes, 1995).

SRGP is often suggested to be an effect of overuse and overload of, initially, one single
structure (Pizzari etal., 2008, Lynch and Renstrom, 1999, Marshall etal., 2015). Followingthis
initial pathology, other structures may be exposed to relatively higher demands, leading to
furtheroverload, injury, pain or other mal-adaptations (Mueller and Maluf, 2002, Bussey,
2010, Renstrom and Peterson, 1980). This mechanism then results in multi-factorial, multi-

structural symptoms, with alack of clearly defined pathology within one structure and
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biomechanical adaptive alterations regarding muscle features and movement patterns

(Bussey, 2010).

A comprehensive and clinically applicable model of pelvis and hip loading was presented by
Meyers etal. (Meyers etal., 2007), who focused onthe pubicsymphysis as a central point of
the groin region and highlights the importance of the functionaland biomechanical
interactions between the abdominaland adductor muscles. The authors also provided insight
intothe biomechanical requirements of the pubicand groin area by presenting the directions

of the forces acting on the pelvis and pubicsymphysis (Figure 1, Figure 2).

1. Rectus abdominis
2. Adductor longus

3. Adductor brevis

4. Adductor magnus
5. Gracilis

6. Obturator externus
7. Pectineus

8. Quadratus femoris
9. Levator ani mm.
10. Obturator internus
11. Semimembranosus
(to tibia)

12. Biceps femoris

(to fibula)

Figure 1: Medial view of the pelvis depicting the direction of forces acting on the pelvis and
influencing pelvic tilt (Meyers et al., 2007).
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Accordingto Meyers, the initial cause of painand pathologyinthe groin may be due to the

multiple muscularinsertions to pubicsymphysis, which may likely provide imbalances forces

appliedtothe pelvicand groin area.

Additionally to presenting an anatomical, biomechanical and functional approach, Meyers also

provided some diagnosticadvice. Using the pubicsymphysis as the reference point, he

1. Rectus abdominis
5 2. Adductor longus
3. Adductor brevis
4. Adductor magnus
5. Gracilis
6. Obturator externus
7. Pectineus
8. Quadratus femoris
9. Levator ani mm.
10. Obturator internus
11. Semimembranosus
(to tibia)
12. Biceps femoris (to fibula)

Figure 2: Anterior view of the pubic ramus with schematic depiction of the many forces acting on the
pubic joint (Meyers et al., 2007).

distinguished clinical entities belowas well as above the central point, which leads to focusing
more on abdominal and “uppergroin” area ratherthan adductors. This approach provides a
description of pathologies occurringinabdominal areaandistherefore animportantoverview

of entities commonly confused with hernias. This review provides avery comprehensive
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historical, anatomical, functional and biomechanical overview of SRGP but may be somewhat
out-dated. The previously presented model by Falvey et al. (Falvey etal., 2009) includes all of
those key elements, providing an additional clinical and diagnosticlayer which | deemed to be
a the optimal approach at the research design stage. Optimal but notideal, as none of the
published models had been subjectto robust validation, norwere they based on a body of

biomechanical literature on SRGP —thus indicating a clearresearch space for my studies.
Terminology in groin pain

There had been an on-going debate and lack of agreementamongresearchers and clinicians
regardingthe diagnosis and terminology of symptomsin the pelvis and groin areas. Anumber
of terms had been used throughout (for example: osteitis pubis, Gilmore’s groin, hockey’'s
groin), with slightly different diagnosticcriteria. This led to general confusion and
misunderstanding, as well as preventing groin pain focused research movingthe field forward
due to the lack of similarcriteriaforincluded injured participants. However, avery recently
published Doha agreement on the terminology and diagnosis in athletic groin pain provides

clearand structured guidelines, which will allowthe researchin the areato move forward.

The published agreement was an effect of the meeting of the international group of expertsin
the groin pain research and treatment held in Doha, Qatar. Priorto the meeting, the
organising committee has sentouttwo case studies of athletes presenting with groin
symptoms tothe group of 23 expertsinternationallyin orderto receive fromthemapreferred
termfor the diagnosis. The feedback from these studies served as the basis forone -day
discussionregarding the terminology and diagnosis of groin symptoms. The effect of this

discussion was then published as a consensus statement.

Groin painin athletes was a preferred term to name the paininthe groin area, which was

related to sports. This was then divided into three main sub-groups: (i) defined clinical entities
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for groin pain (adductor-, iliopsoas-, inguinal- and pubic- related pathologies); (ii) hip joint
related pathologies; (iii) other causes of groin pain (forexample nerve entrapment orreferred

pain).

Throughoutthisthesislam using the term sports-related groin pain (SRGP), whichiis
consistent with the first sub-group defined by the group of experts, andincludes all
pathologies mentioned inthe publication, and excludes the other causes of groin pain. Atthe
time of designingthe research protocol forthe studiesincluded in the thesis (2011) there was
still little agreement of the terminology and diagnosis, therefore based on the available
research at that time | chose to use self-selected inclusion and exclusion criteria. These,

however, provedto be consistent with the Doha agreement.

A detailed overview of most common pathologies causing the groin painin athletes can be

foundin Appendix 1(p. 264).
Diagnosis

Physical assessment

SRGP is often associated with high recurrence and prolonged time away from sport (Weir et

al., 2009) therefore early and accurate diagnosisis essential to prevent chronicity.

Groin pain gradually arising from musculo-skeletal origin is often suggested to be an effect of
overuse and overload (Pizzarietal., 2008, Lynch and Renstrom, 1999). Moreover, there are
often multiple diagnoses (Holmich, 2007, Nam and Brody, 2008, Caudill etal., 2008) and the
pathologies may arise from poor biomechanics, pelvis instability and muscle imbalancesinthe
groinarea (Harrisand Murray, 1974, Mandelbaum and Mora, 2005). Detecting functional
abnormalities of muscles and bonesinthe areais considered crucial to effectively treat groin

symptoms (Pizzari etal., 2008).

36



Diagnostic procedure should therefore include both the physical examination of the
movement quality assessment, which would help to discover potential biomechanical
imbalances; and diagnosticassessment of certain structures, which mightalready be
pathologically altered as a consequence of poor biomechanics. The Doha agreement (Weiret
al., 2015) provides useful guidelines regarding the diagnostic process of SRGP. Some good
diagnosticrecommendations were also given by Falvey etal. (Falvey etal., 2009) alongthe

definition of the groin triangle.

The assessmenttechniques of groin symptoms (adductor muscles strength and flexibility,
iliopsoas musclestrength and flexibility) include pain reproduction and reveal potential
biomechanical imbalances and strength and flexibility deficits. They were reported to be
reliable (Holmich etal., 2004, Malliaras et al., 2009) and are widely usedin the diagnostic

process of groin pathologies.

Most common causes of athleticgroin pain are adductor-, iliopsoas-and abdominal related
(Holmich, 2007). Reliable assessment of adductor, iliopsoas and abdominal muscles should
include palpation, strength and flexibility measurements (Holmich etal., 2004, Malliaras et al.,
2009, Weiretal., 2015). Inthe strength and flexibility measurements, both pain reprod uction

and side-to-side asymmetries are assessed.

Pain during palpation of adductor muscle insertion to pubicbone and 2-4 cm distally (6-8on
“pubicclock”) allows detecting the abnormalities such as adductortendinopathy,
ethensopathy and musclulo-tendinous junction pathologies (Falvey etal., 2009). Bilateral
adductorstrength (in0°, 30° and 45° of hip flexion (squeezetest))and flexibility (lying supine
(Holmich etal., 2004) or bentknee fall out test (Malliaras et al., 2009)) measurements detects
muscle pathologies when reproducing pain. According to the Doha agreement, the painor
tenderness on palpation of the adductor muscles and during resisted adduction are the

diagnosticcriteriaforadductor-related groin pain (Weiretal., 2015).
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Reproduced pain during palpation of the iliopsoas muscle (superiorlytoinguinal ligament),
strength and flexibility testing (modified Thomas’ test) suggestsiliopsoas muscle pathology
(Falveyetal., 2009, Holmich etal., 2004). Asymmetry in strength and flexibility measurements,
similarly to adductor muscles, might detect biomechanical imbalances, which should be
addressed inrehabilitation. Pain on palpation and during strength or flexibility testing are the
diagnosticcriteriaforiliopsoas-related groin pain according to the Dohaagreement (Weiret

al., 2015).

Pubic-related pathologies can be suspected with the pain reproduction on the palpation on the
pubicbone and adjacentbones (Weiretal., 2015). No particularstress or resistance test was

identified to further diagnose the pubic-related pathology.

Abdominal musculature assessment should alsoinclude both pain reproduction during
palpation, strength and flexibility assessment. Pain on palpation directed at “12” on the “pubic
clock” is consistent with ethensopathy ortendinopathy of rectus abdominis muscle (Falvey et
al., 2009). This is supported by painful abdominal functional tests (resisted sit-ups) (Falvey et
al., 2009, Holmich etal., 2004). Weakness detected during this testimplies potential muscular

imbalancesin pelvicand pubicsymphysis areas.

Femoro-acetabularjointand acetabularlabrum pathologies are commonly associated with
groin symptoms (Narvani etal., 2003). Hip pathologies, particularly labral tears, still presenta
diagnosticchallenge (Wengeretal., 2004, Martin etal., 2006). Falvey etal. advises usingthe
impingementtestto detect these groups of entities. This test (as wellas the commonly used
FABER test) was reported to be specificbut only moderately sensitive compared to MRl scans
(Troelsenetal., 2009). Therefore, MRl scans are still the “gold standard” in diagnostic process

of hipand labrum pathologies (Chan et al., 2005, Freedman et al., 2006, Troelsen etal., 2009).

Accordingto Lovell (Lovell, 1995), sportsman’s hernia (referred to as “hernia without

herniation”) isthe most common clinical entity responsible for groin symptoms among 189
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athletes with groin pain. Falvey describesitas “incipitent hernia” and, following otherauthors,
proposes reproduction of pain duringresisted “torsion” of the trunk or as a result of palpation
on superficialinguinal region (Gilmore, 1998, Kumar, 2004). However, many authors referto
“sport’shernia” as a diagnosis of exclusion (Atkins et al., 2010), so furtherinvestigations to

potentially exclude this entity from the differential diagnoses is necessary.

Imaging

When groin symptoms presentatypically, do notrespond to rehabilitation as expected or
thereisa suspicion of underlying serious pathology, imaging techniques give the opportunity

to make the diagnosticprocess shorterand less frustrating (Albers etal., 2001).

Magneticresonance imaging (MRI) isa commonly reported technique used in diagnosing
pathologies associated with SRGP. Many authors report a high percentage of pathologies
discovered by using MRI(Albers etal., 2001, Ekbergetal., 1996, Johnston etal., 2005,
Kunduraciogluetal., 2007, Lawande et al., 2007, Zoga, 2009). It is frequently used to establish
the diagnosis of pubicsymphysis pathologies, hernia or muscularethesiopathies. Italso
facilitates exclusion of other potential hip pathologies as labral tears (with contrast

enhancement)and femoro-acetabularimpingement.

Ultrasonographicinvestigations may also be of use in the diagnostic process for SRGP. They
have been used previously for the diagnosis of groin pain, but mainly in non-athletic
populations (Truongetal., 1993, Deitch and Soncrant, 1981). Few studies advocate the use of
ultrasonography in SRGP, primarily to excludethe true hernias from the differential diagnoses

(Daviesetal., 2010, Orchard et al., 1998).

Otherreportedimagingtechniquesinclude plain film radiography and herniography (Ekberg et
al., 1997, Ekstrand and Hilding, 1999). Both are reported to be reliable, butthey are useful in

only a limited number of cases. Similarly to ultrasonography, they are mainly used to exclude
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the morphological ortraumatichip joint pathologies (radiography) or true hernias

(herniography).

Functional assessment

Althoughthe Dohaagreement provided avery useful tool of the definition and diagnoses of
groininjury, the mechanisms and inter-relation of different structures associated with painis
still notwell understood (Weiretal., 2015). It is agreed, that the symptoms presentinginthe
groinarea may have various aetiologies and are usually caused by a number of underlying
structures (Falveyetal., 2009, Weiretal., 2015, Holmich, 2007). The complexity of the
biomechanical demands of the area as well as multi-factorial cause of SRGP providesan
argument for classifying patients by movement pattern rather than tissue diagnosis
(Sahrmann, 2001), which is not mentioned in the Doha agreement nor present stronglyinthe

literature.

Similar problems wereidentified in relation to other pathologies, such as shoulder painand
lower back pain (Roussel etal., 2013, Roussel etal., 2009, Worsley etal., 2013, Mottram et al.,
2009), where identifying a discrete symptomaticstructure is often challenging. In these cases,
the rehabilitation strategy focusing on a movement pattern ratherthan being pathology may
be a suitable way forward (Worsley et al., 2013, Mottram etal., 2009, Roussel etal., 2013).
The argumentis that identifying adverse movement patterns and muscle activation
imbalancesin SRGP, leads directly to relevant rehabilitation decision-making and may

ultimately improve rehabilitation outcomes and reduce recurrence.

In groin pain area, this is supported by a variety of previous research on muscularfunctionin
SRGP, the vast majority of which used very vague inclusion criteria of the participants (Arnason
et al., 2004, Cowan et al., 2004a, Crow et al., 2010, Jansenetal., 2010, Malliaras et al., 2009,
Mens et al., 2006). The majority of those studiesincluded participants suffering from groin

symptoms forat least 4-6 weeks and presenting with pain reproduction during palpation of
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the groin and populartestssuch as the ‘squeeze’ test. All studies show strong results, which
justify the more general and descriptive, ratherthantissue specific strategy in athletes with
SRGP. A comprehensive overview of all studies published on the biomechanical factors
associated with SRGP and further considerations on the inclusion criteriaand terminology

usedinthose studies are presentedin Chapter 2: Systematicreview (p. 45).

Treatment

Progressive rehabilitation

An active, exercise based therapy(optimally combined with a manual treatment) has been
reportedto be most effectivein SRGP (Weiretal., 2011b, Jansenetal., 2008, Machotka et al.,
2009). However, high re-currency and symptoms that persist despite treatment suggest that
there are underlying, not yetrecognised factors that contribute to SRGP and prevent a
consistently full recovery. Commonly agreed, multi-structural nature of SRGP (Delahuntetal.,
2015, Weiretal., 2015, Falveyetal., 2009) makes a successful recovery challenging, butthere

isagreementthata multi-focused therapy needs to be applied.

Acute groininjuries commonly affect adductor muscles and tend to heal quickly. However,
significant percentage of these injuries might turninto chroniccondition, makingthem one of
the major risk factors for subsequent SRGP (Arnason, 2004). The chronic SRGP is mainly
treated by physiotherapy regardless of problems with diagnosis (Jansen et al., 2008, Machotka

et al., 2009).

Active physical treatment focusing on stretching and strengthening of hip and pelvicstability
musclesisreported to be effective (Holmich et al., 1999, Rodriguezetal., 2001). These findings
are more positive thanin arecently published high quality randomized controlled trial
comparing the outcomes of exercise (adductors, abdominal and stability exercises)and multi -
modal (heating, manual therapy and stretching) therapyin 54 athletes (Weiretal., 2011b).
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Although agreater percentage of athletes came back to sports after exercise therapy (55%)
than after multi-modaltherapy (50%), the multi-modal group returned to sporting activity
quicker (after 12.8 weeks) than the exercise group (17.3weeks). Outcomes of physical therapy
were alsoreportedto have far less positive outcomes than operative treatmentin randomized
clinical trial by Paajanen et al. Compared to 90% of participants who underwent surgical
treatment, only 27% of those treated conservatively have returned to sport within 3 months
since the commence of the treatment (Paajanenetal., 2011). However, the MRl or
herniography confirmation of true hernia or severe pubicsymphysis pathology was one of the

inclusion criteriaforstudy participants, with the SRGP subgroup not clearly extracted.

Injection therapy

Studies investigating the outcomes of steroid injections in groin pain treatmentrep ort 100%
returnto sport in symptomaticathletes, but they lack the control group to compare the
outcomeswith (Holtetal., 1995). The injections were usually used in groin pain diagnosed as
“osteitis pubis” (Holtetal., 1995, O'Connell etal., 2002). This entity was reported to be a self-
treating pathology, healing naturally overaperiod of time (Lynch and Renstrom, 1999), which
may provide alarge bias for this study. Prolotherapy (12.5% dextrose and 0.5% lidocaine
injectedintenderregion) was reported to have good outcomes in a case study/series? (Topol

et al., 2005), butthe level of evidenceis low.

Surgery

Surgical intervention is usually considered when conservative treatmentis unsuccessful
(Jansenetal., 2008). The outcomes, therefore, are only reported foranarrow population not
respondingto physiotherapy. The interventions vary depending on the final diagnosis. When
sport’shernia(referredto as a functional deficiency of the abdominal wall without true hernia)

was suspected, Bassisni herniarepairormesh repairis undertaken (Smedbergetal., 1985,
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Ingoldby, 1997, Taylor etal., 1991, Hackney, 1993). Reported results are excellent, but the

quality of the studiesis low to moderate.

In adductor-related problems, adductortenotomy was reported to have positive results by
two studies with low level of evidence (Martens etal., 1987, Akermark and Johansson, 1992).
When positive outcomes from the above techniques are not realised, neurotomy of the ilio-

inguinal or obturator nerve can be applied (Bradshaw etal., 1997, Polglase etal., 1991).

Conservative managementtendsto be the first option (Jansen et al., 2008) aftera period of

restand NSAIDs intake. Steroid injections are sometimes given simultaneously.

Deficits in knowledge about treatment

Although anumber of simple biomechanical deficits in athletes with SRGP have been
described, notall of them have been addressed in evaluated rehabilitation programmes.
Additionally, norecommendations about dysfunctional movement patterns or muscle
imbalance have been described. Strengthening of the adductor, abductor and abdominal
musclestend to be the primary elements of the published treatment strategies, butlittle
attentionis givento muscular balance or movement patternsin either static or dynamic
conditions. The paucity of research investigating these patterns has also been recognised by
the Doha agreement, which highlights specificof movement analysisin SRGP as one of the

area forfurtherresearch (Weiretal., 2015).

A strong association between the movementand pathology has been found in other multi-
structural entities such as shoulderand back pain (Mottram et al., 2009, Roussel etal., 2009).
Some of the simple biomechanical measures, such as strength and flexibility deficits, have also
beenfoundinassociation with SRGP. They are systematically reviewed in Chapter 2, which

summarises current knowledge about the biomechanical signatures of SRGP in athletes. These
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simple measures indicatethat there may be some benefitin exploring more complex

biomechanical mechanisms and the deficit of abody of researchinthis area was noted.

Therefore, additionally to already described biomechanical deficits in athletes with SRGP,
investigating the kinematics and muscle activation patternsin athletes with SRGP seemed to
be a natural step forward. However, in orderto consideraltering treatment guidelines, further
explorationisfirstrequired to determine whether such deficits exist. These represent

significant gapsinthe literature, which the thesis addresses.

The aims of this thesis are therefore toimprove our understanding of the biomechanical
characteristics of SRGP in athletes by exploring associated movement and muscle activation
patterns. Additionally, it was decided to explore how these might differ between sporting

groups and participation levels, in orderto inform prevention and rehabilitation planning.
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Chapter 2: Systematic review

Movement and muscular function in sports related groin pain: a systematic review with

meta-analysis.

Chapter overview

This chapter reviews the published evidence on the movement and muscular function
associated with sports related groin pain (SRGP) —prospectively and retrospectively. By
summarising these associations italsoidentifies aresearch gap and thus provides further
rationale forthe experimental chapters of this thesis. This summary shows that there are clear
associations between simple biomechanical measures, such as strength and flexibility, and
SRGP - which are consistent between studies despite no cleardiagnoses. Howeververy little
attention has been given to more sophisticated biomechanical measures, potentially abarrier

to designing more successful rehabilitation programmes and improving outcomes.

Abstract

Background: Sports related groin pain (SRGP) isa common entity in rotational sports such as
football, rugby and hockey, accounting for 12%-18% of injuries each year, with high recurrence

rates and often prolonged time away from sport.

Objective: This systematicreview synthesizes movement and muscle function findings to

betterunderstand deficits and guide rehabilitation.

Study selection: Prospective and retrospective cross-sectional studies investigating muscle
strength, flexibility, cross-sectional area, electromyographicactivation onset and magnitudein

patients with SRGP were included.
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Search methods: Four databases (Medline, Web of Science, Ebsco and EMBASE) were
searchedinlJune 2014. Studies were critiqued using a modified version of the Downs and Black

Quality Index, and meta-analysis performed.

Results: Seventeen studies (14 high quality, 3low quality; 8 prospective and 9 retrospective)
were identified. Prospective findings: Moderate evidence indicated decreased hip abduction
flexibility as arisk factor for SRGP. Limited orvery limited evidence suggested that decreased
hip adduction strength duringisokinetic testingat ~119 °/s was a risk factor for SRGP, but no
associations were found at ~30°/s or ~210°/s, or with peak torque angle. Decreased hip
abductorstrengthin angular velocity ~30 °/s but not in ~119°/s and ~210 °/s wasfound as a
risk factor for SRGP. No relationships werefound with hip internal or externalrotation range
of movement, norisokineticknee extension strength. Decreased isokinetic knee flexion

strength also was a potential risk factor for SRGP, at speed ~60°/s.

Retrospective findings: There was strong evidence of decreased hip adductor muscle strength
duringa squeeze testat45°, and decreased total hip external range of movement (sum of both
legs) being associated with SRGP. There was strong evidence of no relationship to abductor
muscle strength norunilateral hip internal and external rotation range of movement.
Moderate evidence suggested thatincreased abduction flexibilityand no change in total hip
internal range of movement (sum of both legs) were retrospectively associated with SRGP.
Limited or very limited evidence (significant findings only) indicated decreased hip adductor
muscle strength during 0° and 30° squeeze test and during eccentrichip adduction test, but
decreaseinisometricadductors to abductors strength ratio at speed 120.32°/s; decreased
abductorsto adductors activation ratioin early phase in movinglegas well asinall three
phasesinweight-bearingleg during SHF; increased hip flexors strength during isokineticand

decrease intransversus abdominis muscle resting thickness associated with SRGP.
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Conclusions: There were anumber of significant movement and muscle function associations
observedinathletes both priortoand following the onset of SRGP. The strength of findings
was hampered by the lack of consistent terminology and diagnosticcriteria, with there being
clearguidesforfuture research. Nonetheless, these findings should be considered in

rehabilitation and prevention planning.
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Introduction

Sports-related groin pain (SRGP) isacommon clinical entity, accounting for 12% - 16% of all
sportsinjuries (Werneretal., 2009, Ekstrand and Hilding, 1999). It is particularly prevalentin
sportsinvolving rotation and cutting movements, such as football, rugby and hockey (Orchard
et al.,1998). It is often associated with prolonged time away from playing (Holmich etal.,

1999, Weiretal., 2010) and therefore considered asignificant problem in professionalsport.

The difficulties in diagnosis and treatment of SRGP are partly caused by the lack of consensus
amongst researchers and cliniciansin classification of the functional anatomy of the areaand
the large range of diagnosticterms used (Weiretal., 2015, Bradshaw et al., 2008). Patients
suffering from SRGP are often ‘diagnosed’ with osteitis pubis, adductor tendinopathy,
sportsman’s hernia, Gilmore’s groin as well asiliopsoas-, rectus abdominis- and adductor-
related musculardisorders. Various underlying tissue pathologies are likely to coexist
(Holmich, 2007) and there is a lack of clinical orimagingtests with high levels of sensitivity or
specificity. Further, there is astrongargument — particularly from a rehabilitation perspective -
for classifying patients by movement pattern ratherthan tissue diagnosis (Sahrmann, 2001).
There have beena number of studies examining movement and muscle function factors
causally or associatively linked to SRGP, but little synthesis of this data. Our review will
therefore include all sub-diagnoses of groin pain, gathered underthe umbrellaterm of SRGP.
Further, | will consider movement and muscle function factors forspecifictissue diagnoses
where these are clear, butalso across the SRGP group in orderto identify common

biomechanical patterns.

Two systematicreviews (Machotkaetal., 2009, Jansen etal., 2008) have been published on
the effectiveness of conservative therapy in SRGP identyfying a paucity of high quality research
inthis area. Both reviews indicate that regardless of the underlyinginitial pathology of the

groin pain, active rehabilitation including flexibility, stretching and strengthening exercises of
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the pelvicgirdle and hip muscles are critical components in effective management. Studies
supporting active rehabilitation for SRGP tend to focus on hip adductor and abdominal muscle
strengthening (Hélmich etal., 1999, Weiret al., 2010). However, the sports-specificity of these
elementsislimited. Moreover, the recurrence rate of groin symptomsis still relatively high,
suggestingthat current rehabilitation strategies may not fully address deficits in the
neuromuscular system. This systematicreview and meta-analysis will synthesise evidence
related to movement and muscle function deficits in athletes with SRGP, with the aim of
providing a useful guide for clinicians and researchers developing and evaluating rehabilitation
and prevention programs. The hypothesis of this study was that there are clearand consistent
biomechanical patternsinthe athletes with SRGP emerging from previously published studies,
giving evidence foreitherassociations drawn from the retrospective studies, orrisk factors

fromthe prospective studies.

Methodology

Inclusion and Exclusion criteria

Prospective and retrospective cross-sectional (i.e. case-control) studies investigating
movement and muscle function variables associated with chronicgroin pain publishedin
English from database inception toJune 2014 were included. Groin pain diagnosticlabels
included ‘adduction-related groin pain’, ‘osteitis pubis’, ‘pubialgia’, ‘pubalgia’, ‘sports hernia‘
or ‘adductortendinopathy’. Only participants whose groin pain was associated with playing
sports were included. Biomechanical termsincluded strength, flexibility (range of motion),
muscle activation magnitude and timing, musclesize and cross-sectional area. Measurement
techniquesincluded magneticresonance imaging (MRI), ultrasound, electromyography,

dynamometer or physical examination.
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Single case studies, cadaver studies, studies on healthy participants only and studies without a
control group were excluded. Studiesincluding participants diagnosed with true hernias; and

hip joint, thoracicor lumbarspine pathology were excluded from the review.

Search strategy and review process

A reproduciblesearch strategy was created by three reviewers (PK, CBand DM). The search
terms combined muscle features or measurement tools (“strength” OR “flexibility” OR “cross-
section*” OR “onset” OR “activation” OR “range of motion” OR “ROM” OR “EMG” OR
“electromyograph*” OR “ultrasound*” OR “dynamometer” OR “MRI” OR “magneticresonance
imaging” OR “ultrasonograph*” OR “US”) and diagnosticterms (“groin pain” OR “chronic groin
pain” OR “osteitis pubis” OR “pubialgia” OR “pubalgia” OR “adductor pain” or “adductor
tendin*” OR “adductor tendon*” OR “adductor* strain” OR ““adductor*” injur*”). MEDLINE,
Web of Knowledge, EMBASE and EBSCOHost databases were searched, using keywords

whereverpossible.

Retrieved studies were enteredinto Endnote (Thomson, California, USA) and duplicates
deleted. Titles and abstracts were screened against the inclusion and exclusion criteria by two
independentreviewers (PKand CS). Where necessary, abstracts and full texts were obtained
to make a final decision. Athird reviewer (CB) was availableto reach consensusifthere were
any conflicts. The reference lists of included studies were searched and citation tracking

performed via Google Scholar for additional relevant studies.

Quality assessment and study analysis

A modified version of the Downs and Black Quality Index was applied by two independent
reviewers (PKand CS) to assess the quality of included studies. A third reviewer was available
to resolve differences (DM). Irrelevant questions referring to intervention trials were excluded

fromthe questionnaire. Fifteen relevant questions built up amodified version of Downs and
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Black Quality Index, with a maximum score of 16 points (Barton etal. 2012). Paperswere
considered as high quality studies (HQS) when scored above 10(inclusive) points and low

quality studies (LQS) when scored below 10 points, following Barton et al (Barton etal., 2012).

Data extraction and analysis

Characteristics of the study participants (number, type and level of sport, age, heightand
weight), diagnosis of the symptomatic patients, task (if relevant), muscle and/or muscle group,
diagnostictool, and results of symptomaticand control group were extracted from the
selected articles (Error! Reference source not found.). Means and standard deviations (SD)
were extractedin ordertoenable calculation of standard mean differences (SMDs). Where the
presentation of the datawas not adequate to calculate SMDs, corresponding authors were
contacted by email in an attemptto obtain the data. In one case (Ibrahimetal., 2007), where
the SD was not published, it was calculated by the authors of this review as the paperincluded
individual participant values forvariables measured. Where possible, datawas pooled for
common measurement features of given muscle groupsin orderto establish the levels of
evidence. If results were not presented nor obtained from authorsin a formatallowing data
pooling, it was omitted in meta-analysis. If only one study investigated given muscle
characteristics, SMD was calculated from the result presented in this study. This analysis is
more stringent than statistics commonly used in individual studies (such as t-test). It might,

therefore, show different results to those reported previously within a specificstudy.

If the resultsastudy were provided for both legs/both sides of the body, only datafrom right
or dominants side of the body were further calculated in orderto maintain the data

independence, asdescribed or presented in previous studies (Menz, Neal etal., 2014).

In studies reporting results fromisokineticmeasurements, originally reported radians per
second (rad*s!) were converted to degrees persecond (°/s)accurately in abstract, and

approximatelyin results section, in ordertofacilitate the delivery of the clinical implications.
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Definitions for ‘levels of evidence’ were guided by recommendations made by van Tulder etal

(vanTulderetal., 2003):

Strong evidence was defined as pooled results derived from three or more studies, includinga
minimum of two high quality studies (HQS), which are statistically homogenous (p >0.05).
Moderate evidence was defined as statistically significant pooled results derived from multiple
studies, including atleast one HQS, which are statistically heterogeneous (p <0.05); or from
multiple low quality studies (LQS), which are statistically homogenous (p >0.05). Limited
evidence was defined as results from multiple LQS, which are statistically heterogeneous (p <
0.05); or fromone HQS. Very limited evidence was defined as results from one LQS. Conflicting
evidence was defined as pooled results insignificant and derived from multiple studies
regardless of quality, of which some show statistical significance individually, which are

statistically heterogeneous (p <0.05, that is, inconsistent).

Results

Seventeenstudies wereincludedinthe final yield. The search results from each database are
shown on Figure 3. Reference list screening of included studies identified two additional

studies (Arnason etal., 2004, Thorborg etal., 2014) to theinitial 15 included studies.
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Figure 3: Flowchart showing studies inclusion and exclusion process for the review.
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P Type of stud Diagnosis N (sRGP:)  YPeof Level of A Weight Height
aper ype of study iagnosis : sport sport ge eig eig
Prospective Groin Icelandic Elite Ieégue SRGP:183.0(1.4); C:180.5
Arnason et al, 2004 . 17:281 and first  SRGP:25.1(1.2);C:24.0(0.2)  SRGP:79.1(1.2); C:76.4(0.4)
cohort study strain football R (0.4)
division
Retrospective, Long Australian  Eliteorsub- SRGP:78.1(8.4);
Cowan et al, 2004 case-control standing 10:12 ) SRGP:26(7); C:25(6) o SRGP:180.7(7);C:176.5(7.9)
. . football elite C:76.8(11.3)
study groin pain
Prospective Groin Australian
Crow et al, 2010 pectiv 2ro! 12:12 ustrall Elite 16-18 N/R N/R
study injury football
. Canadian
Prospective Groin National
Emeryetal, 2001 P strain 204:1088 Professional N/R N/R N/R
cohort study . Hockey
injury
League
Engebretsen et al, Prospective Groin . Football
2010 cohort study injury >L:457 (soccer) Amateur N/R N/R N/R
. Prospective Adductor . Australian .
Ibrahim et al, 2007 study strain 8:79 football Professional N/R N/R N/R
Jansen et al, 2010 R:atsrzsfoe::;ﬁ' Ariclj:zzn 42:23 Various Amateur R SRGP:24.8 (6.9)iL R SRGP:80(9.2); L RSSRRGGPFT:118814;3(66.58))';L
study groin pain SRGP:28.2(10.4);C:23.9(4.7) SRGP:76.4(11.8);C:78.9(6.8) C:183.7(6.7)
Australian
Retrospective, . Rules . s ) s
Malliaras et al, 2010 case-control Gr9|n 10:19 football Elite SRGP:17.3(0.8); C:17.1(1.6) SRGP: 785 (7.0); C: 77.1 SRGP: 184.4 (6.7); C: 183.9
pain (5.4) (7.8)
study and
soccer
Retrospective,  Adduction . _ s . . s
Mens et al, 2006 case-control related 44:44 Various Amateur SRGP: 31.3 (28.1-34.6); C: SRGP: 79.4 (76.3-82.5); C: N/R
o 32.2 (30.0-35.4) 82.4 (79.5-85.3)
study groin pain
Retrospective, .
Mohammad et al, case-control Osteitis 20:20 Football N/R SRGP:19.94(3.51); SRGP:70.91(7.26); SRGP:176.16(4.93);
2014 pubis : (soccer) C:20.78(3.35) C:71.33(7.35) C:176(4.15)

study




SS

Retrospective,

Chronic

Football

Morrisseyetal, 2012 case-control . . 09:09 Amateur SRGP:24(3); C:25(2) SRGP: 81 (4); C:82(3) SRGP:1.8(0.1); C:1.8(0.1)
groin pain code
study
Retrospective, Long . . . . . . .
Nevin etal, 2013 ase.control standing 18:18 Gaelic ool SRGP:23.89(3.18); SRGP:80.28(9.77); SRGP:1.79(0.06);
. football C:23.83(3.55) C:72.28(10.3) C:1.80(0.06)
study groin pain
, Prospective Groin . Australian . SRGP: 22.2 (2.9)*; C: 20.2 SRGP:90.5 (9.5)%; C: 84.7 SRGP:1.80(0.13); C: 1.78
O'Connor et al, 2004 study injury 21:72 Rugby Professional (4.5)* (10.2)* (0.06)
. Adductor .
Cross-sectional Football Elite and SRGP: 24.5(2.5); C: 22.9 SRGP: 74.6 (6.4); C: 78.6 SRGP:179.8 (5.9); C: 179.8
Thorborg et al, 2014 related 21:16 .
study . . (soccer) sub-elite (2.4) (6.3) (5.0)
groin pain
Prospective Adductor . Ice .
Tyler et al, 2001 study strain 08:37 hockey Professional N/R N/R N/R
Australian
Retrospective, Chronic Rules
Verrall et al, 2005 case-control groin 47:42:00 football Professional N/R N/R N/R
study injury and
soccer
Verrall et al 2007 Prospective Cgrrgi”r:c 0425 A‘::ji'f” brofessional SRGP:22.75(1.70); SRGP:72.50(3.28); SRGP:175.50(2.33);
! cohort study . ) C:21.16(0.63) C:84.92(1.99) C:177.36(6.82)
injury football

Table 2: Participants characteristics in reviewed studies; SRGP — sports related groin pain, C- controls, * indicate a significant difference between groin pain and control

participant



Quality assessment and data analysis

The details of the modified Downs & Black scale results are shownin Table 3. The scores for
the studiesincludedinthe review ranged between 8and 15, with an average of 11. Of 17

included studies, 14 were HQS and 3 were LQS.

Where possible, the results of reviewed studies were pooled for analysis using Review
Manager 5.2. Outcome valuesfromafew papers were notreported and not obtainable
despite contacting corresponding authors (Cowan etal., 2004a, Crow et al., 2010, Jansenetal.,

2010, Tyleretal., 2001, Mohammad et al., 2014).
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D&B criterion

—_
[
~

(20 @ (53 (6 (79 (10 (11) (12) (15) (16) (18) (20) (21) (25) Study

TOTAL .

PAPER quality
Thorborg et al. 1 1 1 2 1 1 1 1 0 1 1 1 1 1 1 15 HQ
Arnason et al. 1 1 1 2 1 1 1 1 0 0 1 1 1 1 1 14 HQ
Cowan et al. 1 1 1 2 1 1 1 0 0 0 1 1 1 1 1 13 HQ
Mens et al. 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 13 HQ
Engebretsen et al. 1 1 1 0 1 1 1 1 1 1 1 1 0 1 0 12 HQ
Malliaras et al. 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 12 HQ
O'Connor et al. 0 1 1 2 1 1 1 0 0 0 1 1 1 1 1 12 HQ
Crow et al. 1 1 1 0 1 1 1 0 0 0 1 1 1 1 0 10 HQ
Emery et al. 1 1 1 0 1 1 0 1 0 0 1 1 1 1 0 10 HQ
Ilbrahim et al. 1 1 1 0 1 0 1 1 1 0 1 0 1 1 0 10 HQ
Jansen etal. 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 10 HQ
Morrissey et al. 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 10 HQ
Tyler et al. 1 1 1 1 1 0 1 0 0 0 1 1 1 1 0 10 HQ
Verral et al. 1 1 1 0 1 1 1 0 0 0 1 1 1 1 0 10 HQ
Nevin et al. 1 1 1 1 0 1 0 0 0 0 1 1 1 0 1 9 LQ
Verral etal. 1 1 0 1 1 1 1 0 0 0 1 1 0 1 0 9 LQ
Mohammad et al. 1 1 0 1 0 1 1 0 0 0 1 1 0 0 1 8 LQ

Table 3: Results of the quality assessment using a modified Downs & Black scale (Downs and Black, 1998). (1) Clear aim/ hypothesis; (2) clear outcome measures; (3) clear
participant characteristics; (5) clear principal confounders; (6) clear study findings; (7) estimates of random variability provided; (10) probability values provided; (11) invited
participants representative to entire population; (12) participants prepared to participate representative to entire population; (15) attempt to blind outcome measures; (16) no
data-dredging; (18) appropriate statistical tests; (20) valid and accurate outcome measures; (21) appropriate case-control matching; (25) adequate adjustment for confounding
variables.



Diagnostic nomenclature

Reviewed studies used avariety of diagnosticterms including groin pain (Malliaras etal.,
2009), chronic groin pain (Morrissey etal., 2012a), long standing groin pain (Cowanetal.,
2004a, Nevinand Delahunt, 2013), adductor related groin pain (Thorborgetal., 2014),
adduction related groin pain (Jansenetal., 2010, Mens etal., 2006), groin strain (Arnason et
al., 2004), groininjury (Crow etal., 2010, Engebretsenetal., 2010, O'Connor, 2004), chronic
groininjury (Verrall etal., 20053, Verrall etal., 2007a), adductorstrain (Ibrahim etal., 2007,
Tyleretal., 2001), groin or abdominal straininjury (Emery and Meeuwisse, 2001) and osteitis

pubis (Mohammadetal., 2014) (Table 2).

Hip adductor muscle characteristics

Adductor muscle strength

Prospectively, four HQS (Crow et al., 2010, Engebretsen et al., 2010, O'Connor, 2004, Tyleretal.,,
2001) reported a significant decrease of adductor muscle strength as a risk factor for SRGP,
whilst one HQS reported adductor muscle strength was not associated withrisk of SRGP (Emery
and Meeuwisse, 2001). Three of those studies measured adductor strength preseason
(Engebretsenetal., 2010, Tyleretal., 2001, Emery and Meeuwisse, 2001). One study performed
measurements weekly within season (Crow et al., 2010), and reported asignificant decrease of
adductor strength no sooner than two weeks pre-injury. Only one HQS (O'Connor, 2004)
presented adequate data to complete calculation of SMDs, which indicated limited evidence of
decreased adductor muscle strength during isokinetic test in angular velocity of 2.08 rad*s
(~119°/s) (-0.51, -1.00 to -0.02) as a risk factor for SRGP, but not in angular velocities of 0.52
rad*s(~30°/s) (-0.33, -0.81 t0 0.16) and 3.66 rad*s1(~210°/s) (-0.18,-0.67 to 0.30) (Figure 4a).

No indication was provided regarding when these measurements were taken.
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Retrospectively, there was strong evidence emerging from three HQS (Jansen et al., 2010,
Malliaras et al., 2009, Mens et al., 2006) and one LQS (Nevin and Delahunt, 2013) of existing
association betweenadductor muscle weaknessduring squeeze testin 45° hip flexion and SRGP
(-1.00, -1.31 to -0.70) (Figure 4b). There was limited evidence from single HQSs of decreased
adductor muscle strength during squeeze test in 0° (-1.04, -1.86 to -0.22) and 30° (-0.83, -1.63
to -0.03) of hip flexion (Malliaras et al., 2009)(Figure 4b); and during eccentric adduction
strength test (Thorborg et al., 2014) (-1.37, -2.10 to -0.64, Figure 4b) associated with SRGP.
Limited evidence emerged from one HQS of no difference in adductor muscle strength during
isometricadduction strength test (Thorborgetal., 2014) associated with SRGP (Figure 4b); very
limited evidence emerged from one LQS indicates adductor muscle strength during isokinetic
measurementsin angularvelocity2.1rad*s? (~120°/s) is not associated with SRGP (Mohammad

et al., 2014) (Figure 4b).

Abduction flexibility

Prospectively, three HQS (Arnason et al., 2004, Tyleretal., 2001, Emery, 2012) reported no
change in abduction flexibility preceding the onset of SRGP. Two studies presented adequate
data to complete the meta-analysis (Arnason etal., 2004, Tyleretal., 2001), providing
moderate evidence thatabduction flexibility is not a risk factor for SRGP development (SMD -

0.36, Cl from-0.80 to 0.09, Figure 4c).

Retrospectively, there was moderate evidence emerging from two HQS (Malliaras et al., 2009,
Thorborg etal., 2014) onan existingassociation betweenincreased abduction flexibility during
bentknee fall outtestand SRGP (0.87, 0.35 to 1.40, Figure 4d). Limited evidence emerged
fromone HQS (Thorborgetal., 2014)of no change in abduction flexibility during unilateral test

in 0° of hip flexion and SRGP (Figure 4d).
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Adductor muscle peak torque angle

Prospectively, there was limited evidence from one HQS (O'Connor, 2004) that adductor

muscle peak torque angle change in angularvelocity of 3.66 rad*s? (~210°/s) is not a risk

factor for SRGP development (Figure 4e).
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SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
1.1 Isokineti ic hip strength
O'Connor 2006 0.52rad*s-1 1462 414 21 1681 722 72 334% -0.33-0.81,0.16) . S—
O'Connor 2006 2.08rad™s-1 1186 396 21 1508 678 72 33.0% -0.51 [-1.00,-0.02) —®—
O'Connor 2006 3.66rad*s-1 80.7 422 21 908 573 72 336% -0.18[-0.67,0.30] B E—
1 0.5 05 1
b Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
2.1 Squeezetest 0°
Malliaras 2009 1723 282 10 2108 393 19 7.3% -1.04 -1.86,-0.22]
2.2 squeeze test 30°
Malliaras 2009 182 363 10 2171 432 19  76% -0.83 -1.63,-0.03)
2.3 Squeeze test 45°
Jansen 2010 290 60 18 355 45 23 10.7% -1.22 [-1.90, -0.55) —_—
Malliaras 2009 1805 30.2 10 2096 423 19 7.8% -0.73[1.52, 0.06)
Mens 2006 291 95 44 350 68 44  26.3% -0.71[-1.14,-0.29) -
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Heterogeneity: Chi*=8.93, df=3 (P =0.03), F=66%
Testfor overall effect: Z= 6.41 (P < 0.00001)
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Mohammad 2014 17099 2312 20 179.36 18.62 20 125% -0.39[1.02,0.24] I
2.5 unilateral isometric hip adduction - 0° of hip flexion
Thorborg 2014 183 059 2 1.87 0.43 16 11.5% -0.07 [-0.72,0.58] .
2.6 unilateral eccentric hip adduction - 0° of hip flexion
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@
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Heterogeneity: Chi*= 1.64, df=1 (P = 0.20); F= 39% 1 0 5 5 0:5 1
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Subtotal (95% CI) 28 37 61.1% 0.87 [0.35, 1.40] i
Heterogeneity. Chi*=0.41,df=1 (P=0.52), F=0%
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O'Connor 2006 366rad™s-1 295 164 21 232 134 72 1000%  044+0.05.093! ——

-1 -05 0 05 1
Decreased in SRGP Increased in SRGP

Figure 4: Forest plot detailing the analysis of the movement and muscular functions in the coronal
plane relating to hip adductor muscles: a — hip adductor muscle strength prospective results, b — hip
adductor muscle strength retrospective results, ¢ — hip abduction flexibility prospective results, d — hip
abduction flexibility retrospective results, e — hip adduction peak torque angle retrospective results.
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SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
6.1 Isokinetic concentric hip abduction strength
O'Connor 2006 0.52rad*s-1 1241 373 21 1527 366 72 324% -077(1.27,-0.27) ——%——
O'Connor 2006 2.08rad*s-1 1019 349 21 1143 347 72 337% -0.35[-0.84,0.13] —_—
O'Connor 2006 3.66rad*s-1 565 277 2 65 334 72 339% -0.26 [-0.75, 0.23] B S

4 05 0 05 1
Decreased in SRGP Increased in SRGP

b
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
7.1 Isometric hip abductor strength
Malliaras 2009 164 48 10 129 51 19 247% 0.68[-0.11,1.47) T
Thorborg 2014 198 034 2 189 025 16 359% 0.29[-0.37,0.94] . —
Subtotal (95% Cl) 3 35 60.6% 0.45 [-0.06, 0.95] e

Heterogeneity. Chi*= 0.56, df=1 (P = 0.45), F= 0%
Test for overall effect Z=1.75 (P = 0.08)

7.2 |Isokinetic concentric hip abductor strength
Mohammad 2014 117.79 2477 20 127.74 3513 20 394% -0.32[-0.95, 0.30] —_——

4 05 0 0
Decreased in SRGP Increased in SRGP

c

SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
8.1 Isokinetic concentric hip adductor vs. abductor muscle strength
Mohammad 2014 145 093 20 14 053 20 528% 0.06 -0.56. 0.681

8.2 |sometric hip adductor vs. abductor muscle strength

Thorborg 2014 092 023 21 099 018 16 47.2% -0.33[-0.98, 0.33] —T
1 05 0 05 1
Decreased in SRGP Increased in SRGP
d@
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI

9.1 Abductor to adductor muscle activation ratio in moving leg

Morrissey 2012 Early -0.4672 08182 9 02648 04074 9 184% -1.08 [-2.08,-0.07) ——
Morrissey 2012 Late -0.7444 05973 9 -0.5299 0.3267 9 212% -0.42-1.36,0.51] —
Morrissey 2012 Middle  -0.6665 0.5416 9 -0.6288 0.3368 9 218% -0.08 [-1.00, 0.84] —
9.2 Abductor to adductor muscle activation ratio in weight-bearing leg

Morrissey 2012 Early -0.2203 0.7005 9 09316 04269 9 139% -1.89-3.05,-0.73] —
Morrissey 2012 Late -0.5733 06186 9 064 03912 9 121% -2.23-347,-099) ————
Morrissev 2012 Middle  0.0305 0.5596 9 12035 048 9 126% -2141-336.-0931 —————

I

: I
1 t

3 A 1
Decreased in SRGP Increased in SRGP

Figure 5: Forest plot detailing the analysis of movement and muscular functions in the coronal plane
related to hip abductor muscles and relationship between the hip adductor versus abductor muscles:
a — hip abductor muscle strength prospective results, b — hip abductor muscle strength retrospective
results, c— hip adductor to abductor strengthratio retrospective results, d — hip abductor to adductor
muscle activation ratio retrospective results.
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Hip abductor muscle characteristics

Abductor muscle strength

Prospectively, there was limited evidencefrom one HQS (O'Connor, 2004) of a decreasein
abductor muscle strength duringisokinetictestin angularvelocity of 0.52 rad*s™* (~30°/s) (-
0.77, -1.27 t0 -0.27) as arisk factor for SRGP development, but notin angularvelocities of 2.08

rad*s*(~119°/s) and 3.66 rad*s* (~210°/s) (Figure 5a).

Retrospectively, there was strong evidence emerging from two HQS (Malliaras etal., 2009,
Thorborg etal., 2014) of no change in abductor muscle strength duringisometricunilateral
measurements; and very limited evide nce emerging from one LQS (Mohammad etal., 2014) of
no difference in abductor muscle strength during isokinetic measurementsin angularvelocity

2.1 rad*s? (~120°/s), associated with SRGP (Figure 5b).

Relation between hip adductor and abductor muscles

Muscle strength ratios

Prospectively, one HQS (Tyleretal., 2001) reported decreased adductorto abductor muscle
strengthratio as a risk factor for SRGP, but the format of data presentation was notadequate

to complete the calculation of the SMD.

Retrospectively, there was limited evidence emerging from one HQS (Thorborgetal., 2014)
and very limited evidence emerging from one LQS (Mohammad etal., 2014) of no changein
isometricorisokinetic(inangularvelocity 2.1rad*s! (~120°/s)) adductorto abductor muscle

strength ratio associated with SRGP (Figure 5c).

Abductorto adductor muscle activation ratio

Retrospectively, one HQS (Morrissey et al., 2012a) provided limited evidence of decreased

GM:AL muscle activation ratio associated with SRGP inthe movinglegduring early (-1.08, -2.08
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to -0.07), but not during middle or late phases of standing hip flexion movement (SHF) (Figure
5d). The same study provided limited evidence of decreased GM:AL muscle activation ratio
associated with SRGP in weight-bearing leg during early (-1.89, -3.05 to -0.73), middle (-2.14, -

3.36 to -0.93) and late (-2.23, -3.47 to -0.99) phases of SHF (Figure 5d).

Hip flexor muscle characteristics

Hip flexor muscle strength

Retrospectively, there was very limited evidence provided by one LQS (Mohammad et al.,
2014) of increased hip flexor muscle strength duringisokinetictestinangularvelocity 2.1
rad*s?t (~120°/s) associated with SRGP (1.72, 0.99 to 2.46); and limited evidence emerging
fromone HQS (Thorborgetal., 2014) of no change in hip flexor strength duringisometricand
eccentricstrength test associated with SRGP (Figure 6a).

Hip extension flexibility

Prospectively, there was limited evidence provided by one HQS (Arnason et al., 2004) of no

association between hip extension flexibility and risk of SRGP development ( Figure 6b).

Retrospectively, there was limited evidence from one HQS (Thorborgetal., 2014) of no

association between hip extension flexibility and SRGP (-0.19, -0.84 to 0.46, Figure 6c).

Hip extensor muscle characteristics

Hip extensor muscle strength

Retrospectively, there was very limited evidence emerging from one LQS (Mohammad et al.,
2014) of no association between hip extensor muscle strength duringisokinetictestinangular

velocity 2.1rad*s (~120°/s) and SRGP (0.22, -0.40 to 0.84, Figure 6d).
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Hip flexor to extensor muscle ratio

Retrospectively, there was very limited evidence emerging from one LQS (Mohammadetal.,
2014) of no association between hip flexor to hip extensor muscle strength ratio during
isokinetictestinangularvelocity 2.1rad*s! (~120°/s)associated and SRGP (0.15, -0.47 to 0.77,

Figure 6e).
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SRGP Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
1.1.1Isokinetic concentric hip flexor strength
Mohammad 2014 156.45 2549 20 11312 23.76 20 281% 1.72(0.99, 2.46) . —
1.2.1 Isometric hip flexor strength
Thorborg 2014 232 033 21 228 019 16 36.0% 0.14[-051,0.79) —1—
1.3.1 Eccentric hip flexor strength
Thorborg 2014 191 042 21 198 02 16 359% -0.20 [-0.85, 0.45) ——
R T R R
b Decreased in SRGP Increased in SRGP
Groin painSRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
2.1.1Unilateral hip extension flexibility
Arnason 2004 1765 505 22 179 661 485 100.0% -0.38 -0.81, 0.05) —‘.—"
R 05 0 05 1
cil Decreased in SRGP Decreased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
3.1.1 Unilateral hip extension flexibility
Thorborg 2014 1937 49 21 1945 27 16 100.0% -0.19[-0.84, 0.46)
VN N T
da Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup ~ Mean  SD Total Mean  SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
4.1.1 Isokinetic concentric hip extensor strength
Mohammad 2014 17475 2485 20 17033 1247 20 100.0% 0.22[-0.40,0.84) —‘.—
e 1 05 05 1
Decreasedin SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
5.1.1 Isokinetic concentric hip flexor to extensor strength ratio
Mohammad 2014 09 102 20 066 1.9 20 100.0% 0.15[-0.47,0.77) —.—

4 05 0 05 1
Decreased in SRGP Increased in SRGP

Figure 6: Forest plot detailing the analysis of movement and muscular functions in the sagittal plane:
a — hip flexor muscle strength retrospective results, b — hip flexor muscle flexibility prospective
results, c - hip flexor muscle flexibility retrospective results, d — hip extensor muscle strength
retrospective results, e — hip flexor to extensor muscle strength ratio retrospective results.
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Hip rotation range of movement

Prospectively, there was very limited evidence from one LQS (Verrall et al., 2007a) that hip
internal and external rotation range of movement is not a risk factor for SRGP development

(Figure 7a and c).

Retrospectively, there was strong evidence emerging from two HQS (Malliaras et al., 2009,
Thorborgetal., 2014) and one LQS (Nevin and Delahunt, 2013) on no differencein unilateral hip
internal rotation range of movement; and strong evidence emerging from two HQS (Malliaras
etal., 2009, Verrall etal., 2005a) of nodifference in bilateral hip total internal rotation range of
movement (sum of both legs), associated with SRGP (Figure 7b). There was moderate evidence
emerging fromone HQS (Malliaras et al., 2009) and one LQS (Nevin and Delahunt, 2013) of no
difference in unilateral hip external rotation range of movement; but strong evidence emerging
from two HQS of decreased bilateral total hipexternal rotationrange of movement (sum of both

legs) associated with SRGP (-0.43, -0.80to -0.05, Figure 7d).

Knee muscle characteristics

Prospectively, there was limited evidence from one HQS (O'Connor, 2004) that knee flexor
muscle isokineticstrength measured with isokinetic measurementsin angularvelocity 1.04
rad*s? (~60°/s) isnot a risk factor for SRGP (Figure 7e). The same study provided limited

evidence of decreased concentricknee extensor muscle strength measured with isokinetic
measurementsin angularvelocity 1.04rad*s* (~60°/s) is not a risk factor for SRGP as a risk

factor for SRGP (-0.51, -1.00 to -0.01, Figure 7f).

Abdominal muscle characteristics

Retrospectively, there was limited evidence from one HQS (Jansen etal., 2010) of a decrease of

transversus abdominis (TrA) muscle thickness at restin participants withright-sided(-0.80, -1.32
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to -0.28, Figure 7g) and left-sided SRGP symptoms (-1.05, -1.58 to -0.51, Figure 7g). One HQS
(Cowanetal., 2004a) reported adelayin TrA activation onset during active straight leg raise task

associated with SRGP, but adequate data was not available to complete SMD calculations.

One study (Jansen et al., 2010) additionally reported no change in TrA thickness during active
straightlegraise (ASLR) and bilateralisometricadductiontest; and internal and external oblique
muscle thickness at rest, ASLR or bilateral isometric adduction associated with SRGP, but

adequate data was not available to complete SMD calculations.

One study (Cowan et al., 2004b) reported no change in internal oblique and rectus femoris
muscle activation onset timing during ASLR associated with SRGP, but adequate data was not

available to complete SMD calculations.
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SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
1.1.1 Passive hip internal rotation ROM
Verral 2007 155 412 4 2176 63 25 100.0% -1.00 [-2.09, 0.09) B
4 -2 0 2 4
bR Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean _SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
2.1.1 Passive hip internal rotation ROM
Malliaras 2009 344 82 10 342 116 19 126% 002 [0.75,0.78] E—
Nevin 2013 3058 488 18 345 5861 18 161% -0.73[-1.41,-0.05] e —
Thorborg 2014 369 126 21 354 86 16 17.4% 0.13[-0.52,0.78) e
Subtotal (95% CI) 49 53  46.0% -0.20 [-0.60, 0.20] e
Heterogeneity. Chi*= 3.66, df= 2 (P=0.16), F= 45%
Test for overall effect: Z=0.98 (P =0.33)
2.2.1 Passive total hip internal rotation ROM
Malliaras 2009 67.1 167 10 67.4 242 19 126% -0.01 [-0.78,0.75] —
Verral 2005 36.7 101 47 414 113 42 415% -0.44 [[0.86,-0.01] ——
Subtotal (95% CI) 57 61 54.0% -0.34 [-0.71, 0.03] il
Heterogeneity: Chi*=0.90, df=1 (P=0.34), F=0%
Test for overall effect Z=1.79 (P=0.07)
1 05 0 05 1
al Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
3.1.1 Passive hip external rotation ROM
Verral 2007 2813 1.88 4 307 0989 25 100.0%  -2.22[3.44,-1.00] —-

4 -2 0 2 4
Decreased in SRGP Increased in SRGP

da
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
4.1.1 Passive hip external rotation ROM
Malliaras 2009 394 87 10 408 71 19 151% -0.18 |-0.94, 0.59]
Nevin 2013 27.24 532 18 29.85 4.52 18 201% -0.52 F1.18,0.15] e —
Subtotal (95% CI) 28 37 35.2% .0.37 [-0.87, 0.13] e

Heterogeneity: Chi*= 0.43, df=1 (P=0.51), F=0%
Test for overall effect Z=1.45(P=015)

4.2.1 Passive total hip external rotation ROM

Malliaras 2009 865 21 10 891 149 19 151% -0.15 [-0.91, 0.62] —_—
Verral 2005 552 105 47 603 9.2 42 497% -0.51 [-0.93,-0.09] —.
Subtotal (95% CI) 57 61  64.8% -0.43 [-0.80, -0.05] i

Heterogeneity: Chi*= 0.66, df=1 (P=0.42); F=0%
Test for overall effect. Z= 2.25 (P =0.02)

-1 -05 05 1

el Decreased in SRGP increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
4.1.1 Isokinetic concentric knee flexor strength
O'Conner 2006 1442 332 21 157.4 3443 72 100.0% -0.38 [-0.87, 0.11] —i—
%5 6 o5 1
Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
5.1.1 kineti ic knee strength
O'Connor 2006 2357 45 21 2628 552 72 1000%  -0.51 [-1.00,-0.01] —a—
A 05 0 05 1
Decreased in SRGP Increased in SRGP
SRGP Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
6.1.1 Resting thickness of TrA - right-sided symptoms
Jansen 2010 43 064 42 49 09 24 51.3% -0.801-1.32.-0.281 —
6.2.1 Resting thickness of TrA - left-sided symptoms
Jansen 2010 4 082 42 49 09 24 487% -1.05[-1.58,-0.51] ——
24 i !

0
Decreased in SRGP Increased in SRGP

Figure 7: Forest plot detailing the analysis of other movement and muscular functions: a - hip internal
rotation range of movement prospective results, b — hip internal rotation range of movement
retrospective results, c — hip external rotation range of movement prospective results, d — hip
external rotation range of movement retrospective results, e —knee flexor muscle strength
prospective results, f —knee extensor muscle strength prospective results, g — transversus abdominis
muscle thickness retrospective results.
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studi L studiesincluded Included Pooled
Muscle Feature Pro/Retro A udies missing ; udiesinciude studies Specific criterion result/Calculated Evidence
in pooled results | in pooled results .
quality SMD
Emery, 2001 O'Connor, 2004 HQ Isokinetic hip adductionin 0.52 rad *s-1 No change Limited
Engebretsen,
Pro 2010 O'Connor, 2004 HQ Isokinetic hip adductionin 2.08 rad *s-1 Decreasein SRGP Limited
Crow, 2010
Tyler, 2001 O'Connor, 2004 HQ Isokinetic hip adductionin 3.66 rad *s-1 No change Limited
Malliaras, 2009 HQ Squeeze test 0° Decreasein SRGP Limited
Malliaras, 2009 HQ Squeeze test 30° Decreasein SRGP Limited
Strength Jansen, 2010 HQ
Malli 2009 H
fetro la\/leliS;'OO6 Hg Squeeze test 45° Decreasein SRGP Strong
Nevin, 2014 LQ
Adductor Mohammad,
2014 LQ Isokinetic concentric hip adduction No change Very limited
Thorborg, 2014 HQ Isometric hip adduction No change Limited
Thorborg, 2014 HQ Eccentric hip adduction Decrease in SRGP Limited
Emery, 2001 Arnason, 2004 HQ Moderate -
Pro Tyler, 2001 HQ Unilateral abduction flexibility test No change not
Flexibility homogenous
Malliaras, 2009 H
Retro Nelvin, 2’014 Lg Right bent knee fall out Increasein SRGP Moderate
Thorborg, 2014 HQ Unilateral abduction flexibility test No change Limited
Peaaknt;;que Pro O'Connor, 2004 HQ Peaktorque angle No change Limited
O'Connor, 2004 HQ Isokinetic hip abductionin0.52 rad *s-1 Decreasein SRGP Limited
Pro O'Connor, 2004 HQ Isokinetic hip abductionin 2.08 rad *s-1 No change Limited
O'Connor, 2004 HQ Isokinetic hip abduction in 3.66 rad *s-1 No change Limited
Abductors Strength Malli 2009 H
& fetr Thaorlt?c:?gs,'2014 Hg Isometric hip abduction No change Strong
Mohammad, L . . .
2014 LQ Isokinetic concentric hip abduction No change Very limited
Relationship between Mohammad, La Isokinetic concentric hip adductor vs. abductor No change Verv limited
abductor and adductor Strength Retro 2014 strength 8 v
muscles Tyler, 2001 HQ Isometric hip adductor vs. abductor strength Decreasein SRGP Limited




TL

Morrissey, 2012 HQ Moving leg-early phase of SHF Decreasein SRGP Limited
Morrissey, 2012 HQ Movingleg-middle phase of SHF No change Limited
Morri 2012 H Movingleg-| h fSHF No ch Limi
Activation Retro orr!ssey, 0 Q . oving Ieg ate phase of S oc apge !m!ted
Morrissey, 2012 HQ Weight-bearingleg-early phase of SHF Decreasein SRGP Limited
Morrissey, 2012 HQ Weight-bearingleg-middle phase of SHF Decreasein SRGP Limited
Morrissey, 2012 HQ Weight-bearingleg-late phase of SHF Decreasein SRGP Limited
Mohammad, N L ) . -
2014 LQ Isokinetic concentric hip flexion Increasein SRGP | Verylimited
Hio f Strength Retro Thorborg, 2014 HQ Isometric hip flexion No change Limited
tptiexors Thorborg, 2014 HQ Eccentric hip flexion No change Limited
Flexibilit Pro Arnason, 2004 HQ Modified Thomas's test No change Limited
y Retro Thorborg, 2014 HQ Modified Thomas's test No change Limited
. Mohammad, . . L . -
Hip extensors Strength Retro 2014 LQ Isokinetic concentric hip extension No change Very limited
Relationship between
Mohammad, N . . . _—
flexor and extensor Strength Retro 2014 LQ Isokinetic concentric hip flexion vs extension No change Very limited
muscles
Pro lbrahim, 2007 Verral, 2007 LQ Passive hip internal rotation test No change Very limited
Nevin, 2014 LQ
Hipinternal Thorborg, 2014 HQ Passive hip internal rotation test No change Strong
rotation Retro Malliaras, 2009 HQ
Malli 2009 H
Hip rotation ROM \je::Ia,SZ'OOS Hg Passive total hipintemal rotation (sum of both legs) No change Moderate
Pro Ibrahim, 2007 Verral, 2007 LQ Passive hip external rotation test No change Very limited
Nevin, 2014 L . . .
HirF:)te:ttiir:al cetro Malliaras, 2009 HCC); Passive hip external rotation test No change Strong
Malliaras, 2009 HQ Passive total hipextemal rotation test (sum of both Decrease inSRGP Stron
Verral, 2005 HQ legs) &
Knee extensor Strength Pro O'Connor, 2004 HQ Isokinetic knee extension No change Limited
Knee flexor Strength Pro O'Connor, 2004 HQ Isokinetic knee flexion Decreasein SRGP Limited
. . Resting thickness -right-sided symptoms Decreasein SRGP Limited
Transversus abdominis Thickness Retro Jansen, 2010 H - - - - —
Q Resting thickness - left-sided symptoms Decreasein SRGP Limited

Table 4: Table summarising all studies included in this systematic review, findings and levels of evidence.




Discussion

This systematicreview and meta-analysis synthesised 17 studies, including 8 prospective and 9
retrospective, which investigated changes in movement and muscle function in professional
and amateur athletes with SRGP. Overall, there was conclusive evidence that measurable
differencesin movementand muscle function factors existin athletes with SRGP —some of
which may precede and increase the risk of developinginjury (Table 4). The findings should be

considered by clinicians when designing rehabilitation and screening programmes (Table 5).

There were some strong findings emerging from the evidence synthesis. The most notable,
supported by strong or moderate evidence (Table 4), were retrospective associations between
existing SRGP and: adductor muscle weakness, increased abduction flexibility (bent knee fall
out) and decreased internaland external rotation range of movement. These results should be
particularly considered when designing rehabilitation programmes for athletes with
established SRGP. Prospectively, a paucity of evidence and datais available to complete meta-
analysis, but limited evidence indicates reduced hip adduction strength may be a risk factor for
SRGP development. Additionally, itis worth noting that numerous studies also reported hip
abductorstrength deficits as a risk factor for SRGP development, but could notbe includedin
the meta-analysis due to alack of reported dataand response requesting additional datafrom
corresponding authors. Nonetheless, hip abduction strength deficits should be particularly

consideredinscreening programmes.

Methodological considerations of included studies

There have been numerous attempts to introduce acommon classification system for
diagnosing SRGP (Holmich, 2007, Mens et al., 2006, Falveyetal., 2009), which | have not
addedto but have instead combined pragmatically in orderto enable review. All but one study

(Mohammad et al., 2014) provided clear diagnosticcriteria. There was heterogeneity of SRGP
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definitions, with 11subtly different diagnosticcriteria beingidentified. This may limit the
strength of the review, but the similarities between classifications mean | am confident our
review is sufficiently robust with each study using similarinclusion criteria regardless of
diagnosticterm. Forexample, both Morrissey et al. (2012) and Malliaras et al. (2009) use an
anatomical location of pain analysis alongside resisted movement tests and passive joint stress
teststo differentially diagnose adductor tendinopathy with respect to hip joint pathology.
They differinthat Malliaras et al. (2009) additionally assessed the symptoms during functional
task such as agility drills, but these differences are relatively minor. Very similarinclusion
criteria, based mainly on the palpatory pain of the adductor muscle, tendon orinsertion area,
and reproduction of symptoms during resisted hip adduction, are presented by Cowan et al.
(2004), Jansenetal. (2010), Morrissey etal.(2012) and Thorborget al. (2014). Interestingly,
the diagnostictermisdifferentinall studies: long standing groin pain (Cowan etal., 2004a),
adductionrelated groin pain (Jansen etal., 2010), chronic groin pain (Morrissey etal., 2012a)
and adductorrelated groin pain (Thorborgetal.,2014). Thereisno questionthatinitial recent
attemptsto establish international conse nsus on groin pain nomenclature should reduce
confusion and lack of agreementregarding thisissue. Potentially, future pathophysiological
validity studies would help move clinical practice and research forward by enabling more

robust result collation via shared nomenclature.

Measurement protocols foreach specific movement and muscle function variable also varied
across the included studies. Forexample, for measurement of adductor muscle strength, three
studies used hand-held dynamometers (Jansen et al., 2010, Mens et al., 2006, Thorborget al.,
2014), two used sphygmomanometers (Nevin and Delahunt, 2013, Malliaras etal., 2009) and
one used an isokineticdynamometer (Mohammad etal., 2014). Additionally, one study usinga
hand-held dynamometer useditin two contraction types:isometricand eccentric (Thorborget

al., 2014). Furtherresearchis needed about the validity of each measure and consensus about
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optimal methods would againimprove both research synthesis and clinical translation.
Additionally, variation in outcome measures and methodology across included studies limited

the potential for data pooling.

Althoughlincluded only studies investigating movement and muscle function factorsin
athletic populations, thisincluded varied sports disciplines and participation levels. Thisis both
a strength and a potential weakness of our synthesis, as data poolingin such heterogeneous
groups entails combining results from cohorts who have different sports specifictrainingand
participation volume. Whilethese factors are highly likely to influenceinjury riskand
presentation profile, it was nonetheless judged that the pooling conducted was valuable to
strengthen the reviewfindings considering the paucity of research currently available foreach
group. Thismay need to be re-considered once the volume of work is sufficient at different

sportinglevels and in different disciplines.

Interpreting the results of prospective studies was complicated by alack of methodological
clarity in manuscripts; forexample testing dominant or non-dominant limb, moving or not
moving, leftorright, andinured or uninjured (Arnason etal., 2004, Emery and Meeuwisse,
2001, Engebretsenetal., 2010, Ibrahimetal., 2007, Tyleret al., 2001). The most accessible
approaches (O'Connor, 2004, Verrall etal., 2007a) clearly measured and compared dominant
and non-dominant sides. Additionally, only some retrospective studies were clearabout the
side of measurements (Cowan et al., 2004a, Jansen etal., 2010, Morrissey et al., 2012a, Nevin
and Delahunt, 2013, Thorborg etal., 2014, Verrall etal., 2005a). Given that unilateral
symptoms can reflect bilateral biomechanical dysfunction, it would be our recommendation
that future work examines movement on both sides, underany and all conditions assessed —
and analyses datawith reference to both symptom and dominance. In thisreview, however, |
chose to analyse the datafrom dominant orrightlegonly, in orderto maintainthe consistency

of the analysis despite different ways of presenting the data by individual authors.
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Very few retrospective studies attempted to blind the measurement assessor (Engebretsen et
al., 2010, Malliarasetal., 2009, Thorborg etal., 2014, Verrall etal., 2007a) and only one study

reported detailed samplesize and power calculations (Nevin and Delahunt, 2013).

Five studies (Cowan etal., 2004a, Engebretsen etal., 2010, Morrissey etal., 2012a, Tyleretal.,
2001, Verrall etal., 2005a) did not report the reliability of the measurementsin the assessors’
hands. Addressing these methodological limitationsin future researchis needed toimprove

confidence infindings and subsequently ‘levels of evidence’ which can be concluded.

Surprisingly, some studies (Crow etal., 2010, Emery and Meeuwisse, 2001, Engebretsenetal.,
2010, Ibrahimetal., 2007, Tyleretal., 2001, Verrall etal., 2005a) did not provide basic
anthropometricdatasuch as age, heightand weight, which limits the external applicability of
findings and can be critical confoundingfactors, or co-variates, in biomechanical research. In
particular, factors such as strength and muscle activation may clearly depend on the individual
athlete’s fitness and muscle morphology. In orderto avoid a potentially significant source of
bias, all studies investigating biomechanical factors should accurately measure these factors

and include theminanalysis.

Coronal plane muscle activation and strength

Adductor muscles

There iscommon agreement that the main muscles affected by SRGP are the hip adductors
(Holmich, 2007, Crow etal., 2010), an assertion confirmed by eleven studies reporting
decreased adduction strength associated with groin pain symptoms. Overall there is strong
evidence of an association between adductor muscle weakness and SRGP. Meta-analysis
results showed strong evidence of adductor muscle weakness after the SRGP onset, but only
when measured by squeezetestin 45° of hip flexion. This may indicate the importance of

testing the groin symptoms using this particulartest, which seems most sensitive to detect
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strength deficitsin athletes with SRGP. There was limited evidence of decreased adduction
strength priorto SRGP onset. Itis importantto note that there were fourother prospective
studies (Crow et al., 2010, Emery and Meeuwisse, 2001, Engebretsenetal., 2010, Tyleretal.,
2001) reportingadductor muscle weakness priorto the onset of SRGP, but presentation of the
datainthose studies did notallow fordata pooling. Adductor muscle weaknessinthe pre-
season was associated with SRGP onsetindicating that strengthening of this muscle group may
be a key component of prevention. Crow et al. (2010) reported decreased adductor muscle
strength two weeks priorto SRGP onset, but no earlier, suggesting a potential neuro-inhibitory
mechanism foraltered adductor motor outputimmediately before or at the time of pain onset
for some athletesratherthanlong-standing weakness. Clinicians should consider

implementing prevention strategies based on adductor strength screening findings.

Six studiesinvestigated the association between abduction flexibility and SRGP (Arnasonetal.,
2004, Emery and Meeuwisse, 2001, Malliaras et al., 2009, Nevin and Delahunt, 2013, Thorborg
etal., 2014, Tyleret al.,2001) and only one retrospective LQS reported asignificant
association (Nevin and Delahunt, 2013). However, pooled results show moderate evidence
that abduction flexibility was not changed before, butincreased after SRGP onset, measured

with the bentknee fall out test.

The reasonfor such changesis not clear. There may be a relationship between optimal hip
abductorflexibility and SRGP, with too much flexibility being problematic. It is worth noting,
however, that the flexibility increase was noted only during the bent knee fall out test, whichis
a combination of abduction and external rotation flexibility test. Itis possible that this
flexibility increases following pain onset, perhaps with rehabilitation ordue toreduced
participation and therefore reduced stress. This may remove the impact of compensations for
adductorweakness priorto symptom onset. This could be questioned, as some athletes may

have joint factors that explain restriction, which could also change, on this timescale due to
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reduced jointloading. Further, there may be aninteraction between joint load, increased
flexibility and sports participation volume. Further researchis needed to elucidate the

relationship these factors, with such work having the potential to clarify aetiology.

Abductor muscles

There isa commonly held belief that SRGP might be at least partly due to muscle imbalance in
the pelvicgirdle areaand, consequently, sub-optimalloading on groin structures (Morrissey et
al., 2012a, Renstromand Peterson, 1980). There is an association between decreased hip
abduction strength and SRGP observed in prospective, but not retrospective studies (Malliaras
et al., 2009, Thorborg etal., 2014, O'Connor, 2004, Mohammad et al., 2014). It is plausible that
there isa weakness of hip abductors preceding SRGP onset, which disappears following pain
onsetor subsequentrehabilitation. This rehabilitation may be particularly important for
gluteus medius musclewhichis thoughtto have a primary stabilising function (Grimaldi, 2011),

and should be consideredin future research.

Relationship between abductorand adductor muscles

A prospective study by Tyleretal. (Tyleretal., 2001) reports a significantdecreasein
adductioninrelationtoabduction strength associated with SRGP in professional (ice hockey)
players, while Morrissey etal. (Morrissey etal., 2012a) found a decrease in GM:AL activationin
amateurfootballers. The relationship between musclestrength and activationis notlinear
(Kamen and Gabriel, 2010b). Therefore, although seemingly contradictory, if the abductor
muscles are weakerthey may need toincrease activity to achieve their function of pelvicgirdle
stability. Additionally, GM activity were measured during a standing hip flexion movement (a
functional task), whereas strength measurements were obtained using a maximal voluntary
contraction break testand isolated hip abduction task (Tyleretal., 2001). These measures

clearly investigate different aspects of the strength constructin a functional versus non-
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functional task. Research designs thatinclude muscleactivationin functionally relevant tasks
and strength measures are needed to broaden our understanding of how different aspects

muscle function can be affected in SRGP.

Horizontal plane hip movement

Strongevidence of adecrease in hip total external rotation range of movement after the SRGP
onsetwasthe onlysignificantfindingin horizontal plane hip movements. Itis notclear
whetherthis ROMIimitation have muscularorarticularorigin, and there might be a number of
reasons why it exists. Forexample, hip rotation restriction may follow increased hip joint
loading due to muscle imbalance around the hip (e.g. reduced abductor strength). Decreased
ROM inathletes may also be related to underlying hip jointinjury, which may be
asymptomatic. Limitation of rotation ROMis clearly an area that requiresfurtherresearchin
athletes with SRGP, as a clear distinction needs to be made between articularand muscular

movementrestrictions.

Other muscle function and architecture features

A decrease in TrAthickness and delayed onset during movement was found to be associated
with SRGP. Cowan's high quality study reported delayed TrA activationinrelationtothe 'prime
mover'ina straightlegraise manoeuvre (Cowan etal., 2004b, Jansen et al., 2010), while
Jansen'sgroup reported reduced relaxed cross sectional area. These findings suggest that
muscle dysfunctionin SRGP is not limited to hip muscles and TrA function may be an important

prevention and rehabilitation consideration in some affected athletes.
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6L

Clinicalvariableassessed

Finding

Clinical takeaway

. Include in screening Include in rehabilitation
Parameter Feature Headline result . L L
[prospective findings] [retrospective findings]
Strength Decreased in SRGP v vV
Adductor o .
Flexibility Increased in SRGP v
Abductor Strength Decreased in SRGP v v
Relationship Strength Decreased in SRGP v
between
abductors and . . v
adductors Activation Decreased in SRGP
Hip flexor Strength Increased in SRGP v
Hip rotation Hip extFrnaI Decreased in SRGP VY
ROM rotation
Knee flexor Strength Decreased in SRGP v
Transve.rsys Thickness Decreased in SRGP v
abdominis

Table 5: Table summarising the clinical implications emerging from this review; v'v'v  indicates strong evidence, v'v indicates moderate evidence, v indicates limited or very

limited evidence; SRGP — sports related groin pain.




Clinical implications and future directions

In thissection, | summarised the muscularand movement alterations associated with SRGP
that could be considered during development of rehabilitation and prevention programmes.
The strongest prospective risk factor from this review was reduced hip adductor strength,
which should be considered forinclusionin pre-season screening programs. There is some
indication formore regularscreening of adductor strength in some environments (e.g. elite
sport) givenitmay precede pain onset by 2 weeks in some individuals who go onto develop
SRGP (Crow etal., 2010), although furtherstudiesineliteand otherathleticpopulations are
needed to confirm this finding. Recommendations for adductor muscle strength measurement
and treatment strategies are welldescribed. Theyincludesqueezeand unilateralresisted
adduction tests to establish any potential strength deficits; and various exercises of graduated
difficulty torestore them, such as squeezing the ball between knees in the early phase of
rehabilitation and movingto longlever (ballbetween the feet)and ope n kineticchain
strengthening exercises using resistance devices as rehabilitation progresses (Weiretal.,
2011b, Holmich et al., 2010). Otherfactors preceded groin pain onset but the evidence was
limited. Theseincluded decreased hip abductor muscle strength, and decreased knee extensor
strength, indicating screening forand addressingidentified deficits may reduce the incidence
of SRGP. The most effectiveinterventions foraddressing hip and knee muscle function deficits
and whetherthey decrease the incidence of groin pain warrant furtherinvestigation.
Restrictionin hip external rotation range of movement, in athletes with SRGP, may be critical
due to the requirement for sufficient range of hip movement foradequate load absorption
during change of direction activities (L'Hermetteetal., 2006). Clinicians should identify
whetherthe underlying cause of possible deficits in hip rotation ROMis articular or muscular.
If muscularrestrictionis present, specifictechniques including stretching, soft tissue work as

well as using the entire range of movementin sports-specifictasks during the end phase of
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rehabilitation should be considered. Articular restriction may be less likelyto change with
these interventions, and end range loading may even provoke symptoms (Ratzlaffetal., 2013).
This may partly explain why addressing flexibility specifically (e.g. stretching, soft tissue
techniques)isless of afeature of current groin rehabilitation and prevention programs than
adductorand othermuscle strengthening (Holmich etal., 1999, Weiretal., 2010, Weiret al.,

2011b).

Thisreview has shown that despite alack of clear SRGP treatment guidelines, thereisinfacta
paucity of studies investigating the biomechanical patterns in SRGP. Studies summarised in the
chapter mainly focus onlocal, simple biomechanical measures such as strength, flexibility and
range of movement. Itisimportantto note, that presented studies seemto show consistent
and similarresults, clearly indicating that specific characteristics of the athlete with SRGP exist.
However, thisreview hasalso highlighted that there are very few studies that have
investigated more sophisticated biomechanical measures, such as muscle activation or
kinematicimbalances. Additionally, only one study has measures those deficits during
functional movementtests,which seemvery relevant given the relation between SRGP and

specificmovements that predispose certain sports groups to become injured.

The assessmentand treatment options for potential pelvicmovement control deficits are not
well established and certainly require furtherinvestigation. We recommend careful clinical
assessment of functionalmovements such as standing hip flexion (Morrissey etal., 2012a) or
single leg squat which reflect common movementsin sports possessing a high incidence of
SRGP and load the pelvisinarelevant fashion. Thesefunctional tasks are also relativelyeasily
controlled, compared to cutting manoeuvres, and therefore have the potential to reveal

characteristicbiomechanical signatures of SRGP.
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Conclusions

Our review identified arange of movementand muscle function features that can be
prospectively identified in arange of athletes who subsequently develop SRGP and should be
consideredinscreening programmes (Table 5). These findings provide clear clinical guidance

that should be implemented in prevention and rehabilitation of athletes with SRGP.

Mainly hip adductors and knee flexor strength deficits should be screened and addressed as

they may be risk factors for SRGP.

Further, this review identified both muscle function features and range of movement
considerations, clearly shown by retrospective studies that should be consideredin
rehabilitation programmes (Table 5). In particular, adductor muscle weakness and increased
abduction flexibility, hip total external rotation deficits, imbalances between adductorand
abductor muscles, increased hip flexor strength and transversus abdominis muscle thickness
should be addressed in rehabilitation programmes. The lack of consistency about various
classification issues, alongside methodological heterogeneity also need to be addressed in

orderto optimally move the evidence base forward.

It isworth noting, that despite the agreement of a multi-directional and multi-structural nature
of SRGP, only one study investigated more sophisticated and more holistic signatures of SRGP.
Furtherresearch should thereforefocus not on exact diagnosis of the tissues, but on more
general outcome measures, which may be applicableclinically —thus muscle activation and

movement pattersseemtobe arelevant targetforinvestigation.

Finally, the literature is notable for the near complete lack of research on SRGP-related
movement pattern differences during functional movements and also for comparison between
sporting participation levels. These aspects will be addressed furtherinthe forthcoming

chapters.
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Chapter 3: Aims and hypotheses

Chapter overview

This chapter summarises the main aims of the thesis by outlining null hypotheses for each
study. It summarisesthe aim of the whole thesis, as well as for the separate chapters —

alternative hypotheses being provided separate in each subsequent chapter.
Overall aim

The overarchingaim of this thesis was to explore biomechanical factors associated with SRGP
inorder to determinewhetherthey should be considered inimproved rehabilitation and
prevention paradigms, and if so, in what ways they may be beneficial. Allied to this primary
research question were subsidiary questions exploring whetherthere was evidence of sports-

and participation-level specificity.
Null hypothesis 1 — Reliability study

Coronal plane muscle activation measured with surface electromyography, and hip joint
kinematics measured with 3D motion capture system, as well as the methods of data analysis
during standing hip flexion and singleleg squat movement manoeuvres would not be reliable

between testing occasions.
Null hypothesis 2 - Observational study

There would be no consistent coronal plane muscle activation and movement pattern
differences present when comparing athletes with sports related groin pain to well-matched,

healthy controls, regardless of discipline and level of sport.
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Null hypothesis 3 — Longitudinal study

Coronal plane muscle activation and hip joint kinematic patternsin athletes after an acute

groininjury would not be altered by rehabilitation irrespective of the clinical signs of recovery.
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Chapter 3: Methods

Chapter overview

The development of the methodology forthe studies was based on the paper published
previously by ourgroup (Morrissey et al., 2012a). However, many aspects of the inclusion and
exclusion criteria, the data collection and data analysis processes were further developed

duringmy PhD.

The methodology foreach study includedin this thesis (observational and longitudinal)
differedin details, regarding mainly the inclusion and exclusion criteria of the participants and
the number of testing occasions. Those differences between studies are clearly described
throughout this chapter. However, the main methodological consideration regarding th e data
collection, processing and analysis remain similarand consistent for all studiesand are

describedin details.

The first part of the chapter (‘Research protocol overview’) provides a concise description of
the data collection, data processing and dataanalysis overview. This particular part of the
chapteraims at describing the genericdata collection process subsequently implementedin
the thesis, and provides only limited details regarding the decision-making of the given
collection, processing or analysis methods for clarity. Those details are thoroughly discussed

furtherinthe chapter.

The second part (‘Participants’) describes the aspects associated with the study participants:
ethical approval and potential ethical issues associated with the studies; the recruitment
process and issues associated with it; the participantinclusion and exclusion criteria, and the

rules of definingthe dominance of participants’ leg.
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The third part of the chapter (‘Measurement method’) firstly describes the surface
electromyography(sEMG) as a method of collecting the muscle activation data. This part
includes the general considerations regarding different types of the EMG, introduces the
chosen method and discussesits advantages and disadvantages. Further, it describes the
reliability of the method and factors that may influenceitas well as discusses. This partalso

describes the methodology of collecting and processing the kineticand kinematic data.

The fourth part of the chapter describes the stages of analysis of the collected data. It
describes the movement manoeuvres chosen to collectthe dataand the method of dividing

the movementsinto stagesinordertoenable the statistical comparison of the data.

The last part of the Methods chapter presents adetailed analysis of the data processing
techniques. A graphical presentation of aworked example of asample data on each stage of
data processing, alongside the justification of choosing certain processing techniques,

facilitates the understanding the rationale of the chosen methods.

Research protocol overview

All studies presented in the thesis had ethical clearance, and all participants signed an

informed consent before the data collections process.

All participants filled in study questionnaires and underwent a clinical examination in orderto
be includedinthe studyasan injured or control participant. Injured participants of the
longitudinal study underwent more detailed clinical examination and VAS scores were

recorded during each testing occasion.

Surface electromyography (sEMG) electrodes and CodaMotion infra-red markers were placed

on the pelvic, hips and lower limbs of each participant. After that, the participant was asked to
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performtwo movement manoeuvres: standing hip flexion (SHF) and single leg squat (SLS),

each manoeuvre being performed three timeson eachleg.

Kinematicdatawas filtered, and sSEMG data was rectified, smoothed and filtered before
analysis. There were four outcome measures: gluteus medius versus adductor longus muscle
activation magnitude ratio, and hip jointrotationsin three planes: coronal, sagittal and

horizontal; calculated separately for the injured and uninjured players of each sports discipline.

Movement manoeuvres were divided into exclusive, clinically relevant, phases priorto
statistical comparison, with SHF being divided into three phases while SLS was divided into

seven phases.

Each variable was averaged within each phase foreach leg for each participant, considered
separatelyif itwas movingorin stance, then group comparisons between the injured and

uninjured athletes were performed.

Participants

Ethics

All studies presented inthe thesis were approved by the Queen Mary University of London
Ethics of Research Committee. The ethical application forapproval including the Participant
Information Sheetand Informed Consents are enclosed in Appendix 5 for the observational
study (p. 288) and in Appendix 7 for the longitudinal study (p. 308); the letters of ethical
approval are enclosedin Appendix 4 for the observational study (p. 287) and in Appendix6for
the longitudinal study (p. 307). NHS ethical approval was not necessary forthe studies finally
includedinthe thesis due to the specificity of investigated cohortas | aimed in recruiting
amateurand professional athletes suffering from symptoms associated with their sports

disciplineratherthan patientsrecruited via NHS.
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A few ethical issues needed to be carefully considered and addressed before applying for the

ethical approval forthe studies.

Firstly, lensured thatall potential study participants take partin the study voluntarily and that
they are aware that they may withdraw from the study at any point, without givingany reason
for such decision, with no consequences. | have emphasised it verbally several times before
the potential participants signed the informed consent, such statement was alsoincludedin
the Participant Information Sheet, which the potential participants were encouraged and given

time to read before signing the consent.

Second potential ethical issue of the study was the participants’ anonymity, which was solved
by applying the coding system of the study participants. Outcomes of the clinical examination,
description of symptoms and collected datawere recorded and stored using Participants’
codes. Only the informed consents were signed by the participants with theirnames. The
description of the coding system, which provided the link between the participants’ personal
details and their coding number, was storedin a locked cabinetbased inalocked PhD students
office and locked Laboratory. | was the only person who had the keys tothe cabinet;onlya
limited number of Centre for Sports and Exercise Medicine staff members own the keys to the

Laboratory and to the PhD students’ office.

The preparation of the participant for the data collection process required uncovering certain
areas of hisbody: upperthighs, groin, buttocks, lower back and lowerabdomen; lower back,
lowerabdomenand upperthighsalso had to be uncovered throughoutthe datacollection
process. This may have potentially caused participant’s discomfort. Firstly, the participant had
to undergo a clinical examination consisting of palpation and specificclinical tests focusingon
theirhip, groinand abdominal area. Then, the sSEMG electrodes were placed on above

mentioned parts of participant’s body in orderto obtain the muscle activation data; further,
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CodaMotion markers were placed on participant’s body. Finally, the entire data collection
process had to be performed with the participant’sabdomen and lowerlimbs uncoveredin

orderto maximiseethe visibility of the CodaMotion markers.

The nature and necessity of those procedures wereemphasised in writingin Information
Sheet, understanding and agreement were confirmed priorto signingthe informed consent. In
orderto provide a professional clinical approach to the participants, all procedures were
performed by me - a Senior Physiotherapist,amember of Chartered Society of Physiotherapy
and the Health and Care Professions Council; | have also obtained a Disclosure and Barring
check prior to the data collection. However, if agreed with the study participant, the clinical
examination, electrode placement and data collection process were performed by 4" year

medical students under my close supervision.

In orderto minimise participants’ discomfort during their preparation for the datacollection
process, the clinical measurements and electrodes placement on participant’s body were
always performedin apresence of atleast two people behind the screen orin a separate room
inthe Human Performance Laboratory (HPL), which was locked throughout this process with

the windows fully covered.

For the data collection event, all participants were asked to bring theirown shorts to the HPL.

If theyfailed todo so, they were provided with a suitable pair.

Anotherethical consideration was associated with the necessity of provoking pain during
clinical examination when checking participants’ eligibility for the study. In orderto ensure
that the pain or discomfort duringis minimal, the examination was performedin acareful and

delicate way by me or a 4" year medical students under my close supervision.
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Recruitment

The recruitment process of the professional and amateur athletes was one of the biggest
challengesinthe data collection process. No study includedin this thesis was externally or
internally funded, so the potential participant had to agree to partake inthe study with no

refund fortheirtime, travel and effort.

The potential participants were contacted via private contacts, friends and colleagues as well
as usingthe contact details foundinthe web. Participants to be included in control group were
recruited in similarways and were closely matched with the SRGP athletesin orderto avoid
the bias arising from confounding factors (weight, height, age, position played, but also
training type, access to physiotherapy and personal training service or the level and frequency

of play).

Careful matching of the control and symptomatic participants was one of the prioritiesinall
included studies. Age, weight and height are typical sources of potential bias in biomechanical
measurements, as the differences of theseanthropometrical features between control and

symptomaticgroups may affect the sEMG values.

The athlete’s position played on the pitch, among other mentioned factors, was treated with
particular care, as in some sports the athletes playingin different positions may perform
different movements. Forexample in rugby, while forwards perform repetitive twisting,
cutting and pivotingand are frequently exposed to high loadingin potentially very traumatic

situations, backs perform additional kicking alongside running and changing directions.

Matching of the symptomaticathletes and controls was a relatively difficult task due to
simultaneous recruitment process of both groups. In consequence, the mean anthropometrical
values of the SRGP athletes had to be closely monitored along the recruitmentand data

collection process, which allowed the recruited healthy controls to present similar mean values
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in height, weight and age. Fortunately, given ahighinterest of healthy athletes in participation

inthe studies, itwas possibleto select the participants to match the desired values.

The sample size calculation foreach separate study was based on previous study by Morrissey
et al (2012). Morrissey etal. recruited nine injured and nine healthy athletes, which proved to
be a numberlarge enough to observe significant differences in gluteus medius to adductor

longus muscle activation ratio in standing hip flexion movement.

Based on the sample size estimation equation (Kadam and Bhalerao, 2010, Kirby et al., 2002):

where Zais a constant numberdepending on the acceptance of the Type | error and whether

the effectisone-sided ortwo-sided, according to the table presented below:

a-error 5% 1% 0.10%

2-sided 1.96 2.5758  3.2905

1-sided 1.65 2.33

Z,¢ isconstant dependingonthe accepted power of the study as shown inthe table below

Power 80% 85% 90% 95%

Value 0.8416 1.0364 1.2816 1.6449

ois the standard deviation, whichis estimated for the study, but may be retrieved from

previous similarstudy;

Aisa difference in effect between the injured and control groups.
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Based on the formerly mentioned study by Morrissey etal. (Morrissey etal., 2012a), | chose

the valuesforthe formula:

Zo - 2.5758

Z;¢ - 1.2816

o —there were twelvedifferent standard deviation values to be obtained from this study as
there were two groups of participants (injured and control); the measurements weretaken
duringthe moving and weight-bearing phase of standing hip flexion movement (SHF); and SHF
was furtherdivided into three movement phases: early, middle and late. All of the values are

listed below, sorted from the lowest to the highestvalue:

0.3267
0.3368
0.3912
0.4074
0.4269
0.48

0.5416
0.5596
0.5973
0.6186
0.7005
0.8182

| decided to use the median of all of those values for further calculations of the sample size for

my study, which was 0.5108.

A alsoneededto be calculated, with six different values (three phases of movement during
moving and weigh-bearing conditions), presented below, sorted from the lowest to the highest

value:
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276.435%

40.47934%

5.995547%

123.6475%

189.5781%

97.46572%

In this case | again decided to use the median of those values, whichwas 110.5566 (A =

1.105566).

Usingall of the above values, the sample size calculations are presented below:

Above calculations suggest that recruiting eight participantsin each study group would be an
optimal numberin ordertoreach the statistical significance of the results. However, very high
differences between injured and control groups inthe study which served as a base for the

calculations (Morrissey etal., 2012a) may be associated with otherfactors.

One of the mostimportant potential sources of bias was the amateurlevel sporting population
recruited for Morrissey’s study. This may mean that the participants have a highervariability of
the trainingregime, generalfitness and access to professional medical advice, and, in
consequence, the reactions to pain may be emphasised. | aimedin recruiting mainly the
professionalathletes, who were potentially more equalin regards to those potential sources of
bias; theirgeneral fitness and training regime is likely to be similar, professional medical help
and advice is easily accessible. They professionals may also potentially show less change in
muscle activation and movement patternsinthe presence of pain, due to their betterfitness

levels. Thereforel decided toaimina highernumber of participantsin studies focusingon

93



professionalathletes, with the estimated number of tenin each group in each study

(symptomaticand asymptomatic).

Inclusion and exclusion criteria

The definition of clear, evidence based and clinically relevantinclusion and exclusion criteria
for study participants was one of the priorities beforethe data collection process. Atthe time
of the data collection, therewas alack of international consensus amongresearchers
regarding underlying pathology of groin symptoms, aswell asits various diagnoses and
terminology. Acommon agreement, however, exists that the nature of groin painis multi-

structural and multi-factorial.

In thisthesis, an umbrellaterm ‘sports-related groin pain’ (SRGP)is proposed and used
throughout. Itincludes the soft-tissue, but not hip joint diagnoses causing groin painin
athletes, which may be defined differently by the aforementioned classification systems. My
hypothesis was that the multi-factorial and often misdiagnosed nature of groin symptoms
would cause similarmovement strategies ininjured participants, which were associated with
the symptoms ratherthan with diagnosis perse. This term, although defined priorto the Doha
agreement (Weiretal., 2015), is consistent with one of the diagnosticand terminology

subgroups specified there.

The athlete had to be over 18 in orderto participate in observational and longitudinal study.
18 was selected asaminimum age in observational and longitudinal study firstly to ensure the
participants were capable of makingindependent decisions whetherto voluntarily take partin
the study; secondly to ensure their physical maturity and avoid bias related to developmental

imbalances.

In orderto beincludedinthe observational study, a potential participant must have been

experiencing sports related groin pain (SRGP) for a minimum of four weeks. This time frame
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was decidedto be longenough to considerthe symptoms as ‘chronic’; it was also previously
usedinotherstudies (Mensetal., 2006, Morrissey et al., 2012a) and provedto be a sufficient
period to demonstrate the significant biomechanical differences between the symptomatic
and asymptomatic participants. Moreover, from a physiological perspective, four weeks after
the symptoms onsetis beyondthe acute inflammation phase and into the intensive
rehabilitation phase of injury, to which the study results are most relevant. Additionally, four
weeks of painisalong period of time in professionaland amateur sports. Non -participationin
trainingand game sessions may significantly decrease the levels of general and sports-specific
fitness; it may also have serious consequences for the performance of the whole team, as well

as may increase the players’ risk of otherinjuries (Arnason etal., 2004).

In the longitudinal study, groin symptoms must have started as an effect of acute sports-
relatedincident. The potential participant must have been able to visitthe Human
Performance Laboratory to collect the first set of data a maximum of five days afterthe injury.
Thistime frame was chosen to enable retrieval of information from the activation of the
injured muscle as early as possible inthe healing process. Additionally, the participant must
have been availableforatleasttwo further data collection appointments, which were
scheduledintwo orthree weekintervals. These multiple, longitudinal measurements were
plannedtostart earlyinthe healing processin orderto capture the biomechanical information
fromacutely injured muscles and discover the natural biomechanical adaptations of the

muscle tissue during the healing process.

Furtherinclusion criteriadefined the clinical diagnosis process in orderto assess potential

participants’ eligibility for observational and longitudinal studies.

For observationalstudy, groin pain experienced by the potential participant must have

decreased or prevented him from taking partin a game and/or training; for longitudinal study,
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groininjury was defined as an acute incident, which resulted in groin symptoms and occurred

insports situations.

In observationaland longitudinalstudies, tenderness and/or pain as a result of palpating the
adductor musculature, adductortendons, ortheirinsertion to the pubicrami, were the next
inclusion criteria. Reproduction of this pain while palpating these areas is one of the most
common diagnosticcriteriafor SRGP, widely used by anumber of researchers (Holmich, 2007).
Palpation may additionally be useful in excluding hip joint related pathologies, as palpating

groin musculature is notlikely to reproduce hip-related groin pain.

The reproduction of symptoms duringa number of tests were the furtherinclusion criteriain
all performed studies; specifically, the unilateral adductor muscle staticresisted adduction test
(lying supine); passive flexibility testingin the same position; unilateral iliopsoas muscle
strength and flexibility testing; as well as squeezetestsin 0°,45°, 90° of hip flexion. All of these
tests were previously mentioned as reliable and valid (Malliaras et al., 2009, Thorborget al.,
2011); the squeeze testin particularis most commonly mentioned in association with

diagnostics of SRGP (Delahuntetal., 2011a, Delahuntetal., 2011b).

The exclusion criteriain both observationaland longitudinal studies were based mainly on the
participant’s positive response to hip joint specific clinical tests. Hip joint pathologies
commonly manifestas paininthe groinarea (Andersonetal., 2012, Banerjee and McLean,
2011), therefore carefully chosen clinical tests (flexion-adduction-internal rotation test
(FADIR); flexion-abduction-external rotation test (FABER); and the grind test) were used to
ensure that groin symptoms have muscularor biomechanical ratherthan hip joint origin.
These tests are hip joint specific, sensitive, reliableand valid (Martin and Sekiya, 2008, Groh

and Herrera, 2009). Additionally, significant lower back or posterior pelvic pain during the
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physical examination excluded the potential participant from the study as this mightindicate

groin symptoms originating from the lumbarspine orsacro-iliacjoints.

Potential participantin both observationaland longitudinalstudies was also excluded if he/she
had any previous groin orabdominal symptoms, injury or surgery. Exclusion of those
participants aimedin ensuring that there are no other but biomechanicaland functional
factors from most recentinjury affectingthe measurements. Allinclusion and exclusion criteria
are synthesisedin Table 6the inclusion and exclusion criteria for the injured participantsinthe
observational study are enclosed in Appendix 8 (p. 329), forthe longitudinal studyin
Appendices 9 (firsttesting occasion, p. 333) and 10 (subsequent testing occasions, p. 337). The
inclusion and exclusion forms forthe healthy control participantsin both studie s are enclosed

in Appendix 11 (p. 339).
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Inclusion criteria

Observational

Longitudinal

Exclusion criteria
Observational Longitudinal

>4 weeks of SRGP

symptoms

Symptoms prevent from
sporting activities

>18 years old

<5 days after the acute

injury

Acute injury occurringin
the sports situation

Tenderness and/or pain when palpating the adductor
muscles, tendons or insertion to pubic rami

Pain reproduction during at least two of clinical tests:
unilateral hipadduction, unilateral passive hip flexibility
test, squeeze test (0°, 45°, 90° of hip flexion)
Additionally (but not necessarily), pain reproduction
during other clinical tests: modified Thomas' test, active
hip flexion against resistance

Positive response to any of the hip
jointandSlJ clinical tests: quadrant
test, grind test FADIR, FABER

Other previous
hip/groin/abdominal injury or
procedure

Table 6: Inclusion and exclusion criteria for the observational, and longitudinal studies.

Dominance

Athletes often perform voluntary movementsin a certain way, involving the preferred side of

the body. Thisis particularly relevantin repetitive, sports-specific tasks, such as kicking the

ball. In consequence, the biomechanical patterns of muscle activation and movement may

differbetween dominantand non-dominant limb. Definingthe leg dominance is therefore an

important stage in data analysis when investigating the association between unilateral

symptoms (such as SRGP) and biomechanical measurements (such as kinematics, kinetics and

SEMG magnitude). Despite acommon agreement regarding the importance of the effect of leg

dominance on biomechanical measurements, this feature is often overlooked in sports

medicine research andin clinical settings (Jessica Velotta, 2011).
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All athletesincludedin presented studies were participating in sports disciplines requiring
repetitive, sports-specificmovementsintrainingand game. Alarge number of those
movements are one sided and asymmetrical, such as pushing off while starting to sprint,
pushing off another player (rugby), kicking (football and rugby), twistingthe whole bodyin
particular direction and swinging the stick (field hockey) orthrowing the Frisbee. It was likely
that included participants performed those movementsin aspecificway, choosing the
preferred side of the body more frequently than the other one. Therefore it was particularly
importantto determinethe legdominance of all the athletesincludedin the studies, and to

include those datain furtheranalysis.

Thereisa number of ways to define the leg dominance: by the hand preference (BARBER et
al., 1990), preference to kick the ball (HB. Greenberger, 1995, Morrissey etal., 2012a,
Malliarasetal., 2009, Petschnigetal., 1998, Brophy etal., 2010), preference tojump (JohnA.
Nyland, 1994), or preference of aweight-bearingleg when kickingaball (John A. Nyland,
1997). Dominance and preference of right or left legmay also depend ona task. The rightleg
was hypothesised to be more commonly chosenin movement (mobility) task, whereas left

tendsto be chosen during stability tasks (Gentry and Gabbard, 1995, Spry S, 1993).

In thisthesis, the leg dominance of all participating athletes was defined as preferred kicking
leg. The pitfall of this approachisthat not all of the included athletes perform repetitive
kickingmovementintheir primary sports disciplines (hockey and Frisbee). Therefore the
movement of kicking may not be as intuitive in those sports, and may therefore have

restricted application in defining the leg dominance.

However, studies investigating preference to kick aball as a definition of leg dominance,
included healthy participant with no specification of preferable sports discipline, and still

obtainedvalid results (Jessica Velotta, 2011). Therefore, in orderto keep a maximum
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consistency in methodology, | decided to use this method to determinethe legdominancein

all study participants.

Measurement methods

The primary aim of the thesis was to investigate the muscle activation and movement patterns
associated with SRGP. In orderto meetthisaim, | chose surface electromyography (SEMG) to
collectthe muscle activation data, and the optical motion capture system to collect kinematic
data fromthe study participant. Additionally, kineticdatafromthe force plates were also used
to define the movement phasesin the data processing and analysis. The rationale of the
choice of these measurement methods are presented below, alongside the pros and cons of
the alternative methods and reasoning behind the chosen data processing and analysis

process.

EMG measurements

Surface electromyography measurements (SEMG) have been widely usedin clinical and
research settings to measure muscle activity and function (Luca, 1997). Classically,
biomechanical researchers has recorded and analysed muscle activation during cyclic
movements such as gaitin orderto establish normative muscle activity valuesand help to
facilitate ambulation in patients with walking difficulties (Frigo and Crenna, 2009). The EMG
has also beenincreasingly used to measure the pathological mechanismsin orderto establish
the movement patternsin chronicpain presentations (Szpalaetal., 2014, Van Damme et al.,
2014) or to guide rehabilitation afterinjury (Morrissey et al., 2012a). There are clear clinical
implications emerging from the results of using the EMG in developing the treatment
strategies fordiverse groups of participants. Thus, usingthe EMG in clinical research enables

us to betterunderstand muscle activation patterns, altered recruitment strategies and their
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association with pain, orrisk factors for injury (Sole etal., 2012, Amiri-Khorasani and Kellis,

2013, Brophyetal., 2007).

There are three main electromyography methods, which are used to record muscle activity:
surface, fine wire electromyography and —more recently — high density surface arrays. Those
methods have various applications (Figure 8) as well as different advantages and

disadvantages.

Surface electromyography (SEMG) is suitable for obtaininginformation about large areas of
superficial muscle. Itis widely used in biofeedback studies (Lyons etal., 2003, Yoo etal., 2014)
and ina very broadfield of biomechanics, rehabilitation and sports. The sSEMG is a relatively
easy to use, non-invasivetechnique, with alarge variety of applications. Itis used to study
normative muscle activation valuesin athleticand non-athletic population in gait or sports-
specifictasks; it helpsto establish the movement efficiency (mainly in athletes); it guides the
rehabilitation strategy by providing information of muscle activation in various exercises and
movement tasks (Delmore etal., 2014, Boudreau et al., 2009); facilitates the diagnosis of
muscle dysfunction (Disselhorst-Klug et al., 2009, Chendeb et al., 2004) as well as muscle
damage (Felici etal., 1997, Merletti and Parker, 2004). The summary of the advantagesand

disadvantages of this methodis presentedin Table 7.

High density arrays (HD-EMG) can be usedto collect detailed samples of muscle activity from
the surface, thusyieldinginformation about, forexample, individual action potentials. HD-
EMG is mainly used to investigate the details of the muscle activation strategies by collecting

information about motor unitaction potentials (MUAPs).

101



movement muscle motor unit muscle fiber muscle
membrane

Conventional sSEMG

HD-sEMG

Needle EMG

Figure 8: The overview of different EMG techniques. For movement studies, conventional sEMG is
usually used; recently developed HD-sEMG with multiple electrodes allows to measure the muscular
activity down to the level of the muscle unit; the needle EMG is used as a tool to obtain information
from the muscle unit (Drost etal., 2006).

Indwelling electromyography (fine wire or needle) is the mostinvasivetechnique, but suitable
to record the neuro-activity from smaller areas, down toa muscle fibre level. Itis therefore
extensively usedininvestigating the firing characteristics of motor units (MUs) (Hermensetal.,
1992, De Luca etal., 2014), motor neuron excitability as well as clinically in establishing the
neurological and neuromuscular diagnoses. Despite the invasiveness, indwelling (usuallyfine
wire) EMG also findsits use in biomechanical research, as it gives the opportunity to

investigate deeper muscles, notaccessible with the sSEMG (Jansen etal., 2010).

For the purpose of this study, sSEMG was chosen to record muscle activation during movement
because the musclesto be investigated were large and located superficially; itis non-invasive;
has got an easy set up procedure andis relatively quick tolearn (Hermens etal., 2000).

Standard rounded Ag-AgCl passive disposable bipolarelectrodes were used with an electrolyte

gel builtin.

The choice of usingthe SEMG as a main measurementtool in this study was associated with a

few limitations (Kamen and Gabriel, 2010a).
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The sEMG is an optimal device to measure the motoroutput from large and superficial
muscles. Although such muscles were mainly the focus of my interest, few smallerand deeper
muscles (such asinternal obliqueand ilio-psoas) were also relevant to my studies and
collecting datafrom those was impossible with sSEMG. | considered using additional types of
EMG (such as indwelling fine wire EMG) before the data collection process, but adding another
measurement tool would make the protocol toolongand impractical. High invasiveness of fine
wire EMG might additionally discourage some of the potential participants to take partinthe

studies.

The sEMG measurements have some standard limitations, which might have affected our
measurements. Those limiting factors can not be fully controlled but can be minimised, albeit

always being presentin sEMG measurements.

One of the biggest potential sources of bias is misplacement of the surface electrodes on the
body of the participant. In orderto minimise this bias, | underwent an extensive training
before the datacollection and followed all available guidelines. My anatomical and
physiological knowledge associated with my occupation facilitated the identification of desired
muscles and the optimal electrodes location on the muscle. However, the individual’s
anatomical and physiological differences such as the location of innervation zones might have

compromised the reliabilityand validity of the measurements.

Another potential limitation of the SEMG measurement is cross-talk. Cross-talk can be defined
as any electrical activity recorded by the electrodethatis not representing the activation of
the desired muscle. It may originate from other muscles, when the surface electrodes are
placedtoo close to them; it may also appear as an electricsignal fromthe muscle of interest,
whichis not representing the magnitude of muscle activation. This can occur when the muscle

electrical tripole (depolarized current sink and two current sources), which is a target signal for
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SEMG, is covered by strongerdipole originating neartendon areas (where thereisnoionsto
be delivered to depolarized zone) with significantly different properties. Thisdipole, also called
a terminal phase of MUAP, is a high-frequency signal, whichisreduced by distance to aless,
extends thantripole. Subcutaneous fat, by increasing the distance between the signal source

and receiveristherefore a natural source of bias.

There are limited ways to minimize the risk of cross-talk. Bipolarelectrodes need to be placed
close to each otherto improve selectivity (10-20mm). However, placingthemtoo close to
each othermayleadto salt bridge formation between electrolyte gelareas between two
electrodes. This would reduce the difference between tw electrodes and significantly decrease
recorded signal. In orderto minimisethe cross-talk risk during the data collection process, |
followed closely all of the guidelines keeping the recommended distance between the

electrodes.

Pros Cons How mitigated

Easy to use with a

C No possibility to collect Such muscles were
lot of guidelines of
. data from muscles excluded from data
good practice .
. located deeper collection process
available
Potential bias due to Extensive training
Non-invasive the electrode completed prior to data
misplacement collection

Relatively short
time of participant
set-up

Potential presence of  Closelyfollowing available
cross-talk guidelines

Table 7: Summary of pros and cons of surface electromyography

Muscle neurophysiology is complex and there isanumberof intrinsicand extrinsicfactors

potentially affectingthe EMG signal (Luca, 1997). Therefore strict guidelines exist regarding

104



the sEMG data acquisition, handlingand analysis. Extensive studies, which investigate the
neurophysiology of muscle fibers and types of EMG instrumentation, serve as abase for those
guidelines (Hermensetal., 1992, Hermens et al., 2000). The main educational role, although
limited to sSEMG, has been mostly held by SENIAM (Surface EMG for Non-Invasive Assessment
of Muscles), whichisaninitiativein the Biomedical Health and Research Program (BIOMED II)
of the European Union. SENIAM’s two key objectives are to (i) provide a space and opportunity
for researchersand clinicians working with sSEMG to share experience on various aspects of
usingthe sEMG; and (ii) to develop recommendations according to existing evidence regarding
the use of SEMG. Another source of up-to-date knowledge about EMG is ISEK (The
International Society of Electromyography and Kinesiology) together with its conference

proceedings; and the Journal of Electromyography and Kinesiology.

In all studiesincluded in this thesis | closely followed SENIAM guidelinesin the sEMG data
collection, acquisition and analysis. Following those guidelines, the electrodes usedin these
studies were placed on the surface of specially prepared skin. The skin areachosen for
electrode placement was firstly shaved (ifnecessary) to ensure the optimal skin-electrode
contact, then cleaned with alcohol wipes to discard any electriccharges from the surface of
the skin. Owingtoa number of otherskin preparation techniques reportedin literature, |
decided to additionally abrade the skin with a gentle sand paper. ‘Sensor (electrode) location’
referstothe centre of two bipolarelectrodeslocated onamuscle. SENIAMprovides the
recommendations for electrodelocation for 30 muscles, defined as a pointonthe line
between two anatomical landmarks. In individual muscles the sensors are recommended to be
placed between the most distal motorendplate zone and the distal tendon (longitudinally) and
within amaximal distance from the muscle edge or subdivisions (transversely); the bipolar
electrodes need to be placed with the respect of the direction of muscle fibres (SENIAM.ORG,

2015).
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Where SENIAMguidelines were not available (external oblique, adductorlongus and adductor
magnus muscles) other guidelines were followed (Lyons et al., 1983, Cram, 2011). Itisworth
noting, that although the data was collected from 12 musclesin all participants, this thesis
focusesonthe activation of 4 musclesonly: gluteus medius and adductorlongus muscle,
bilaterally. Surface electromyography Ag-AgCl electrodes were placed bilaterally on external
oblique (Figure 9a), gluteus medius (Figure 9b), adductorlongus (Figure 9c), gluteus maximus

(Figure 9d), rectus femoris (Figure 9e) and biceps femoris (Figure 9f) muscles.

Figure 9: Surface electrodes placement location; a — external oblique muscle; b — gluteus
medius muscle; ¢ —adductor longus muscle; d —gluteus maximus muscle; e —rectus femoris
muscle; f - biceps femoris muscle.
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Reliability and validity of the SEMG measurements are reported to be high (Kollmitzeretal.,
1999b). They may be, however, affected by the misplacement of the electrodes onthe
participant’s body, which makes them user-dependent (Mathuretal., 2005). Thus the
reliability and validity of the sSEMG measurements may be compromised by a lack of
anatomical or physiological knowledge, limited training time or no theoretical skills of the

SEMG user (Kamen and Gabriel, 2010a).

Before collectingany datal completed extensive trainingin using the sSEMG and gained
essential knowledgeto limit the risk of compormised sSEMG measurement reliability or validity.
A large number of practical sessions using SEMG device under close supervisionimproved my
skillsand provided confidence and independence in data collection process. Additionally, |
have completed afive-year full time education, which led to obtaining BScand MSc degreesin
Physiotherapy, and have been working clinically since then. My education, qualification and
clinical experience enabled me to gain and establish the anatomical and physiological

knowledge, which likely minimised potential human errorin my sEMG measurements.

Before collectingdatafrominjured participants | had performed areliability study, which
reports a highto excellentreliability of performed research protocol. The details of those

studies are described in Chapter 2: Reliability study (p. 140).

There are a number of limitations of SEMG measurements and there are limited methods to
control them. However, sSEMG measurements are generally reported to be reliablein

biomechanical research (Kollmitzeretal., 1999a).

There are a number of studies reporting high sEMGreliability in the dynamic movements of
upper (Reinold etal., 2004) and lowerlimb (Ngetal., 2008); in cyclicmovements such as gait
(Bogey etal., 2003) and more one-off sports specificmovements (Ortizetal., Amiri-Khorasani

and Kellis, 2013). However, the reliability forthe sSEMGit is highly dependent on the specific
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userand situation, forthe studiesincluded in the thesis reported in Chapter 5: Reliability study

(p. 140).

The sEMG iscommonly used to detect the motoroutputfrom muscles duringintentional
movement tasks of varied complexity. The movement of the participant, however, createsa
number of limitations, which might potentially affect the reliability and validity of the

measurements.

The most general issue is related to participants’ comfort while performing movement tasks
with a large number of wires around their body. In present studies, additionally to SEMG
electrodesandtheirwires, CodaMotion markers were attached to participants’ lower limbs
and pelvis areas. The participants were given adequate timeto habituate to moving with all
the wires on; however, the quantity of markers and electrodes might have affected their

movement.

The electrodes placed on the surface of the skin are supposed to detectand record the motor
output of the muscle lying much deeper (Kamen and Gabriel, 2010a). The process of palpating
the muscle, finding the recommended location for the electrode and attachingitthere is
performed with the participant lyingdown and relaxed (Hermens etal., 2000). If he or she
performs aninvestigated movement during data collection process, associated contraction of
the muscle will cause itsdisplacementinrelationtothe skinand the initial properelectrode

placement may lose its reliability.

Additionally, potential perspiration or electrodes rubbing against each otheroragainst the skin
may cause theirdisplacement on the skin surface. This may furtherlimit the reliability of
measurements (Kamen and Gabriel, 2010a). Thisissue, however, was addressed by puttinga

large amount of tape overthe electrodesin orderto secure their position.
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Otherlimitations of sSEMG motor output, related to the movement, are associated with the
physiological determinants of muscle electrical signal. The surface electrodes detect the motor
unitaction potentials (MUAPs), whichisthe sum of individual musclefibres action potentials
(MFAPs). MFAPs, which then determine the final recorded sEMGsignal, might be affected by
several factors. One of the MFAPs’ characteristics, potentially affectingthe sEMGrecording, is
the muscle fibre conduction velocity (MFCV). MFCV depends on factors such as muscle fibre
diameter, temperature orintracellular pH. Muscle fibre’s diameter, and consequently also
MFCV, decreases with muscle stretch and increases with muscle contraction (Kamen and
Gabriel, 2010a). MFCV might furtherincrease with the increase of the temperature when
performing the movement. But when the taskis challenging, the MFCV might decrease due to
decreasedintracellular pH when muscle fatigues. All of those factors might potentially affect

the MFCV and, consequently, the motor output detected by electrodes.

However, the movementtasks usedin studiesincludedin this thesis were ratherstatic, not
allowingthe temperature to rise too much and not enabling the muscles to fatigue. Moreover,
the temperature inthe laboratory was ke pt similar during the data col lection, which might
have further minimised its potential effect on SEMG recordings. Nevertheless, those

limitations existand should be acknowledged while analysing collected sSEMG data.

SEMG data normalisation

The procedure of normalisation of the sEMG signal generally means presentation of the raw
SEMG data as a relative value by dividing it by another sEMG value. The aim of thisisto
decrease the between-subject variability and make the SEMG signal comparable between
participants. Normalisationis proposed by anumber of authors as a standard procedure
before furtheranalysis of the sSEMGsignal (Luca, 1997, Cram, 2011, Burden, 2010). Non-

normalised sSEMGshould not be analysed between subjects orbetween different
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measurement occasionsinone subject due to the specificity of muscle physiology and

different methods of generating force.

The motor outputisa measure of the electrical activity of all individual muscle fibres located
close enough tothe surface electrodes to be recorded; this generates force. Different muscles
and different muscle fibre types have different strategies to increase force. Moreover, in order
to increase the force output, atlow force levels the quantity of active motor unitsincreases,
while athigherforce levelsitis ratherthe frequency of motor units thatis responsible for

increased force.

The choice of normalisation method is critical in furtherinterpretation of obtained data
(Burden, 2010) and should be strongly dependent on the aim of the individual study.
Therefore, the decision whetherto normalise the sSEMG data at all should also be consciously
made. Considering the aims of individual studies and the desired outcome measures, standard
normalization procedures may decrease the reliability of the sSEMG data or simply notadd any

value, thus makingthe procedure useless.

There are a few common ways to normalize the EMG data and there isno agreementamong
researchers, whichisthe best normalizing procedure (Lai etal., 2009, Kamen and Gabriel,
2010a). Most frequently, the sSEMGssignal collected during atask is divided by other sEMG
values from the same muscle. The most common procedure is to obtain the sEMG value from
a maximal voluntary contraction (with isometric contraction being the most common and most
reliable type) (MVC) and then dividing the obtained sEMG value from the investigated task by
isometricMVC. Avery similar procedure is also commonly used with various percentages of
MVC (50%, 60% or 80%), whichis then called sub-MVC. This method seemsto be a reliable
way of potentially obtainingavery clean sEMG signal, as all of the artifacts presentin the

desired motoroutputalsoappearinthe value to whichit is normalized. In consequence,
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dividing two sEMG signals with exactly the same noise will naturally filter out this noise.
However, MVCand sub-MVCare strongly dependentonthe effortthattheindividual puts
into the forceful muscle contraction. It was discovered that the term ‘maximal voluntary
contraction’ isinfact misleading as much higheractivation outputs are achieved when
performing high-velocity muscle actions (Ball and Scurr, 2013). Moreover, thereisno
consensus regardingthe type of manoeuvre usedin orderto achieve the maximal neural

activation of the muscle.

Othervalues, that obtained sEMG signal might be normalized to, are peak or mean activation
value when performinginvestigated movement task (Lai etal., 2009). This method was
previously used ininvestigating the sEMGvaluesin cyclicmovements such as gait (Allison et
al., 1993). It was reported toreduce the intra-subject and inter-subject variability, thus
completingits normalizationrole. However, it might reduce the meaning of some real
biological inter-subject differences, such as strength. Also, same movement task might be of
graded difficulty amongindividuals. In consequence, different people with various strength
levels would use different level of muscle activation to perform the same task. Normalising the
SEMG signal obtained during this task to the mean of muscle activation, while performingit,

mighttherefore disregard the strength differences.

Moreover, the movement strategies and theirreproducibility in movement tasks are not well
known. Therefore, muscle activation patterns used differently inindividuals, orin different

repetitions mightalterthe relation tothe reference sEMGvalue.

None of normalization procedures described above were considered relevant to our study.
Normalisation to 100% or 50% of MVC would be both non-ethical and non-reliable, as
participants would have been asked to maximally contract potentially injured muscle. Not only

would they not be able to perform a maximal contraction, butalso such effort might
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additionally increasetheir symptoms and deteriorate their condition, which would be highly

unethical.

Normalising the sSEMGto a peak or mean level of muscle activation during analysed movement
task seemsto be a convenientand relevantway in ourstudy. However, because one of the
aims of the studyisto discoverthe muscle activation patterns, it would be wrongto assume
that the patterns are notaffected by the injury by includingthem as one of the inputs (or
independentvariables) in analysis. Moreover, peak or mean sEMG value used for
normalisation would be obtained from healthy muscle in healthy participantandinjured
muscle ininjured participant. Using the same value in healthy and injured participants would
not allow obtaining acomparable sEMG value, as it would include pathology ininjured

participants.

Therefore, owing to the specificaim of this study, | chose anotherway to process sEMG data in
our study. It isimportant to note that it was not the main aim of this study to discoverthe
muscle activation magnitudein various groups of participants. Instead, | aimed to explore the
movement patterns and relationship between the activation (and its consequences onthe
biomechanical balance) of two muscles (adductor longus and gluteus medius), and potential
differences between groups. Firstly, the sSEMG data was time-normalised by dividing analysed
movementtaskinto phasesand averaging sEMG data for each recorded muscle within those
phases. Time averagingis acommon technique for analysing sEMG data by providinga
standard and reliable value against which the data are measured (Burden etal., 20033,
Mathiassen etal., 1995). It thus allows reliable quantification of muscular motoroutputin
chosentime phase (vanderHulstetal., 2010b, van der Hulstet al., 2010a, vander Hulstet al.,

2010c).
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Secondly,  usedintra-subject muscle ratios as a primary outcome measure within participant,
which was then averaged within group (such as symptomaticorasymptomaticgroup). Because
the subcutaneousfatlayerhasa comparable depth within a given participant, using intra-
subjectratios would minimise fat’s potentially large effect on the SEMG signal. Moreover, by
using muscle ratios | was able to explore the muscle activation patterns by analysing the
relative relationship between two muscles rather than two separate values, which was our
aim. This approach was previously used and published in several papers (Morrissey et al.,
2012a, vander Hulstet al., 2010a, van der Hulstetal., 2010c, Fergusonetal., 2004, Reeves et
al., 2006, Dalyet al., 2015). Due to the aim of exploring movement patternsin specificathletic
sub-groups in my study, it was even more importantto ensure that the measurementvalues
were comparable between groups such asamateurs and professionals, therefore analysing
muscle ratios within defined movement phases was, in our opinion, the best, most relevant

and accurate way of normalizing our sEMG data.

However, if the primary measure of two muscle sSEMG activation ratios was showing significant
differences between groups, | used the secondary measure of individual muscle activation
magnitude within agiven time phaseinordertoindicate the reason foran observed ratio
difference. | did not analyse the exact quantity of the sSEMG activation magnitude in separate
muscles, butratherinterpretedthe trend (increase or decrease of the activation magnitude),

which affected the ratio measures.

Normalisation of the SEMGis a processthat aimsin reducingthe inter-subject variability in
orderto make various groups of participants, different muscles and different measurements
occasions comparable (Luca, 1997, Cram, 2011). Although | made a potentially controversial
decision notto normalize our sSEMG data in the most common way, significant between-
groups differences, with very smallP values, found in our study make astrong argumentin

favour of ourmethod of proceeding.
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Muscle activation measured by sSEMG is a useful representation of muscle function, but can’t
be proportionately related to muscle force (Nishiharaand Isho, 2012). Although some research
reported the linearrelationship between sEMGsignal and muscle force output, it was only
foundin specificconditions, specificmuscles and duringisometric contractions (Lippold, 1952).
In a majority of studies, the muscle activation was found to increase with the increase of the
force (Madeleine etal., 2001, Solomonow etal., 1990), but this relationship was notlinear

(Bilodeauetal., 2003, Gregor et al., 2002, Karlsson and Gerdle, 2001, Onishi et al., 2000).

In majority of biomechanical and kinesiological research, where the aim of study is to measure
a real movement, treating the sSEMGsignal as a representation of forceisincorrectfora

number of reasons.

Firstly, all of the factors mentioned previously, that may affect the sSEMG signal, make it
impossible to directly relateitto force; specifically the surface electrode location, change of
the muscle and muscle fibres length or dislocation of the surface electrodeinrelation to the
muscle duringmovement (Gerdleetal., 2000, Gerdle etal., 1997, Wretlingetal., 1987).
Secondly, the size and shape of the surface electrodes determineits data collection from
particular muscle areas only (Nishiharaand Isho, 2012). Therefore only a certain number of
muscle fibres and motor units are placed underandits activity recorded by the electrodes,
which prevents from recording the whole muscle activity and, consequently, the number of
motor units. If all of the motor units covered by the electrodes are active and muscle force is
stillincreasing it might mean other areas of muscle are beingactivated, whichisimpossibleto

measure (NishiharaandIsho, 2012).

It mightalsomeanthatinorder to increase force output, the frequency of already active

motor units rather than activating new motor units occurs. Thisis also impossible to detect by
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SEMG, which can only record the quantity ratherthan the quality of muscle fibres

depolarization.

Additionally, the force directed in certain direction is frequently produced by more than one
muscle (NishiharaandIsho, 2012). The presence and level of this synergy is not possible to
control, therefore activation measurements fromthe muscle of interest can’t be expected to

be responsibleforthe entire generated force (Nishiharaand Isho, 2012).

Kinematic measurements

Despite aclearlink between the movement patterns and other multi-structural pathologies
(suchas shoulderorlowerback pain), and clear muscle strength, flexibility and range of
movementimbalances reported in SRGP athletes (Chapter 2: Systematicreview, p. 45), the
association between movement and pathology has not been investigated in that group.
Interestingly, the movement patternsin association with SRGP are highlighted as one of the
areas withthe needtoresearch on by the Doha agreement. | decided to collect the kinematic
alongthe electromyographicdatain orderto discover how the muscle activationimbalances
affectthe movement of the hip jointinthe injured athletes. Given thatthe muscle activation
patternsare noteasily measurablein clinical environment, | aimed at exploring associations,
which may be observable and quantifiable by aclinician. Additionally, because the link
between muscleactivation and force is not linear, measuring hip joint rotations gave me the
opportunity toinvestigate the link between the muscle electricoutputand hipjoint

movement.

3D kinematicand kineticdata presentagood opportunity to quantify and analyse multi-
segment movement. In my studies, | used the kinematicdatain orderto discoverthe

signatures of SRGP in the movement patterns of injured participants.
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Despite few concerns and limitations associated with the reliability of 3D kinematic
measurements, one systematicreview provided evidence for the reliability of the 3D kinematic

measurements (McGinley etal., 2009).

‘Motion capture’ (mocap) refers toa method of measuring and quantifying human oranimal
movementsothatit is presentedindigital formthat can be furtheranalysed (Gabaiand
Primo, 2011, Scott Dyer, 1995). Mocap is very widely usedin arts, performance, animation, in
research inthe areas of psychology, orthopaedics, neurological disorders, socialrelations and

sports medicine aswell asinclinical settings (McGinley etal., 2009).

Typical motion capture systemincludes aset of devicestrackingthe movementand software
that determines the animation of the image based on calculations. The exact technical
solutionsto achieve the desired output vary between systems. Kinematic data can be collected
by one of many available motion capture systems. Three main types are mechanical, magnetic
and optical; each of these systems have certain advantages and disadvantages (Scott Dyer,

1995).

Mechanical mocaps are based on an exo-skeleton, whichis worn by the objectandis follows
and tracks the movement of the object; the sensorsin each jointrecognise and track the
rotations (Vlasicetal., 2007). This system s insensitive to any interference from light or
magneticfield, which makes it seemingly straightforward to use. However, mechanical
systems have gota number of limitations, which excludes them from biomechanical research
with clinical implications. Firstly, they do not have any awareness of the ground level, which
makes movements such as jumpingimpossible; secondly, the distal data of lowerlimbstend to
lose theiraccuracy; thirdly, intypical systemsitisimpossible to determinethe object’s
orientation during data collection —the displacements is only calculated based on the amount

of rotation that was detected by the mechanical frames (Vlasicetal., 2007).
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Magneticmocaps use wired sensors to measure the magneticfield created by the source
(Scott Dyer, 1995). They typicallyinclude one or more control units, and all sensors and the
source are wiredtothis unit. The sensors are attached to the tracked object, and the source
(magnet) isusually placed centrally. These systems have high measurementaccuracy and
relatively low level of signal interruption. However, they are very sensitive to metal objects
nearthe data collection area; the range of these devicesis narrowerthan in optical systems
and the samplingrate istoo small fortypical sports movements (Scott Dyer, 1995), which

suggeststheirlimited application in biomechanical measurements.

In optical mocaps the markers are placed on the objectand then the optical signal of their
locationintransmitted tothe receivers —cameras, which are then attached to the computer
that manages the data collection process. The markers attached to the object may operate
eitherin a passive oractive way. In passive systems the markers are covered with aretro-

reflective material, which allows them to reflect the LED light emitted from the cameras.

In active systems, the markers themselves are emitting light, which isthen captured by the
cameras. Regardless of the type of the markers, the optical signal is received by each camera,
whichthen generated the 2D coordinates foreach marker. This informationis further
transferred into the computerand the software calculates the 3D coordinates of each marker

(Bodenheimeretal., 1997).

The optical mocaps are widely used in biomechanical research (Lebel etal., 2013, Laudneret
al., 2014, Morrissey etal., 2012a) owingto:theirhighaccuracy; high samplingrate which
allows detectingasubtle movement ordisplacement; and typically wireless markertypes
which does notrestrictthe object’s movement during data collection. Those systems,

however, are usually more expensive,requireaspecially designated and prepared space in
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orderto operate and are sensitive to light and occlusion, which decreases the data quality and

accuracy (Bodenheimeretal., 1997).

The quantification of observed movementin this study was enabled by using the Cartesian
Optoelectronic Dynamic Anthropometer (CODA) motion system (Codamotion Cx1sensor units,
Charnwood Dynamics, Rothely, Leicestershire). To collect the kinematic data, active, infra-red
markers were puton participant’s body according to validated protocols (Monaghanetal.,
2007). The markers attached to the surface of participant’s skin on strictly specified anatomical
landmarks served as a base to calculate joints centres: pelvis, hips, knees and ankles. Data for
our study were collected only for pelvis and lower limbs, as only those body parts were

relevantforthe study aims.

The signal from the markers attached to participant’s bodyis recorded by four cameras and
then computedinto 3D stick-figure displayed on the screen. During the data collection process
the information from all of the markers was receivedin three planesand the displacement
recordedinon all three axes. Further calculation according to standard CodaMotion protocols

enabledto calculate the rotation of each joint bilaterally in all three planes.

The main source of biasin the kinematic measurements is misplacement of the infra-red
markers on the participant’s body. In orderto accurately calculate the joint rotation centres,
participant’s anatomical landmarks must have been identified withouterror. Aswiththe
SEMG, extensive training period, alarge amount of reliability dataas well as my experience

and occupation minimised the risk of the collected data being of poor quality.

In my studies, the pelvisand lower limbs kinematic data were obtained by the infra-red
CodaMotion system markers sampling at 200Hz attached by the double sided tape to
participant’s bony anatomical landmarks according to modified Helen-Hayes protocol

following standard protocol (Monaghan et al., 2007).
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Kinematicdata processing

The infra-red markers placed on each participant’s anterior and posteriorsuperioriliacspines,
as well as the marker wands placed on the thighs allowed to calculate the internal hip joint
centre of rotationsinthree planes, according to the local coordinate system. This processis
automaticwithin the CodaMotion software, once the markers are appropriately namedinthe
data collection set-upfile. In orderto calculate the joint rotations, the software mustfirst
determine the rigid segments, between which the rotations would further occur. In case of the

hip joint, these segments are the pelvis and thigh.

Those segments and the points of segments definition (anteriorand superioriliacspines, as
well asfemoral epicondyle) were defined following the International Society of Biomechanics
(ISB) guidelines (Wu etal., 2002), which recommend using easily palpable anatomical
landmarks as the frame forthe definition of the hip joint centre. The rotationsin the centre of
the hipjoint, as well as the rotations around the axes are also recommended, and presented

on Figure 10, inthis case — aright hip joint.
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Figure 10: Graphical representation of the pelvis coordination system (XYZ), femur coordination
system (xyz) and the right hip joint coordinate system (Wu etal., 2002).

Pelvis coordinate system (XYZ)
O: The origin coincident with the right hip centre of rotation

Z: Thisaxisis made by the line, whichis parallel to the line between both ASISs, and directed to

theright

X: Thisaxisis defined by the line lying parallel to the line lying in the plane defined by both

ASISs and the midpoint between two PSISs, directed anteriorly
Y: This axisis defined by the line perpendicularto both Z and X axis, directed cranially.
Femoralcoordinate system (xyz)

o: The origin coincident with the right hip joint centre of rotation, whichis coincident withOin

the neutral configuration
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y: Thisaxisisdefined by the line originatingint eh midpoint between the medial and lateral

femoral epicondyle, and the origin, directed cranially.

z: Thisaxisis defined by the line perpendicularto the y-axis, lyingin the plane defined by the

originand two femoral epicondyles, and is directed to the right.

x: This axisis perpendiculartoy- and z-axes, directed anteriorly (Cappozzo et al., 1995).

The hip jointrotation centres foreach individual were based on adding the individually

calculated offsettothe line between the leftand right ASIS reference point.

Kinetic measurements

Force platforms have beenincreasingly usedin biomechanical research asa direct
representation of vertical, latero-medial and fore-aft components of ground reaction forces
during stance and movement (Cross, 1999, Bobbert and Schamhardt, 1990). Combiningthe
kineticoutput with additional kinematicdata, using the link-segment models of human body, it

is possible to calculate the jointreaction forces (Bobbert and Schamhardt, 1990).

Most generally, the force plate can be described as a metal platformincludingone or more
sensors (strain-gaugetransducer or piezoelectrictransducer), which provides the electrical

signal proportional tothe force actingon a platform.

In my research, all of the participants performed all of the movements onthe Kistlertype
9281B force plates (Kistler Instruments Corporation, Winterthur, Switzerland). They are
equippedinfourbuilt-in piezoelectric 3-component force sensors, and formaveryrigid
aluminium ‘sandwich’ constructions allowing for the measurements of a wide spectrum of
movementfrequency. | aimedin measuring the sSEMG and kinematicdatain various phases of

selected movementtasks, some of them having very subtle force displacement signatures (for
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example, change from bilateral to unilateral stance). Thus, high sensitivity of the force plates

was necessary to detect and define the movement phases for furtheranalysis.

Movement manoeuvres

| collected the electromyographic, kinematicand kinetic data from participants performing
specificmovement tasks. They were carefully chosen to be of a graded difficulty and provide a

loading challenging forthe pelvicand groin areas.

Prior to the data collection the participants were instructed how to perform each movement
task, they were also given time to practice them; this procedure was performedininorderto
allow the participants to familiarise themselves movement having CodaMotion markers and
SEMG electrodes attached totheirbody. The collective flowchart of the data collection process

is presented on Figure 11.
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Longitudinal study Observational study
(additional elements) +
Longitudinal study

{ Ethical approval obtained J

Up to 5 days after the injury [ The participant arrives in the HPL J

{ Signing the informed consent }

[ Filling the study questionnaire J

[ Clinical examination }

Skin preparation

[ Putting CodaMotion markers and sSEMG electrodes on the participant’s body

[ Participant’s familiarisation with the movement manoeuvres ]

[ SHF movement data collection J

[ SLS movement data collection }

[ The data collection process repeated 2 times ] [ Removing all of the markers from participant’s body }

Figure 11: Flowchart representing the data collection process and the differences between the
observational and longitudinal studies included in the thesis.

Standing hip flexion (SHF) was chosen as one of the test manoeuvres, with data for both
moving and stance legs being collected and analysed. This task, analogous to kicking and
locomotion, has been the subject of previous similar study (Hungerford et al., 2003).
Participants were instructed to flextheir hip to 90° within one second, then to maintain 90° of

hip flexion fortwo seconds beforereturning to bilateral stance ( Figure 12).
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Figure 12: Stages of the standing hip flexion manoeuvre (SHF).

Single leg squat (SLS) was chosen as the second manoeuvre as being challenging for pelvic
girdle stability and control (Hungerford etal., 2003, Hungerford etal., 2004), analogous to
sports-specificmovements common forinvestigated cohort and considered to be a
progressive challenge comparing to SHF (Boudreau etal., 2009). Moreover, SLSis a widely
used clinical test commonly used to assess the pelvicgirdle and hip function (Boudreau etal.,

2009, Crossleyetal., 2011).
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Duringthis task, the participant was asked to flex the knee of the non weight-bearinglimb to
45 degrees. They were permitted to position the non weight-bearing hip in whatever position
they chose. They were then asked to squat on the weight-bearing/supporting limb as low as

possible and thenreturntoan uprightsingle legstance position (Figure 13).

Othermanoeuvres, such as rapid direction change, cutting, pivoting, side-to-side steps or
kickingwere consideredin orderto add an element of sport specifictasks. They were,
however, finally excluded from data collection procedure as were not validated and repetitive
enough or were unable to be performed properly inlaboratory environment. Moreover,
majority of them also reproduced participants’ symptoms. Thereforeincludingthemin data
collection process was not only unethical, but might also considerably affect the
measurements as presence of pain might change the way participants movedin orderto avoid

pain.

The order of testing the rightand leftlegsin all movements was randomised by participant’s
preference. The process of dividing the movement manoeuvres into phases, as well as the

detailed criteria of each movement phase, are presented in the next part of this chapter.
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Figure 13: Stages of the single leg squat manoeuvre (SLS).

Dividing the movementsinto phases

Movement tasks were divided into phases using the kineticand kinematicoutputs by visual

examination of the data using the custom made MatLab program (Figure 14).
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Figure 14: The interface of a custom-made MatLab program used to define the phases of movements.
Top two rows (in blue) represent the rectified, filtered and smoothed sEMG signal obtained
from all 12 channels; the top red row represents the hip joint rotation in x (coronal), y
(sagittal) and x (horizontal) planes.

The kineticdata obtained from the force plates were necessary to identify the load
displacementwhen performing the movement. In both movement tasks (SHF and SLS), the
firstdefined phase included a change from bilateral to unilateral stance. This moment was only
detectable from the kineticdata, as the movementitselfwas too subtle to be noticed using
the kinematicoutput. The definition of subsequent SHF and SLS movement phases was

completed by the visual examination of the kinematicand original CodaMotion data.
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Figure 15: The process of defining the phases of SHF movement in the custom MatLab program. Top
row representsthe hip joint rotations; the bottom row representsthe ground reaction force
displacement in three planes: coronal (x), sagittal (y) and horizontal (z). A: the initial lateral force
displacement when changing from bilateral to unilateral stance, B: maximal hip stable hip flexion.

The custom made MatlLab program written to define the movement phasesininvestigated
tasks allowed to display the graphsrepresenting any lower limb joint rotation (pelvis, hip, knee
and ankle) nextto kineticoutput fromthe force plate, plotted againsttime in all three planes
(coronal, sagittal and horizontal) (Figure 14). The original, non-processed datafrom
CodaMotion software in aform of stick figure were displayed simultaneously on another
monitorin orderto ensure thatjointrotations displayed on graph represent the expected

movementsignaturesin each participant (Figure 15).

This data processing and analysis approach requires amanual definition of each movement
phase, foreach participantin every data collection event. Itis therefore very time consuming,
and relatively sensitive to human error. | made some attempts to entirely automatethe

process of defining the phases of movements, but those solutions failed.
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Depending onthe movementtask, the numberand definition of the movement phasesvaried.
SHF was divided intothree phases: early, middle and late. The early phase was selected to
represent the start of transition from bilateral to unilateral stance, which isamoment of
increased demand onthe pelvicgirdle. It was defined as 50 ms before and 50 ms after initial
lateral push onthe force plate and initial abduction of the hip of the movingleg. The exact
moment of this lateral force shift was defined using the kineticoutput fromthe force plate as
it was clearly represented by a positive or negative peak (depending whetherthe pushingleg
was right or left, as the orientation of the laboratory co-ordinate system was constant) in the
X-axis of the force plate output. This peak defined the exact moment of push-off, with addition
of 50 ms before and 50 ms after used to define an early phase, being performed in the MatLab
program. The period priorto activation was designed to partially accountforelectro-

mechanical delay.

The end phase of SHF was selected to evaluate the biomechanical features of stable unilateral
stance. It was defined as 50ms before and 50 ms after stable standing with 90° of hip flexion,
defined mainly using the kinematic output of the moving hip in sagittal plane. The exact
moment of stable stance was defined manually, when the participant achieved astable
standing hip flexion position. In orderto measure a representatrvie period of the whole end
phase of the movement, 50ms before and 50 ms were added after the defined stable stance

moment.

The middle phase of SHF included the actual movement of flexing the hip joint, which
represented the dynamicability to adjust muscular output throughout the range of
movement. It wasdefined as starting atthe moment of the completion of the early phase of
the movement (so 50 ms after definedinitiallateral push represented by the lateral peak on
the force plate output) and finishing at the commencement of the end phase, so 50 ms before

the defined stable stance with one hip flexed.
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In SLS seven phases were defined based on kinematicdata - four movement phasesandthree
stationary phases (Table 8). The choice of these phases enabled comparison of kinematicand
muscle activation data at clinically relevant phases of the SLS task (e.g. deep knee flexion).
These phases were divided into two categories: four movement (M) phases and three stable
(S) phases (Table 8). The order of the phases was as follows: M1 ->M2 ->S1 ->M3 -> S2 ->M4
->S3. The Movement | phase (M1) was defined in the same way as the early phase in SHF —
firstly the initial lateral shift onthe force plate was defined (lateral peak on the X-axis of the
force plate output), then 50 ms were added before and afterthat lateral shift (Table 8). The
Movement |l phase (M2) occurs between the end of the M1 phase and beginning of S1 phase —

so until the participants stand still on one leg (Table 8).

Stance | phase (S1) was defined as 50 ms before and 50 ms afterthe stable stance onone leg,
with the otherlegheldinthe frontor at the back depending onindividual preference. The
exact moment of the stable stance was defined using the sagittal plane (rotations around the X
axis) of the lifted hip —the moment of stability in sagittal plane was marked, then 50 ms were
added both before and after the moment of stable stance butthe MatLab program

automatically (Table 8).

The Movement Il phase (M3) was defined as the actual squatting down movement starting at
the end of the Stance | phase and endingatthe beginning of Stance Il phase, including the

movement of squatting down, which typically lasted 3seconds (Table 8).

Stance Il phase (S2) was defined as the moment of stable squatting position (Table 8). Firstly,
the moment of stable squat was defined using three different out puts in orderto determine
the exact moment of a stable squat position: visual raw datafrom CodaMotion capture

system, hip sagittal plane kinematic data (rotation around the X axis) and knee sagittal plane
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kinematicdata (rotation around the X axis). Then, 50 ms were added before and afterthe

defined moment, constituting the S2 phase.

The Movement IV phase occurred when the participant was returning from the squatting
position back to the stable one leg stance, between the end of the S2 phase and beginning of

Stance lll phase (S3) (Table 8).

Last phase of the SLS, the Stance lll phase (S3), was defined similarly to S1phase - the only
difference was that S1 phase occurred before performing the squat, and S3 phase occurred

afterthe squat.

Phase Phase

.. Phase code Phase description
number characteristics P

Lateral shift of the load - initiation of

1 M1 change from bilateral to unilateral stance
2 M2 Change from bilateral to unilateral stance
Movement
hases

3 P M3 Squatting down

4 M4 Squatting up

5 s1 Stable unilateral stance prior to
performing squat

6 Stable phases 2 Stable stance in unll'a'FeraI maximal squat

position
2 s3 Stable unilateral stance after to

performing squat
Table 8: Table showing the division of the SLS movement to seven phases

Data analysis process

There were four main outcome measures in the experimental studies of this thesis: the ratio of
the magnitude of the gluteus medius to adductor longus muscle activation, and hip joint
rotationvaluesin coronal, sagittal and horizontal plane. Inthe longitudinal study, an additional

outcome measure was the VAS scores for the clinical tests during each testing occasion.
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sEMG Kinematic
Hip coronal
GM:AL activation ratio Hip sagittal

Hip horizontal

Table 9: Table summarising four main outcome measures in the experimental studies of the thesis;
SEMG - surface electromyography; GM — gluteus medius muscle; AL — adductor longus muscle.

All four main outcome measures were firstly calculated for each individual participant within
each defined movement phase in SHF and SLS as the mean of three repetitions, foreach leg
separately, for movingand weight-bearinglegin SHF and only the movinglegin SLS. Then, the
group means were calculatedin a similarfashion, each outcome measure being averaged for

the relevant subgroupsin each movement phase for each movement.

The collective flowchart of the data analysis processis presented on Figure 16.

Definition of the movement phases

SEMG signal processing
Filtering, rectifying and smoothing

Calculating the intra-subject means for the sSEMG and
hip joint kinematics in three planes

Calculating the group means

Statistical inter-group analysis

Figure 16: Flowchart presenting the stages of the data analysis process.

The details of the statistical analysis are presented in each chapterseparately.
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Step-by-step data processing

In this section we present the data processing and analysis to give astep by step
representation of the process of getting from raw data to a format ready for statistical

analysis.

The electromyographic, kinematicand kineticdata were collected with the CodaMotion
software and all data were synchronised to give atime synchronised output, with the potential
offset of any data source negated. The sEMG data presented here isinfacta shortsample of
1.2 secof the whole sEMG collected signal, which was cropped to betterrepresentthe effect

of processingtools onthe signal.

SEMG data processing

The sEMG provides alot of valuable information about muscle function. However, araw sEMG
signalisa form of data associated with significant limitations, and can’t be further compared
between participants, or within one participant between different occasions. Moreover, the
sensitivity of SEMG during data collection process enables alarge amount of noise to be
recorded alongthe desired, biological signal. Therefore, the SEMG signal needsto undergo

certain proceduresinorderto be furtheranalysed.

In orderto presentthe effect of data processingtechniques onthe sEMG signal, the output
was extracted forone participant, the example signalduring one repetition of SHF from the

adductorlongus muscle beingshownin Figure 17.
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Figure 17: Graphical representation of a sample raw sEMG signal (please note that this signal has been
analogue filtered in the amplifier attached to the sEMG electrode, but has not been digitally filtered),
in this case of the left adductor longus muscle (AL) during the left standing hip flexion task (SHF). mV
- millivolts.

Then, eachindividual raw sEMG signal outputis further processed usingfiltering, rectifying
and smoothing techniques applied by a custom made MatLab programme (Appendix 13, p.

358) —.

Filtering

The firstlevel of the sEMG signal processingis datafiltering: analogue and digital. Analogue
filtering occurs during the data collection process inthe amplifier attached to the electrode
(Kamen and Gabriel, 2010a). The main function of the amplifieris to distinguish the desired

muscular motor output from electrical noise, which is presentinthe environment and easily
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transferred through the human body. Two bipolarelectrodes placed close to each otherare
organized torecord a potential difference between the two. They detect the entire electrical
signal transferred through the area to which they are attached. Thissignalincludes notonly
the biological, desired muscular motor output, but also any other biological orenvironmenatal
signal. The detected sSEMGis a summation of the noise, neural and muscle fibre membrane
depolarisation. Thereforeitis not detected at the same time by both electrodes. This
phenomenon allows forthe differentiation of the desired EMG signal from the
electromagneticnoise, which is detected simultaneously by both electrodes. The amplifier
therefore acts as a first stage filter by recognizing the desired, biological signal recorded by the
bipolarelectrodes and strengtheningit; at the same time the amplifier decreases the
amplitude of the noise. In this study, built-in SEMG amplifiers enabled us to complete the first

stage of the data filtering.

The second stage of the sEMG filtering occurs during digital (software) data filtering (Kamen
and Gabriel, 2010a). In this study, aftervisual examination of the data and identifying the
potential sources of noise, | used aband pass filter with 500 Hz low-pass and 10 Hz high-pass
cut-off frequencies. Although in healthy muscles the activation fre quency does not decrease
below 20 Hz, injured muscles might potentially generate lower frequency output (Kamen and
Gabriel, 2010a). | therefore decided to allow an extra wide margin (10 Hz) while collecting data
frominjured muscles. Moreover, a10 Hz high-pass filteris recommended by the International
Society of Electromyography and Kinesiology in orderto successfully remove the noise

associated with wires and the movement of electrodes.

Additionally, to remove the electrical noise, anarrow notch filter (50 Hz) was used to filter out
any 50 Hz electrical radiation signal resulting from mains electrical interference, if it was

detected during plotting the frequency spectrum of each individual data.
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In the presented example, the sSEMG signal was band-pass filtered as a standard procedure
(high-passfilter: 10Hz, low-pass filter: 500 Hz) and notch filtered if the frequency analysis

showed the noise at the 50 Hz (notch filter: 50 Hz) (Figure 18 in red).
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Figure 18: Graphical representation of the sSEMG signal before (blue) and after (red) applying a band-
pass and notch filter; mV — millivolt. A 2mv offset has been applied for visualisation purposes.

Rectification

Next, each individual sSEMGsignal was rectified, adata processing procedure which leaves only
positive sSEMGvalues for furtheranalysis. The raw sEMG signal represents the difference
betweentwo electrodesinthe levelof de-and re-polarisation of the membrane of muscle
fibres. Consequently, the raw sEMG always has corresponding positive and negative values.

When smoothing, (averagingin specified time window), the sEMG recordings woud likely give
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an average value of approximately zero. To address thisissue, a half-wave (cutting off all
negative values and leaving only positive values) or full-wave (using the absolute values of
each data point) rectification isrecommended. In our study, following available guidelines, |

chose a full-wave approach to rectifying the sSEMG signal.

The rectified signal is presented on Figure 19in yellow, please note that the raw sEMG signal

has been presented with 2mV offsetforvisualisation purposes.
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Figure 19: Graphical representation of the raw sEMG signal (blue), filtered sEMG signal (red) and a
filtered signal after rectification procedure (yellow); mV — millivolt.
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Smoothing

Afterrectification, the sEMG signal is smoothed. The technique of smoothing (oraveraging)
the sEMG signal is used to enable the quantification of muscle activation overtime. Thisis
measured in millivolts and is performed by averaging the sEMGsignal in a specified moving
time window. Common window lengths are between 100-200ms, in our study | used a 200ms

averagingwindow. The smoothed sEMGsignal is presented on Figure 20in purple.
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Figure 20: Graphical representation of the raw sEMG signal (blue), filtered sEMG signal (red), rectified
SsEMG signal (yellow) and smoothed sEMG signal (purple); mV — millivolt.
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Log transforming

Afterthese procedures, each separate sSEMGsignal was log transformed, which enabled us to
limitthe influence of the larger, more superficial, fast-twitch muscle fibres therefore yielding a
composite sSEMG with a quasi-linear measure of muscle activation (Robertson, 2004). This best
servedthe purpose of this study and enabled us to limit the effect of outliersin the statistical

analysis.

Afterthese processing procedures, each individual datarecording for each muscle was divided
into phases, according to both visual kinematic data examination in the CodaMotion software
interface, and eitherkineticorkinematicdata. This was achieved by close examination of both
outputs and definingthe time of the occurring events. Each phase of each movementhasits
own specificeventsthat define the beginning and end of the phase, which are described in

detailed on page 126.

For example, the early phase of both SHF and SLS movementis the beginning of load shift from
bilateral to unilateral stance, defined as an initial lateral load shift on the force plate. Firstly,
the approximate time of this event was defined by the visual data examination of the stick-
figure onthe interface of the CodaMotion software, with aspecial attention given to the Z-axis

outputon the stick-figure and the force plates (Figure 21).
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Figure 21: A graphical representation of the relevant outputs of the CodaMotion software interface;
top row —stages of the change form a bilateral to unilateral stance characterising the early phase of
both SHF and SLS movement; bottom picture — Z-axis output from both force plates. The numbers of
the phase in the top row correspond to the numbers shown on the force plate output.

In this data sample of the left standing hip flexion movement (Figure 21), the participantis
establishing his bilateral position on a force plate (1), then he pushes off by hisleftleg(2and
3), afterthat he starts lifting his leftleg (4) and starts offloading the left force plate. Then he
proceedstoliftleftleg(5), whichleadsto complete off-load of the force plate (6). In this part
of the data, the push-off phase (sothe early phase in SHF and Moving | phase in SLS) is defined

betweentime phases(3)and(4). In orderto establish the exact moment of the lateral push,
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the output from the force plate in all three planes was transferred into a MatLab program for

the detailed inspection of this movement signature (Figure 22).

Figure 22: A relevant output from the interface of the custom made MatLab program, showing the X,
Y and Z axes outputs from a force plate.

In particular, the X-axis output fromthe force plate is then examined closelyinthe
approximate time window, which was established previously by the visual data examinationin
the CodaMotion software interface, as the approximate time of the occurrence of this
movement;inthis case between 1and 1.2. on the presented example, a clear negative peakin
the X-axis, indicating the maximal lateral push (inthis case leftleg push-offindicated a
negative direction of the lateral push) is visible, and marked manually, as presented on Figure
23. The peakrather than first deflection was chosen as this was less susceptible to artefact

such as that due to normal postural away.
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Figure 23: A part of the interface of the custom made Matlab program showing the X-axis output of
the force plate; black line indicates a moment of lateral push on the force plate, which indicated the
moment of the change from the bilateral to unilateral stance.

141



In orderto define the phase, 50ms isthen retracted and 50 ms was added by the MatLab
programme to the marked pointintime to ensure atime period reflective of movement onset.
This timeframe isthentransferredto all the otherdata outputs — separate sEMG outputsfrom
the gluteus medius and adductorlongus muscles, and the hip joint coronal, sagittal and

horizontal plane, inboth standingand movinglegsin SHF and only the movingside in SLS.

In a similarmanner, other phases of SHF and SLS movements were defined based on their

specificcharacteristics (p. 126).

Kinematicdata

Afterthe definition of the relevant movement phases foreach movement, the event times of
the defined phases were furtherapplied to the kinematicoutcome measures: hip joint
rotationsin coronal, sagittal and horizontal plane. The kinematicdata were collected at a

sampling frequency of 200 Hz.

The kinematicdatareceived fromthe markers are highly susceptible to noise. One of the main
source of this noise isa veryshort period of time when the CodaMotions cameras are
acquiringthe data in orderto capture the exact marker position and prevent from ‘smearing’
of the data during fast movements. This period of the actual data acquisitionis not dependent
of the sampling frequency. The noise that may affect the real signal is a high-frequency noise
mainly arising from the photo-detector current noise in the cameras or the sub-optimal room
lightning. Itis usually rathersmallin x- and z-axes. However, this noise may become more
significantinthe y-axis, whichis derived by the triangulation calculation of the two outer

CodaMotion cameras.

Additionally, there is high risk of low frequency noise associated with the fact that the markers

are puton the participant’s skin, which may provide some movement fluctuations.

142



The higherfrequency components of the final noise can be filtered out (smoothed) by alow
pass filter. Inthis study | used 20 Hz low pass filterto smooth out the high frequency noise.
This frequency isrecommended by the software provideras optimal in orderto remove noise
but preventdataloss (Contents, 2004). This process was implemented automatically within
the CodaMotion software, therefore graphical representation of the effect of filteringand

smoothing of the data was not possible to present.
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Chapter 5: Reliability study

Chapter overview

This chapter addresses the inter-rater reliability of the data collection and analysis method,
whichisfurtherusedinthe experimental chapters of the thesis. 24 healthy participants took
part inthe study, performing standing hip flexion and single leg squat, on two occasions with a

one-weekinterval.
Introduction

Reliability of the measurements, defined as repeatability and stability of the test results as well
as a minimal measurement error overtime or occasions, is essential in sports medicine
research (Atkinson and Nevill, 1998, Downing, 2004). If the measurement methodisnot
repeatable, the results lose theirmeaningand need to be interpreted with caution, or not
interpreted atall (Downing,2004). Moreover, good reliability is an essential part of the

validity of the results (Downing, 2003, Portney and Watkins, 2000).

Surface electromyography (sEMG) and kinematic measurements in biomechanical research are
typically reported to have moderate to high reliability (Kollmitzeretal., 1999b, McGinleyetal.,
2009) accordingto the criteriaestablished by Portney and Watkins (Portney and Watkins,
2000). sEMG measurements of the pelvis and hip musculature during concentricand eccentric
movement and rehabilitation exercises were reported to have an ICC of between 0.5— 0.95
(Claiborne etal., 2009, Bolglaand Uhl, 2007) whereas a systematicreviewof 3D kinematic
measurement reliability reported thatamong 23 reviewed studies the reported error
(standard deviation or standard error) of the measurements was less than 5degrees with only
a few exceptions (McGinley et al., 2009). However, the classicapplication of 3D kinematic

measurementsis for gait analysis, with good reliability within a given laboratory but notas

144



good between laboratories. There is a paucity of research determining the reliability of

kinematicmeasurementsin otherfunctionalmanoeuvres (Goodwin etal., 1999).

Reliability of the results obtained by both sEMG and kinematic measurement devices hasa
considerably high user dependency due to alarge number of extrinsicfactors potentially
affectingit (Monaghan et al., 2007). As mentioned previously in the Chapter 3: Methods (p.
85), sSEMG signals will be significantly altered depending onthe electrode location on the
muscle and, forexample, due to picking up signals from other muscles (cross-talk), or poor
alignmentof the electrode with the muscle fibres. Additionally, the quality of SEMG
measurements might be compromised due to improper skin preparation priorto the electrode
placementthatis a lack of shaving, rubbing and sanitising. Because my testing procedure
involved movement, there was also potential forthe electrodes to be partially dislodged,
which could also significantly alterthe sEMG output. Movement artefact was an additional
concern. Therefore lack of reproducible and careful process of securing the electrodes may

also be a factor affecting sSEMG measurement reliability.

In 3D kinematic measurements the critical extrinsicfactors potentially affecting the results
were the laboratory alignmentand placement of the infra-red markers on participant’s body
(Monaghanet al., 2007). Pooralignment of the CodaMotion cameras and, consequently, noisy
definition of the X, Y and Z axesin the laboratory would affect the levels of joint rotations
defined foragiven participantand reduce the validity of between-subject comparisons.
Inaccurate placement of the infrared markers on a participant’s anatomical landmarks, which
serve asthe base of the joint centre calculation, would mean the measurements are not only

unreliable, butalso naturally notvalid.

Consideringsuch a high number of potential user-dependent errors that might affect the

reliability of the measurements, a study was performed to establish the reliability of the
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measurement method applied inthe studiesincludedin the thesis —the alternative hypothesis
was that the method of measurementand dataanalysisisreliable. The specificaims of this
study were to establish the reliability of the SEMG and kinematic measurements and analysis
method when performing standing hip flexion (SHF)and single leg squat (SLS) manoeuvresin
orderto inform our analysis of study findings in pathological groups. As furtherappliedin
otherstudiesincludedinthe thesis, the analysis focused on the gluteus medius to adductor
longus muscle activation ratio (GM:AL) and the hip joint kinematics in sagittal, coronal and

horizontal planes.

Methodology

Participants

The study was approved by the Queen Mary University of London Ethics of Research
Committee and all study participants gave verbal consent to take part in the study after they
read the patientinformation sheet and their question were answered. A convenience sample
was recruited, 21-24 years of age, performingvarious sports atan amateur level (football,
rugby, hockey, running, weightlifting, dancing, mixed martial arts, cricket, squash, tennis).
Testingtook place overan 18-month period, across the data collection phase of the

observational study.
SEMG electrodes and CodaMotion markers placement

All study participants were invited to the Human Performance Laboratory (HPL) forthe data
collection process. They were asked to bring their own pair of shorts uncoveringtheirlegs.
Theywere then asked to lie down on the plinth placedinalocked office or behind the screens
in HPL and certain areas of their body (abdominal area, groin, legs and buttocks) were then

uncovered. Then the participants were asked to perform standardised movements and
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isometric muscle contractions in orderto define the location for sEMG electrode placement.
These areas were then shaved, lightly abraded and alcohol-wiped in orderto optimise the
electrodes’ capability to record the electrical signal. sEMG electrodes, to which the disposable
sensors equipped with ultrasound gel were attached, were then placed on previously prepared
areas and secured with tape in orderto prevent dislodging during subsequent dynamic data

collection.

In a standing position, the CodaMotion markers were placed on the anatomical landmarks of
participant’s pelvis and lower limbs according to a modified Helen-Hayes protocol (Monaghan

et al., 2007), and secured with tape.

Data collection protocol

All participants attended the HPLfor the data collection process twice, with between seven
and ten days between visits. This timeframe was chosen in orderto minimisethe
measurement bias associated with an altered musclesignal due to change of training load or

strategy.

The participant was asked to perform two different movement tasks; each task was performed
three times with each lowerlimb. Before the data collection, the participant was given clear
instructions regarding each task and a suitable amount of time to familiarise themself with

each task.

Firstly, the participant was asked to perform a standing hip flexion manoeuvre. He/she was
instructedto step on the force plate forthree seconds, then liftachosenlegupto achieve the
hip and knee 90° flexion, hold itforthree seconds, then putitback down and step back from

the force plate.

The second task was the single leg squat manoeuvre. The participant was asked tostepona

force plate, liftachosenlegup forthree seconds and perform a comfortable singleleg squat
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on the supportingleg. He was instructed to stay in this position for three seconds, after which

he was asked to rise from the squat, put the elevated leg back on the force plate and step off.

Data analysis

Electromyographic, kinematicand kineticdata were furtheranalysed using aset of custom
made MatLab programmes (version 2008 - 2015, The Mathworks, Natick, MA, USA) and SPSS
statistical program (IBM Corp. Released 2013. IBM SPSS Statistics for Mac, Version 22.0.

Armonk, NY:IBM Corp).

Dividing the SHF and SLS movements into phases

Followingthe usual methodology developed forthe studiesincluded in the thesis, the SHF was
dividedintothree phases: early, middleand late. The early phase was initially defined as 50 ms
before and 50 ms afterthe initial lateral push of the lifted leg. The late phase was defined as
50 ms before and 50 ms after the stable one leg stance with the otherlegflexedinthe hipand
knee to90°. The middle phase was defined as occurring between the early and late phase,

whichinclude the actual lifting movement of the leg.

The SLS movement was divided into seven phases: four movement phasesandthree stable

phases(Table 10).
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Phase Phase

. . Phase code Phase description
number characteristics P

Lateral shift of the load - initiation of

1 M1 change from bilateral to unilateral stance
2 M2 Change from bilateral to unilateral stance
Movement
phases .

3 M3 Squatting down

4 M4 Squatting up

5 s1 Stable unilateral stance prior to
performing squat

6 Stable phases s Stable stance in unll.at‘eral maximal squat

position
7 s3 Stable unilateral stance after to

performing squat

Table 10: Table showing the division of the SLS movement to seven phases

Statistical data analysis

Firstly, the quality all of the individual raw sSEMG data were manually checked with particular
attention tothe data within previously defined phases. If the data quality was poor within any
of the analysed phases, the record was deleted. If the data quality was poor beyond these
phases, butacceptable within, the record was accepted. This was necessary as there were
periods during the data collection phase when the sSEMG collection unit developed
intermittent faults. The 50Hz filter was available in case of the presence of commonly
occurringelectrical noise and appliedif necessary. Then all of the finally approved sSEMG data
were 12Hz high-pass and 400Hz low-pass filtered, smoothed and rectified. The means were
then calculated foreach phase in eachindividualfor each leg, across three repetitions, for

both testing occasions separately.

ICCs values with the 95% Cl were then calculated in atwo way mixed model (withrandom
effects forthe study participants but fixed effect for the rater) to establish aninter-rater
reliability of the electromyograhicand kinematicdata collection and analysis method (de Vet

et al., 2006, Shrout and Fleiss, 1979). Further, one-way ANOVA and t-tests were performed to
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establish the overallagreement between two dataseries. To interpret the reliability values,

standard criteriawere referred to (Portney and Watkins, 1993)(Table 11).

Value range Description
<0.59 Poor
0.60-0.74 Moderate
0.75-0.89 Good

20.90 Excellent

Table 11: The interpretation of ICC values (Portney and Watkins, 2000).

Results

Twenty-eight participants took partin the reliability study. Owing to technical difficulties
resultingin poor data quality, the measurements from twenty-four participants were finally

analysed.

Standing hip flexion

SEMG

The overall reliability of the method of the GM:AL electromyography data collection and
analysis of the SHF manoeuvre was moderate (ICC=0.71, CI=0.63 — 0.78, F = 2.23, p =0.14).
Separate analysis showed a higher reliability of the right SHF manoeuvre (ICC=0.8, Cl= 0.7 —

0.8, F=15, p=0.62) thanleft SHF manoeuvre (ICC=0.6, Cl =0.41 - 0.73, F= 2.68, p =0.11).

When analysing separate phases, the highest (good) reliability of the measurements was
achievedinthe early phase of SHF (ICC=0.83, CI=0.73 — 0.83, F = 0.43, p =0.51), moderate
reliability was obtained inthe middle (ICC=0.67, Cl = 0.48 — 0.8, F = 1.41, p =0.24) and poorin

the late (ICC=0.58, CI =0.32 —0.74, F = 0.59, p = 0.45) phases of SHF movement.
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Poorreliability was achievedin moving (ICC=0.46, CI =0.2 — 0.63, F = 0.84, p =0.36) and
moderate instance (ICC=0.6, Cl =0.44 —0.7, F = 0.05, p =0.95) phases of SHF, when analysed

separately. Asummary of the resultsis presentedin Table 12.

Combined | Combined | Combined
Phases of SHF Measured | LSHF | R SHF L SHF R SHF L+R SHF
side (1cc) (1cc)
(1cc) (1cC) (1cC)
Moving 0.54 0.83
early 0.83
Stance 0.71 0.88
Movi 0.58 0.63
middle oving 0.67
Stance 0.63 0.72 0.6 0.8
Moving 0.61 0.72
late 0.58
Stance 0.32 0.51
Overall 0.71
Moving side L+R SHF 0.55
Stance side L+R SHF 0.6

Table 12: Table summarizing the ICC values measured with the 95% of the confidence intervals for the
measurements and the data analysis methods of the gluteus medius to adductor longus muscle
magnitude activation ratio during three phases of the SHF manoeuvre, measured on the moving and
stance side. SHF= standing hip flexion; L = left, R = right; GM:AL = gluteus medius to adductor longus
muscle activation magnitude ratio; ICC = intraclass correlation coefficient; Cl = confidence interval.

Kinematics

The overall reliability of the kinematic measurements of the hip joint rotationsin coronal,
sagittal and horizontal plane in SHF was excellent (ICC=0.97, CI = 0.97 — 0.98, F =1.63, p =0.2)
with a similarreliability of the rightand left leg manoeuvres (ICC=0.97, CI =0.97 — 0.98, F =

1.4, p=0.24 andICC=0.97, CI=0.97 - 0.98, F=0.39, p =0.53 respectively).

The analysis of the separate planes showed excellent reliability in the sagittal plane (ICC=0.99,
Cl=0.98 —0.99, F=0.6, p =0.8) followed by the coronal plane (ICC=0.91, CI =0.89 —0.93, F =
3.09, p =0.8), but poor reliabilityin the horizontal (ICC=0.48, CI =0.33 —0.6, F=1.08, p=0.3)

plane.

151



The analysis of separate SHF movement phases showed an excellent reliability in the early
phase of SHF (ICC=0.93, CI =0.91 —0.95, F = 0.04, p = 0.84), middle (ICC=0.97, CI =0.97 —

0.98, F = 1.31, p =0.25), and late (ICC=0.98, Cl = 0.98 — 0.99, F =0.96, p = 0.33).

Both movingand stance measured sides showed excellent reliability, with the movingleg
higherthanthe stance leg (ICC=0.98, CI=0.98 —0.99, F=2.72, p=0.1and ICC=0.9], Cl =

0.89-0.92, F=0.001, p = 0.98 respectively).

The ICC valuesforseparate planesin each movement phase are presentedin Table 13.

Phases of Measured Plane L SHF R SHF | L+R SHF ;;:
SHF side (icc) (1cc) (1cc) (1)
cor 0.84 0.81
mov sag 0.88 0.84 0.66
hor 0.27 0.34
early cor 0.61 0.9 0.93
st sag 0.85 0.92 0.66
hor 0.29 0.41
cor 0.82 0.82
mov sag 0.85 0.62 0.64
. hor 0.52 0.2
middle cor 0.67 0.8 0.97
st sag 0.9 0.88 0.66
hor 0.28 0.45
cor 0.74 0.59
mov sag 0.83 0.7 0.67
hor 0.68 0.47
late
cor 0.86 0.8 0.98
st sag 0.89 0.87 0.72
hor 0.38 0.53
Overall 0.97
Coronal plane L+R SHF 0.91
Sagittal plane L+R SHF 0.99
Horizontal plane L+R SHF 0.48
Moving side L+R SHF 0.98
Stance side L+R SHF 0.91

Table 13: Table summarizing the ICC values measured with the 95% of the confidence intervals for the
measurements and the data analysis methods of the hip joint kinematics in all three planes during
three phases of the SHF manoeuvre, measured on the moving and stance side. SHF= standing hip
flexion; L = left; R = right; ICC = intraclass correlation coefficient; Cl = confidence interval; mov =
moving side; st = stance side; cor = coronal plane; sag = sagittal plane; hor = horizontal plane.
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Single leg squat

SEMG

The overall reliability of the SLS manoeuvre across all phases was moderate (ICC=0.72, Cl =
0.67 — 0.764, F = 0.002, p =0.96). The reliability of the right SLS was higherthan the left SLS
(ICC=0.78, CI=0.72 —0.83, F=5.37, p=0.21 and ICC= 0.66, CI =0.57 —0.73, F=3.47, p= 0.64

respectively).

When analysing the separate phases, the highest reliability was achieved in the moving 2
phase (ICC=0.83, CI=0.73 -0.89, F=0.29, p =0.59) followed by the stance 1(ICC=0.78, Cl =
0.65—0.86, F=0.63, p=0.43), moving1(ICC=0.75, CI=0.61 — 0.84, F=0.01, p =0.91),
moving 3 (ICC=0.67, CI=0.47 —0.79, F = 0.29, p = 0.87), stance 2 (ICC= 0.66, Cl =0.47 —0.79,
F=0.54, p=0.47), stance 3 (ICC=0.66, Cl =0.44 — 0.78, F = 0.05, p =0.82) and moving4 (ICC=

0.65, CI=0.43 -0.77, F=0.09, p=0.72) .

When analysing the stance and movement phases, higherreliability was achievedinthe
moving phases (ICC=0.73, CI =0.67 — 0. 77, F = 0.009, p =0.92) than the stance phases (ICC=

0.7, CI=0.61-0.77, F=0.005, p = 94).

The summary of these resultsis presented in Table 14.
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Phase of L SLS R SLS L SLS R SLS L+R SLS L+R SLS
SLS (1cc) (1cc) (1cc) (1cc) (1cc) (1cc)
Mov 1 0.72 0.78 0.75
Mov 2 0.82 0.84 0.83
0.73 EEEEEE—
Mov 3 0.65 0.73 0.67
Mov 4 0.54 0.76 0.66 0.78 0.65
St1l 0.78 0.78 0.78
St2 0.68 0.54 0.7 0.66
St3 0.54 0.76 0.66
Overall 0.72

Table 14: Table summarizing the ICC values measured with the 95% of the confidence intervals for the
measurements and the data analysis methods of the gluteus medius to adductor longus muscle
magnitude activation ratio during seven phases of the SLS manoeuvre, measured on the moving side.
SLS = single leg squat; L = left; R = right; ICC = intraclass correlation coefficient; Cl = confidence
interval; movl = phase moving 1; mov2 = phase moving 2; mov3 = phase moving 3; stl = phase stance
1; st2 = phase stance 2; st3= phase stance 3.

Kinematics

The overall reliability of the hip joint kinematic measurement and analysis method was
excellent (ICC=0.94, CI =0.93 —0.95, F = 1.52, p = 0.22). The reliability of the right SLS
manoeuvre was higherthan the left SLS manoeuvre (ICC=0.93, CI=0.92 - 0.94, F=0.86, p =

0.35and ICC=0.9, CI=0.71 —0.93, F = 0.54, p = 0. 23 respectively).

Analysis of the separate planes showed a good reliability in coronal and sagittal planes (ICC=
0.87,Cl=0.83 -0.9, F=4.39, p=0.04 andICC=0.86, C| =0.82 —0.89, F=1.26, p=0.26
respectively), but poorreliability inthe horizontal plane of SLS (ICC=0.38, CI =0.22 - 0.51, F =

9.46, p = 0.002).

When analysed collectively, both moving and stance phases achieved excellent reliability (ICC =
0.93,CI=0.91-0.94, F=1.91, p=0.17and ICC=0.94, CI =0.92 - 0.95, F=0.82, p=0.37,

respectively)
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The analysis of the separate movement phases showed excellent reliability in the moving 2
(ICC=0.92, CI=0.88 -0.94, F=0.33, p = 0.57), moving 3 (ICC=0.96, CI =0.94 - 0.97, F=0.07, p
= 0.8), moving4 (ICC=0.91, CI= 0.86 - 0.95, F = 4.16, p = 0.44), stance 1 (ICC= 0.95, Cl= 0.93 -
0.97, F=0.002, p = 0.97) and stance 2 phases (ICC=0.92, Cl=0.89 - 0.95, F = 0.000, p = 0.99);
and moderate reliabilityinthe moving 1(ICC=0.88, CI =0.82 - 0.92, F=0.7, p=0.79) and
stance 3 (ICC=0.9, Cl =0.85 - 0.92, F = 0.76, p =0.65) phases. Asummary of these resultsis

presentedin Table 15.

155



Phase of | | LSLS | RSLS | LSLS | RSLS ';t'; ;:2 ;:g
SLS (icc) (icc) (Icc) | (icc) (ICC) (IC) (ICC)
cor 0.85 0.6 0.72
mov 1 sag 0.54 0.88 0.71 0.88
hor 0.54 0.93 0.74
cor 0.64 0.81 0.73
mov 2 sag 0.36 0.88 0.62 0.92
hor 0.5 0.43 0.47
cor 0.59 0.82 0.7
mov 3 sag 0.78 0.7 0.74 0.96 0.93
hor 0.69 0.18 0.43
cor 0.22 0.8 0.51
mov 4 sag 0.29 0.87 0.58 0.91
hor 0.49 0.33 0.41
cor 0.56 0.82 0.96 0.93 0.69
stl sag 0.59 0.84 0.72 0.95
hor 0.48 0.49 0.48
cor 0.43 0.88 0.66
st2 sag 0.53 0.68 0.61 0.92
hor 0.51 0.33 0.42 0.94
cor 0.32 0.8 0.56
st 3 sag 0.4 0.77 0.58 0.9
hor 0.59 0.53 0.56
Overall 0.94
Coronal plane SL+SR 0.87
Sagittal plane SL+SR 0.86

Horizontal plane SL+SR 0.38

Table 15: Table summarizing the ICC values measured with the 95% of the confidence intervals for the
measurements and the data analysis methods of the hip joint kinematics in all three planes during
seven phases of the SLS manoeuvre, measured on the moving side. SLS = single leg squat; L= left; R=
right; ICC =intraclass correlation coefficient; Cl = confidence interval; movl = phase moving 1; mov2 =
phase moving 2; mov3 = phase moving 3; stl = phase stance 1; st2 = phase stance 2; st 3= phase
stance 3; cor = coronal plane; sag = sagittal plane; hor = horizontal plane.
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Discussion

The methods of data collection and - in particular— analysis, implemented in the thesis are
relatively complex andinclude multiple stages of data collection and processing. In orderto
establish the reliability of the data collection and analysis methods, the reliability of the final
result was analysed, ratherthan the individual stages of data processing. The overall reliability
of the measurements and the analysis method was moderateto high, inagreement with

previous research (Kollmitzeretal., 1999b, McGinley et al., 2009).

There are many methods of assessingthe reliabilityin the biomechanical and rehabilitation
research, and little consensus has been achieved regarding which method should be used
(Rankin and Stokes, 1998). It has been agreed that reliability measurements should in general
representthe true variability of the observations (Riddle et al., 1989), but this has not led to
researchers’ achieving methodological agreement. Each reliability analysis method is
associated with some advantages and disadvantages, and although some general guidelines
existregardingthe methodsusedinagivenfield, the finalchoice of the method needs to be

carefully chosen by the researcher, based onthe aims of a particularstudy.

In my study | chose to analyse reliability usingthe ICC, performing multiple measurementon
separate groups of data (such as one outcome measure during a particular movement phase)
as well as analysingreliability throughout the whole movement. Therefore, the natural
limitation of this analysis is the lack of [imits of agreement or equivalent, which may have been
achieved by employingan approach such as Bland and Altman’s analysis plot (Atkinson and
Nevill,1998). Additionally, the ICCisjusta one point representation of the reliability based on
a givensample, which also limits its clinicalinterpretation (Rankin and Stokes, 1998). Therefore
some authors suggest complimenting these measurements with the Bland and Altman 95%

limits of agreement test (Bland and Altman, 1986).
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There were several reasons why | chose to accept the results of the performed ICC
measurements. Firstly, thistestis certainly abetteroption forassessing the systematic
difference between measurements than forexamplePerson’s correlation, which doesn’t allow
to relate the findings furtherto the individuals. ICCis actually influenced by the magnitude of

between-subjects variation, which makes it more clinically applicable.

Secondly, although some authors encourageto compliments ICCwith Bland and Altman 95%
limits of agreement test (Bland and Altman, 1986), these measurements are also suggested for
assessment of the reliability of the measurement method ratherthan the intra-raterreliability
of the scientist performing measurements with a selected method (Costa-Santos etal., 2011,
Bland and Altman, 1986). The aim of my study was to establish my reliability of using and
analysing the method, which was previously used and validated. Therefore, adding the Bland
and Altman results may not have been appropriate in this particular case (Costa-Santos etal.,

2011).

Further, considering the amount of data that was analysed in my study, the division of both
movementsintoanumberof phasesand bothlegs being measure in each condition, there
were a very high number of outcome measuresin this study. Adding furtheranalysis would be
rather a confusing than a clarifying factor, and might have decreased the understanding of the

overall reliability of the measurements.

The overall reliability of the method of collectingand analysing the electromyographicdata
implemented in the thesis was moderate in both movement manoeuvres. Thisisinagreement
with previous studies measuring the reliability of SEMG measurementsin controlled

movements (Zech etal., 2008, Rainoldietal., 2001, Heinonenetal., 1994).

The movementsimplemented in this study, however, were not as fully controlled as would be

the case with static, isometriccontractions (Heinonen et al., 1994). Both SHF and SLS
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manoeuvres are complex tasks, used clinically to assess the many aspects of the function of
the hipand pelvis areas (Boudreau etal., 2009, Crossley etal., 2011, Marshall etal., 2015).
One study measured the reliability of leg muscle electromyography during verticaljumping and
implemented asimilar method of dividing the movementinto phases based on the kinem atic
events (Goodwin etal., 1999). The reliability was reported to be poorto moderate depending
on the measured muscles. A satisfactory reliability was achieved in the rectus femoris and
vastus medialis muscles (ICC=0.88 and ICC = 0.7 respectively), but poor reliability (ICC<0.25)
was reported for the biceps femoris and gastrocnemius muscles. The hip and pelvis

musculature was not measuredinthatstudy but is likely to be subject to similar concerns.

Comparedtothe vertical jumping, the reliability of the GM:ALmuscle activation ratio reported
in my study was considerably higher for both manoeuvres with an ICCof 0.72 for SHF and also
0.72 for the SLS. The reason for a betterreliability of my study may be anotherlevel of data
normalisationimplementedin the electromyographic data analysis —muscle activation
magnitude ratio rather than measuring only one muscle, which was the case during the
vertical jump. The method of muscle ratio analysis was chosenin orderto avoid the standard
way of electromyographicdata normalisation (such as normalising the sSEMG signal to the
maximal voluntary contraction orto the peak, or mean activation during the performed
movement), which could notbe implementedin the experimental studies including potentially
injured muscles (vanderHulstetal., 2010a, van der Hulst et al., 2010b, Morrissey et al.,

2012a).

Additionally, one of the aims of the thesis was to dete rmine the overall muscle activation
patternsand the functional characteristics of the symptomaticstudy participants ratherthan
establishing the definitive level of muscle activation or obtaining very discreet activation
information such as motor unit action potential (MUAP) or muscle fibre level data. The method

of the agonist-antagonist muscle ratio seemed therefore optimal to achieve the study aims.
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Relatively highreliability reported in this study may suggest arobustness of this method for
the functional assessment of the muscle activation, which may be implemented in the clinical
settings. However, an additional analysis of separate GMand AL muscle activation was
performed onlyinthe right SHF movement, and the reliability of both separate muscles was
similartothe ratio (GM: ICC=0.67, CI=0.51 - 0.78, F=0.24, p =0.62; AL:ICC=0.75, Cl =0.63

—0.83, F=0.95, p = 0.33).

Additionally, comparedto the vertical jump movement, both SHF and SLS manoeuvres are
more static, which may increase the reliability of the measurements. Interestingly, in the SHF
(where both the moving and stance side were measured and analysed) a higher reliability was
achievedinthe movingthan stance phase. Moreover, when analysing the phases of
movement, the highest reliability was achieved in the early phase, during the initial lateral shift
of the loading from the bilateral to unilateral stance, and the lowest —during the stable one leg
stance. In SLS, where only the movingleg was analysed a separate analysis was performed to
establish the reliability of the moving and stance phases of the movement, and the moving
phasesagain achieved ahigherreliability than the stance phases. A generally higher reliability
of the movingthan stance phasesin SHF and SLS may be due to a higher muscle activation
magnitude during movementthan stance phases. A relatively low muscularactivation during
stance may be similarto the static muscle electrical output, which was also recorded and
analysed. Nevertheless, both stance and movement phases achieved asimilarand moderate

reliability.

The separate ICCs for GM:AL ratioin each movement phase in both SHF and SLS were
moderate and acceptable. However, the ICCon the stance side of the late phase during SHF
was very low (0.322). Thisis a surprising result and clearly differs from the reliability levels of
all of the othersingle measurements. The reason for such discrepancy is not clear. It may be

due to the learning bias as the SHF manoeuvre, although apparently easy, presented a
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challenge for study participants during the late phase to maintain stable unilateral stance.
Duringthe second testing occasion the study participants may have already expected and
learned how to achieve an optimal level of stability when standing stillwith one knee lifted,
which has affected the reliability of this particular phase. It may also be that there are
alternative muscular co-ordination strategies the body can adopt to maintain the position such

as is the case with scapular movement (Worsley et al., 2013).

Interestingly, the reliability of the manoeuvres performed onthe right and leftside, the
reliability was consistently higherinthe right compared to the left, in both SHF and SLS
manoeuvres. | found no studies specifically investigating the reliability of the right compared
to leftside in the biomechanical literature, butit may be hypothesised that following the
general population the majority of the participants wereright side dominant (Lansky etal.,
1988). Thus, performingthe movement on theirdominantand preferred side may have been

more reproducible and therefore resulted in higher reliability values.

Kinematics data collection and analysis

The overall reliability of the method of 3D hip joint kinematicdata collection and analysis
during SHF and SLS manoeuvres was excellent, with SHF achieving a higher reliability

comparedto SLS.

Although 3D kinematicmeasurements are widely used in clinical research, two published
studies have reported a poorto moderate reliability of 3D kinematic measurement between
laboratories (Noonan etal., 2003, Gorton lii etal., 2009), which may question the clinical
applications of such measurements. Arecent systematicreview on the reliability of 3D
kinematicmeasurements used in gait analysis (McGinley et al., 2009) has reported that
although some errors and bias do existinthese measurements, they may not affect the clinical

applications of 3D gait analysis as such. Although the review focuses specifically on 3D gait
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analysis, the typical method of the assessment of the kinematicmeasurementsin reviewed
studiesis based on the division of the gait patterninto phases (Baker, 2006) — which may be
comparable tothe method implemented in my study. Interestingly, one of the results of the
review shows is that hip joint kinematic measurements tend to show a lower reliability

comparedto pelvis, kneeand foot.

One study, notincludedinthe review, shows a high reliability of the 3D gait analysis kinematic
measuresin the participants with the hip osteoarthritis (Laroche etal., 2011), which may be
associated with the experimental studies included in the thesis due to similarity of the coronal

plane kinematicimpairment between hip osteoarthritis and groin pain.

The analysis of the reliability of the hip joint movementin the separate planes showed agood
to excellentreliability in the coronal and sagittal plane (slightly higherin sagittal in SHF).
However, aconsistently lower reliability level was shown in the horizontal planein both
movements, which supports the results of the previous studies (McGinley et al., 2009). This
cleardiscrepancy between planes may be associated with the hip joint functional anatomy
and, consequently, the function of the muscles acting on the hip joint. Whereas the coronal
and sagittal plane movements are mostly achieved with alarge and well-defined muscle
groups regardless of the hip position (such asilio-psoas, adductorand gluteal muscle groups),
the movementsin the horizontal planeare often controlled by the same muscle, as their
accessory function (adductor magnus, gracilis and biceps femoris). Moreover, some of the
major hip stability muscles such as gluteus medius, act as both internal and external rotators
dependingonthe part of the muscle (Gottschalk etal., 1989). Therefore, the general control
and stabilityin the hip jointin horizontal plane may be worse than otherplanes, and therefore
reliability compromised. This may mean thatin the experimental studiesincludingin the

thesis, the results obtained from the hip rotationsin the horizontal planeshould be treated
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with caution. Inaddition, the degree of movementin the horizontal plane issmallinthese

movements, and noise will therefore be relatively high.

A previously mentioned review on the reliability of the 3D gait analysis kinematics (McGinley
et al., 2009) emphasises the difficulty of drawing the definite conclusions due to study
diversity. However, one of the recommendations of this review is that the acceptability of the
reliability level of such measurementsis highly dependent of the ‘proposed use’. In the
experimental studiesincludedin the thesis, the kinematic characteristics of the hip jointin the
symptomatic participants were the secondary finding, analysed in the context of the coronal
plane muscle activation alterations. Therefore, despite afew cases of low reliability levelsin
the hip jointkinematic measurements, | decided to accept and implement this method of

kinematicdataand analysis.

Conclusions

Overall, the reliability of the GM:ALSEMG data collection and analysis was moderate, with
betterreliability forthe rightleg manoeuvres. The hip joint kinematic data collection and
analysis was moderate with some exceptions (e.g. hip joint horizontal plane kinematics). Some
measurementerrors were presentinthe proposed method, butthey don’tcompromise its

application and allow the aims of the experimental studies to be met with confidence.
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Chapter 6: Observational studies, combined as a cross sectional

report

Chapter overview

This chapter summarises the results of the electromyographicand hip joint kinematic
measurements of 84 amateurand professional athletes of various sports disciplines, while

performingastanding hip flexion and singleleg squat tasks.

Introduction

Sports related groin pain (SRGP) is common and recurrent. Itis associated with a prolonged
time away from sports and may be careerending. Athletes particularly susceptible to SRGP are
those participatingin high speed rotation-related sporting disciplines requiring repetitive
kicking, pivoting, cutting or changing direction such as football, rugby and hockey (Brooks et
al., 20053, Brooks et al., 2005b, Ekstrand and Hilding, 1999, Emery etal., 1999a, Holmichetal.,
2010, Werneretal., 2009, Hagglund etal., 2006, Ekstrand and Gillquist, 1983, Hagglund et al.,
2009, Hawkins and Fuller, 1999, Holmich etal., 2013, Gibbs, 1993, O'Connor, 2004, Garraway

et al., 2000, Emery etal., 1999b).

The diagnosis and treatment of SRGP is challenging (Werneretal., 2009), withill-defined and
multi-structural pathology (Holmich, 2007) and often non-specificsymptoms (Ekbergetal.,
1988, Falveyetal., 2009). Similar problems have beenidentified with other pathologies, such
as shoulder painandlowerback pain, which present a huge challenge when identifying a
distinct structure responsibleforthe symptoms. In these cases, the rehabilitation strategy
focusing on a movement pattern ratherthan dictated by pathology seemsto be the optimal

way forward (Worsley etal., 2013, Mottram etal., 2009, Roussel etal., 2013). This presentsan
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argumentthat identifying the patterns of movementand muscle activationimbalances in SRGP

may improve rehabilitation outcomes and reduce recurrence.

An international agreement meeting held in Doha, Qatar published areport stating that while
thereis no gold standard diagnostic process for groin painin athletes, there are three
categories for SRGP - ‘defined clinical entities’, ‘hip-related pathology’ and ‘other conditions’
(Weiretal., 2015). Identification of study participantsin regards to one of these three groups
has beenrecommended (Weiretal., 2015). The defined clinical entities comprise of adductor-,
iliopsoas-, inguinal- and pubic-related groin pain. These entities can co-exist. Further, aset of
recommendations for minimum standards of reporting (Delahuntetal., 2015) was published
fromthe same set of meetings. These recommendations have been usefulin analysing our

findings and presenting our research.

There are a numberof reported factors associated with SRGP (Arnason etal., 2004, Cowan et
al., 2004a, Crow et al., 2010, Emery and Meeuwisse, 2001, Engebretsen etal., 2010, Ibrahim et
al., 2007, Jansenetal., 2010, Malliaras etal., 2009, Mens et al., 2006, Mohammad et al., 2014,
Morrissey etal., 2012a, Nevinand Delahunt, 2013, O'Connor, 2004, Thorborget al., 2014, Tyler
etal., 2001, Verrall etal., 20053, Verrall etal., 2007a). The imbalancesinthe muscle features
and range of movementinthe SRGP athletes have been recognised inthe Dohaagreement
and the necessity of including those imbalances in designing the prevention programs has
been highlighted. However, little attention has been given to the necessity of recognising the
biomechanical signatures associated with SRGP, such as movement pattern differences
betweeninjured and uninjured athletes. Norhas any consideration been given tothe
participation level of the athlete and sports-specificity, in either the published literature or

consensus documents.
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The large number of reported muscularchangesin both staticand dynamictests of athletes
with SRGP isvery likely to alter the way they move (Suzuki etal., 2001, Worsley etal., 2013).
These alterationsin movement patterns may be the cause of further damage and lack of
successful recovery (Worsley etal., 2013). One study has measured muscle activation
magnitude with surface electromyography and found that gluteus medius to adductor longus
ratio was significantly decreased in amateurfootballers with SRGP compared with matched
controls (Morrissey et al., 2012a) which suggests there may be biomechanical imbalancesin

the coronal plane.

Interestingly, although authors investigating biomechanical associations between SRGP and
biomechanics use different diagnosticand inclusion/exclusion criteriain their studies, their
findings are similar (Crow etal., 2010, Malliaras et al., 2009, Mens et al., 2006, Nevinand
Delahunt, 2013, Thorborg et al., 2014, Verrall etal., 2005a). Some authors are very stringent
withincluded SRGP group, (Thorborgetal., 2011, Holmich, 2007) whereas other define ‘groin
pain’ very broadly and use rather limited inclusion criteria (Arnason etal., 2004). | chose the
latter method, with ourfocus being broad categorisation ratherthan tissue-specificdiagnosis. |
appreciated thiswouldyield amore heterogenous group, making any biomechanical patterns
less likelyto emerge yet also making any revealed patterns more robust and therefore of wider
clinical relevance. Nonetheless, our criteria ensured that all subjects had adductor-related
groin pain, alongside possible other defined clinical entities such as pubic-related oriliopsoas-

related groin pain (Weiretal., 2015).

Itiswidely recognised thatthe athletes participatingin certain sports disciplines are more
susceptibleto SRGP than others. Acommon approach associates thisincreased risk with
repetitive kicking, twisting, cutting and pivoting manoeuvres. However, the mechanisms of
SRGP development and the movements that may cause it are still not well understood. In the

presence of a number of muscularand range of movement changes shownin association with
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SRGP, itis a natural step forward to furtherexplore the biomechanical characteristics of
movementand muscle activation associated with SRGP. Further, although twisting, cutting and
pivoting manoeuvresare commonin all sports with a highincidence of SRGP, the
requirements of each sportvary. Additionally, the level of sports and consequently the training
load also varies among athletes suffering from SRGP, which suggeststhatthereisan
underlying biomechanical deficit, which potentially differs between different athleticgroups,
that isstill under-researched. A lack of success in SRGP treatment among both amateurand
professional athletes may mean that there are underlying factors such as alterationsin
movement patterns and muscle activation, which are under-researched, and may require

more attention.

The aim of this study was to characterise the biomechanical patternsin athletes with SRGP
participatingin various multi-directional sports at professionaland amateurlevels, with
comparisonto closely matched controlsin orderto better understand sports-specific
presentationsand guide rehabilitation. The alternative hypothesis was thatinjured would and
uninjured subjects would differin asystematicway. Secondary hypothesis was that the SRGP
athletes participatingin professional sport would show similar movementand muscle
activation patterns compared to well-matched controls, and that these patterns would differ

dependingonthe level and sportsdiscipline played.

The impact of the workis potentially considerable, with therebeingvery littlein the literature
measuring movement patterns nor comparing participation levels as shown by an absence of
recommendations or summary argumentin recent consensus statements and an absence of

such studiesinthe systematicreview.
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Methods

Ethical approval was obtained from Queen Mary Ethics of Research Committee and all of the
study participants granted signed informed consent prior to the data collection process.
Participants were recruited from local sports clubs, by snowball recruitingand or by contacting
sports clubs directly. Control participants were recruited fromthe same orvery similar sources
as symptomaticsubjectsinorderto closely match activity levels and training. Forexample,an
injured professional midfielderfrom one club wouldideally be tested alongside an uninjured

player midfielder fromthe same club.

Symptomaticparticipants were included in the study if they were >18 years old, had unilateral
SRGP for at least 4 weeks and if their main pain symptoms were reproduced by the palpation
of adductor muscle insertion to the pubicbone and unilateral adductor muscle staticresisted
adduction test (lying supine), and/orthe following tests: abduction passive flexibility testing
(lying supine), unilateral iliopsoas muscle strength and flexibility testing, squeezetestin 0°,
45°, 90° (Delahuntetal., 2011a, Delahuntetal., 2011b, Malliaras, Hogan, 2009). Participants
were excludedif they tested positive with hip joint tests (passiveinternalrotation, FABER,
qguadranttest), had a history of groin or abdominal surgery ortrue hernia, or had significant
lowerback pain during clinical examination. Additional exclusion criterion for both
symptomaticand asymptomatic participants was a history of previous groin, adductoror
abdominal symptoms orincidents. The dominantlegwas defined as preferred kickingleg;
weightand height were measured using calibrated stadiometer and scales (Seca 761, 217

stadiometer, Seca Scales and Measuring Systems, Birmingham, UK).

Surface electromyography Ag-AgCl round, 1 cm diameterelectrodes (SEMG, Noraxon Telemyo
2400T, Scottsdale, Arizona, USA, sampling frequency 1500Hz) were placed within 1.2cm

centre-distancefrom each otherand secured with tape on participants’ gluteus medius (GM)
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and adductorlongus (AL) muscles bilaterally, after standard skin preparation (s having, rubbing,
sterilising). Infra-red active motion analysis system markers sampling at 200Hz (Codamotion
Cx1sensorunits, Charnwood Dynamics, Rothley, Leicestershire) were placed on lowerlimb

anatomical landmarks according to a modified Helen-Hayes protocol (Monaghan etal., 2007).

Standing hip flexion (SHF) and singleleg squat (SLS) were chosen as the test manoeuvre s, with
data for both moving and stance legsin SHF and only the stance legin SLS being collected and
analysed. Datawere collected whilst participants stood on aforce platform (Kistler type 9281B,
Kistler Instruments Corporation, Winterthur, Switzerland, sampling frequency 500Hz). The

movements were divided into phases: SHF into three and SLS into seven.

The electromyographic data were rectified, smoothed and filtered. The mean
electromyographyvalues were computed in each phase for each participant, then GM:AL
ratios were analysed individually and group means were then calculated. If the GM:AL ratio
showed significant differences within groups, individual muscle sEMGvalues were further

analysed.

The kinematicsegmental rotations were defined using the same temporal windows. All data
were processed using MatLab (version 2012a, The Mathworks, Natick, MA, USA). Data were
collected from both legsin all participants, but forfurtheranalysis datafrom both limbsin

control groups, and mainly from the symptomaticside in SRGP participants were used.

Analysis of variance was used with either muscle activation magnitude ratio or kinematic hip
jointrotationsin one of three planes asthe dependentvariable. Injury status, level of sport,
movement stage and whetherthe measured limb was in stance or moving were entered as
independent factors. Interactions between level of sport (professionals oramateurs) and injury
status (injured or uninjured)and phase of movement (early, middle or late) were specified and

tested with apost hoc Bonferroni test.
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Furtheranalyses were performedin ordertodetermine (i) the differences between the
dominantand non-dominantlegs of the healthy controlsin each group; and (ii) the differences

between the healthy controls of the professional football and amateurfootballsubgroups.

Results

Participants

Eighty fourathletes participated in the study, thirty nineinjured players and forty five well-
matched, healthy control players: twenty professional footballers (teninjured and ten uninjured),
nineteen amateurfootballers (nineinjured and ten uninjured), sixteen professional rugby players
(eightinjured and eight uninjured), fourteen Ultimate Frisbee players (seveninjured and seven

uninjured) and fifteen Field Hockey players (five injured and ten uninjured) (Table 16).
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Amateur football Pro Fb Rugby Frisbee Hockey

Inj | Con | p Inj Con p Inj Con p Inj Con p Inj Con p

N 9 10 10 10 8 8 7 7 5 10

Height 180 180(10) 0.52 180.6 (9.7) 178.2(134) 0.17 179.9(5.0) 182.63(7.1) 0.39 182.79(8.1: 174.5(6.97) 0.06 175.8(9.0) 174.8(10.8) 0.9
(10)

Weight 81(4) 82(3) 0.77 76.83(246) 74.6(17.5 0.24 86.1(7.9) 96.38(152) 0.11 77.43(12.0. 71.29(5.59) 0.24 73.3(10.4) 76.4 (15.1) 0.77

Age 24 (3) 25(2) 0.67 20.09 (4.3) 19.7 (2.74) 0.22 20.25(2.4) 22.6(3.4) 0.13 26.29(3.59 24.57(1.99) 0.29 24 (3.1) 22.8(2.3) 0.52
Injured leg 7:2 2:8 7:1 7:0 2:3
(Dom:Non)

Table 16: Study participants’ characteristics. Am Fb = amateur footballers; Pro Fb = professional footballers, Rb = rugby, Inj = injured, Con = controls, Dom = dominant leg injured,
Non = non-dominant leg injured.



A majority of the injured athletes injured theirdominant leg (twenty five out of thirty nine). Within
the subgroups, the dominantlegwasinjuredin majority of the symptomatic participantsinthe
amateurfootballers (seven out of nine), professional rugby players (seven out of eight) and
Ultimate Frisbee players (seven outif seven). The non-dominantlegwasinjuredin the majority of
the professional footballers (eight out of ten). Field Hockey players did not show any association
betweentheinjuryandlegdominance (two players were injured on the dominantside, three

playersonthe non-dominantside). The characteristics of the study participants are presentedin

Table 16.

Standing hip flexion

Either leg in healthy participants versus injured leg in SRGP participants

sEMG

Professionalfootballers

Professionalfootballers with SRGP had significantly increased GM:AL ratios compared to well -
matched controls while standing onthe symptomaticlegin all three phases of the SHF movement
(earlyp=0.00011, middle p=0.00000093 and late phase p =0.001) (Table 17A, Figure 24).
Analysis of the individual muscles showed no difference between injured and healthy participants
in GM activation, butasignificant decrease in ALactivationin all three phases of movement (early:

p = 0.00035, middle: p=0.0000012, late:p = 0.0017) in injured compared to healthy participants.

While movingtheinjuredleg, the GM:ALratioin the injured professional footballers was
significantly increased compared to controlsin all three phases of movement (early: p =0.0023,
middle: p=0.0014 and late: p = 0.002) (Table 17B, Figure 24). Analysis of the individual muscles
showed thatthe injured professional footballers had anincreased GM activation only inthe late
phase of SHF (p =0.0002); and decreased ALactivationinthe early (p=0.013) and middle (p =

0.0021) phases of SHF compared to healthy controls.
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A: Summary measurements of professional footballers during standing hip flexion; describing the stance, injured leg with respe ct to the mean of the uninjured control group legs.

Mc:;‘ear:eent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.06 (0.3) 2.09(0.28) <0.01*AN -0.37(0.29) 2.1(0.31) <0.01*AN 0.32(0.25) 2.32(0.29) <0.01*AN
Comments Ratio difference due to a decrease of ALactivation | Ratio difference due to a decrease of ALactivation | Ratio difference due to a decrease of AL activation
Kinematics
Sa(gF'lt;i'S'p 2.5(1.18) 6.08(2) 0.17 -5.53(0.85) 4.96(1.1) 0.68 2.21(0.87) 0.91(1.52) 0.08**A\
Co(r:;;:“" 0.56(0.7) -1.37(1.06) 0.14 -3.42 (0.51) 2.67(1.1) 0.54 -2.250(0.69) 5.9(0.81) 0.024*¥
H°”Z(‘I’F:‘f;' hip | 589(1.97) 9.17 (3.37) 0.93 -3.96 (0.66) 2.93(1.27) 0.41 -12.05 (2.07) 11.78 (2.9) 0.94
B: Summary measurements of professional footballers during standing hip flexion; describing the moving, injured leg with respe ct to the mean of the uninjured control group legs.
Mc;)\;‘ear:eent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.18(0.29) 1.58 (034) <0.01*A 0.82(0.23) 0.2 (0.21) <0.01*A\ -0.07 (0.21) 0.18(0.16) <0.01*A\
Comments Ratio difference due to a decrease of AL activation | Ratio difference due to a decrease of AL activation | Ratio difference dueto anincrease of GMactivation
Kinematics
Sagittal hip
(Flex ) 4.17 (1.43) 5.77 (1.77) 0.47 71.1(1.34) 70.54 (2.39) 0.84 75.27 (1.27) 76.97 (1.86) 0.45
Co{;’;jw'p -0.07(0.59) -2.9(1.02) 0.02*¥ 1.41(0.86) 2.59(1.77) 0.55 0.72(0.98) -0.82 (1.47) 0.39
Ho”z(‘i‘r:‘i’;" hip | 89(1.43) -6.95(2.51) 0.75 7.17(1.01) 5.7 (1.36) 0.39 1.51(1.17) -3.64(2.45) 0.44

Table 17: Results from comparing surface electromyography and kinematic data between the injured leg of the injured professional footballers tothe mean of both legs in the
control professional footballers during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p < 0.05; ** = p < 0.1 (trend); sSEMG =

surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE =
standard error; A\ = increased in injured players; WV =decreased in injured players.
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Figure 24: Graphical representation of the results comparing surface electromyography and kinematic data between the injured leg of the injured professional footballers to
the mean of both legs in the control professional footballers during standing hip flexion when the leg is weight bearing (stance) (dots) and moving (diamonds). GM=gluteus

medius; AL= adductor longus.
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A: Summary measurements of amateur footballers during standing hip flexion; describing the stance, injured leg with respect t o the mean of the uninjured control group legs.

Mo;/::::nt Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.93(0.12) -0.22(0.28) <0.01*V 0.64(0.11) -0.57(0.2) <0.01*V¥ 1.2(0.13) 0.03(0.22) <0.01*¥
Comments Ratio difference due to a decrease of GMactivation | Ratio difference due to a decrease of GMactivation | Ratio difference due to a decrease of GMactivation
Kinematics
Sagittal hip
5.97(1.23) 7.21(1.34) 0.06**AN -5.63(0.58) -4.96 (2.97) 0.82 0.37(1.15) 8.81(4.05) 0.03*A
C"[Zgg ':)”p 2.32(0.63) 0.42 (0.6) 0.08**¥ -5.07 (0.41) -4.08 (0.79) 0.27 2.82(0.7) 3.23(0.73) 0.71
H°”?I°R“:;" hip | 157 (1.28) 2.59(1.93) <0.01%A -4.03 (0.43) -9.55 (4.3) 0.2 -5.41(1.37) 2.59 (4.43) <0.01*AN
B: Summary measurements of amateur footballers during standing hip flexion; describing the moving, injured leg with respect t o the mean of the uninjured control group legs.
Mo;/::::nt Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.26 (0.11) -0.47 (0.25) <0.01*W¥ -0.53(0.09) -0.74 (0.18) 0.29 -0.63(0.9) -0.67 (016) 0.85
Comments Ratio difference due to a decrease of GM activation
Kinematics
Sagittal hip P *k
(Flex +) 9.29 (1.6) 10.81(1.52) 0.49 56.38(2.28) 48.12 (4.16) 0.08**\¥ 66.2(1.7) 57.45 (4.46) 0.07**\¥
C°[:g§ ':)”p -4.35 (0.66) -3.59(0.59) 0.39 2.37(0.85) 3.23(1.31) 0.58 2.12(0.83) -0.47 (1.38) 0.3
H°”?|°R”i;*'h'p -4.29 (1.58) 3.08(2.07) <0.01*A\ 8.42(1.29) 5.24(1.13) 0.07 3.8(1.62) 7.97(2.42) 0.16

Table 18: Results from comparing surface electromyography and kinematic data between the injured leg of the injured amateur footballers to the mean of both legs in the
control amateur footballers during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p < 0.05; ** =p < 0.1 (trend); sSEMG =
surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE =
standard error; A\ = increased in injured players; WV =decreased in injured players.
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Figure 25: Graphical representation of the results comparing surface electromyography and kinematic data between the injured leg of the injured amateur footballers tothe
mean of both legs in the control amateur footballers during standing hip flexion when the leg is weight bearing (stance) (dots) and moving (diamonds). GM=gluteus medius;

AL= adductor longus.



Amateur football players

While standing on the symptomaticleg, symptomaticamateur players had a significant
decreasein GM:AL in all phases of the SHF task (early p=0.0000048, middle: p =0.0000001
and late: p =0.00000021) comparedtothe control group (Table 18A, Figure 25). Analysis of
the individual muscles showed a decreased activation of GM in all three phases of movement
(early p=0.0000061, middle:p=0.00000052 and late: p = 0.00000000042); and increased

activation of ALin the early (p = 0.03) and middle (p=0.043) phases of SHF.

When movingtheinjuredleg, theseplayers showed asignificantly decreased GM:ALcompared
to control group inthe early phase of the movement (p=0.0078) (Table 18B, Figure 25).
Analysis of the individual muscles showed thatinjured players had a significant decrease in GM

activation compared to controlsin this phase of movement (p =0.0000092).

Professionalrugby players

When standing on the symptomaticleg, there was asignificantincrease of the GM:AL
activationratiointhe middle phase of SHF in the injured players compared to healthy controls
(p=0.0043) (Table 19A, Figure 26). Furtheranalysis did not show any significant differences

between the symptomaticand asymptomatic rugby players when analysing separate muscles.

When measuring the movingleg, the injured players demonstrated anincrease in GM:AL
activationratiointhe early phase of SHF (p =0.011) compared to controls (Table 19B, Figure
26) with analysis of the individuallegs showing that ALdemonstrated a decreased activation

compared to healthy controlsin the same phase of movement (p =0.014).
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A: Summary measurements of professional rugby players during standing hip flexion; describing the stance, injuredleg with respect to the mean of the uninjured control group legs.

M(:;‘ement Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
ase
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 1.01(0.15) 1.34(0.18) 0.17 0.94(0.2) 1.65 (0.14) <0.01*A\ 1.82(0.17) 2.09(0.16) 0.26
Comments
Kinematics
Sagittal hip % . *
(Flex 4 23.17(0.65) 18.96 (1.67) <0.05*W 5.1(0.97) -7.77 (1.03) 0.07**\¥ 15.72 (1.29) 9.41(2.57) <0.05*W¥
C°(r/§’(;‘j'+;“p -1.56 (0.15) 4.71(0.73) <0.05*¥ -7.45(0.7) -6.43(0.63) 0.28 9.88(1.14)  -10.68(0.43) 0.57
Ho”z(‘l’é‘i‘;" hip -5.54 (1.85) -17.82 (1.44) <0.01*¥ -2.21(0.64) -5.54(0.7) <0.01*¥ -10.12(1.85)  -23.74(1.25) <0.01*¥
B: Summary measurements of professional rugby players during standing hip flexion; describing the moving, injured leg with respect to the mean of the uninjured control group legs.
Mt;\;‘eaTeent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.4(0.21) 1.13(0.18) <0.05*A\ -0.99 (0.15) -1.11(0.15) 0.59 -1.22(0.11) -1.2(0.15) 0.92
Comments Ratioincrease due to a decrease of AL activation
Kinematics
Sagittal hip *
(Flex 4) 20.29 (0.83) 18.2 (2.93) 0.25 63.3 (1.52) 70.78(1.62) <0.01*A 82.53(1.34) 86.98(2.93) 0.18
C°{:§jL;"p 5.12 (0.75) 0.46 (01.2) <0.01*A\ 4.82(1.98) 5.98 (1.49) 0.64 0.38(2.2) 8.62(1.29) <0.01*AN
H°”Z(TF:‘S" hio | 1525(1.74)  -1.89(2.02) <0.01*A 4.89 (1.51) 2.29(2.09) 0.32 -5.73 (3.25) 4.49 (4.3) 0.82

Table 19: Results from comparing surface electromyography and kinematic data between the injured leg of the injured professional rugby players to the mean of both legs in the
control professional rugby players during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * =p <0.05; ** = p < 0.1 (trend); sSEMG =
surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE =
standard error; A\ = increased in injured players; W =decreased in injured players.
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Ultimate Frisbee players

When measuring the SHF movement, there were no significant differences between injured
and healthy Ultimate Frisbee players when the legwas moving orin stance (Table 20, Figure

27).

Field hockey players

When measuringthe stance leg during the SHF, the injured field hockey players demonstrated
a decreased GM:AL activationratioinall three phases of movement (early: p =0.0064, middle:
p = 0.017, late: p = 0.01) compared to the healthy controls (Table 21A, Figure 28). The analysis
of the individual muscles showed that the injured players had asignificant decrease of GM
activationinall three phases of SHF (early: p = 0.00025, middle: p = 0.0014, late: p = 0.0021)

compared to the healthy controls.

When measuringthe movingleg, the injured field hockey players showed adecreased GM:AL
activationrationinall three phases of SHF (early: p=0.04, middle: p=0.0024, late: p = 0.0061)
compared to the healthy controls (Table 21B, Figure 28). In the analysis of the individual
musclesthe injured players demonstrated asignificantly decreased GMactivationinall three
phases of SHF (early: p=0.0021, middle: p=0.0009, late: p =0.0044) and a significant
decrease of the AL activationin the early phase of SHF (p = 0.031) compared to the healthy

controls.
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A: Summary measurements of Ultimate Frisbee players during standing hip flexion; describing the stance, injured leg with resp ect to the mean of the uninjured control group legs.

Mc:;‘ement Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
ase
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.42(0.23) 1.47(0.6) 0.11 0.52(0.25) 1.52(0.5) 0.08**AN 1.56(0.26) 2.57(0.43) 0.05**A
Comments
Kinematics
Sagittal hip % % %
(Flex +) 25.66 (0.79) 17.12(3.64) <0.05*W¥ -4.4 (1.05) -8.12 (1.45) <0.05*\W 21.12(1.33) 5.14 (4.35) <0.01*W¥
Co(r:;‘j:“p 0.73(0.89) -4.44 (0.85) <0.01*¥ -8.15(1.61) 6.71(1.48) 0.52 -10.94 (1.51) -10.87 (2.5) 0.98
H°”Z(‘I’F:‘i‘;' hio | 05 (1.91) -9.02 (2.54) <0.05%W¥ -3.37(1.03) -5.74(1.18) 0.14 5.55(3.03)  -14.55(4.13) 0.09**\
B: Summary measurements of Ultimate Frisbee players during standing hip flexion; describing the moving, injured leg with respect to the mean of the uninjured control group legs.
Mc:;‘ear:eent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.61(0.6) 0.57 (1.49) 0.36 -0.48 (0.28) -1.25(0.77) 0.35 0.05 (0.86) -0.2 (1.57) 0.29
Comments
Kinematics
Sagittal hip
(Flex+) 23.62(0.8) 18.19(3.6) 0.15 69.26 (1.93) 69.91 (2.08) 0.82 93.19(2.19) 83.98 (4.9) 0.1
CO{XQSL;"p -1.82(0.86) 2.01(0.98) <0.01*A\ 0.56 (1.88) -0.48 (2.79) 0.76 3.03(1.63) 1.27 (4.05) 0.69
H°”Z(‘I’F:‘“)" hip |, 36(1.98) -3.85(3.15) 0.69 3.65 (2.4) 2.59(2.58) 0.09**¥ 0.95 (3.89) -7.69 (3.14) 0.1
+

Table 20: Results from comparing surface electromyography and kinematic data between the injured leg of the injured Ultimate Frisbee players to the mean of both legs in the
control Ultimate Frisbee players during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p < 0.05; ** = p <0.1 (trend); SEMG =
surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE =

standard error; A\ = increased in injured players; WV =decreased in injured players.
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A: Summary measurements of field hockey players during standing hip flexion; describing the stance, injured leg with respect t o the mean of the uninjured control group legs.

Mc:;‘ement Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
ase
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 1.76 (0.22) -0.54 (0.78) <0.01*¥ 0.65(0.23) -1.6(0.89) <0.05*\W 1.91(0.16) -0.37(0.84) <0.01*W¥
Comments Significant decrease of GM activation Significant decrease of GM activation Significant decrease of GM activation
Kinematics
Sagittal hip
(Flex +) 21.48 (1.24) 18.36(1.66) 0.14 -8.54 (0.93) -2.17 (8.5) 0.46 13.79(1.86) 18.96 (8.54) 0.56
CO{:;‘(?L;"p 2.46(0.84) 0.71(0.57) 0.09**W -10.94 (1.07) 9.29 (3.19) 0.63 8.71(1.17) 9.16 (2.71) 0.88
H°”Z(‘I’F:‘i‘;' hio | 4 37(1.67) -9.01 (1.99) 0.08**¥ -4.19(0.82) -5.96 (1.34) 0.27 29.69(1.54)  -15.77(2.47) <0.05*W¥
ct to the mean of the uninjured control group legs.

B: Summary measurements of field hockey players during standing hip flexion; describing the moving, injured leg with respe

Mc:;‘ear:eent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.82(0.36) -0.98(0.77) <0.05*W¥ -0.18 (0.25) -2.61(-0.72) <0.01*¥ 0.47 (0.28) -2(0.81) <0.01*W¥
Comments Significant decrease of GM activation Significant decrease of GM activation Significant decrease of GM activation
Kinematics
Sagittal hip %
(Flex+) 22.92(1.44) 17.97 (1.65) <0.05*¥ 61.36 (1.68) 57.62(8.51) 0.67 85.41(1.36) 78.85(7.12) 0.37
Co(r:;;:“p -2(0.84) -1.33(0.78) 0.56 2.45(1.12) -0.16 (3.41) 0.47 1.5(1.48) -1.12 (3.59) 0.5
Horizontalhip | g g5 (1 64) 15.74(1.2) <0.01*¥ 1.18(1.7) 4.97 (2.19) <0.05*A\ -8.42 (2.59) -9.08 (2.82) 0.86

(IR+)
Table 21: Results from comparing surface electromyography and kinematic data between the injured leg of the injured field hockey players to the mean of both legs in the

control field hockey players during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p <0.05; ** = p < 0.1 (trend); SEMG =
surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE =

standard error; A\ = increased in injured players; WV =decreased in injured players.
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Kinematics

Professionalfootball players

When measuringthe stance leg during the SHF, the injured professionalfootball players were
more abductedin the late phase of SHF (p = 0.024) compared to the healthy controls (Table

17A, Figure 24).

When measuringthe movingleg, the injured players were more abductedin the early phase of

SHF (p = 0.018) comparedto the controls (Table 17B, Figure 24).

Amateur footballplayers

In the stance leg, the injured amateur football players were more flexed in the late phase (p =
0.028), and more internally rotated in the early (p =0.000035) and late (p = 0.00036) phases of

SHF compared to the healthy controls (Table 18A, Figure 25).

When measuring the movingleg, the injured players demonstrated anincreased internal
rotationinthe early phase of SHF (p = 0.0053) compared to healthy controls (Table 18B, Figure

25).

Professionalrugby players

When measuring the stance leg, the injured professional rugby players demonstrated a
decreased hipflexioninthe early (p=0.022) and late (p =0.036) phasesof SHF; increased hip
abductioninthe early phase (p=0.022) and increased hip external rotationinthe early (p=

0.00000019) and late (p =0.0002) phases compared to healthy controls (Table 19A, Figure 26).

When measuringthe movingleg, the injured players demonstrated more flexionin the middle
(p=0.031) and late (p= 0.027) phases of SHF; increased hip abductioninthe early (p = 0.0016)
and late (p = 0.000022) phases of SHF; and increased hip internal rotationinthe early (p=

0.00009) phase of SHF, comparedto the healthy controls (Table 19B, Figure 26).
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Ultimate Frisbee players

When measuring the stance legthe injured Ultimate Frisbee players demonstrated a
decreased hip flexioninall three phases of SHF (early: p=0.026, middle: p=0.048, late:p =
0.0017); andincreased abduction (p=0.0001) and external rotation (p=0.033) inthe early

phase of SHF, compared to healthy controls (Table 20A, Figure 27).

When measuring the movingleg, the injured players showed anincreased hip adductioninthe

early phase of SHF (p =0.0047) compared to the healthy controls (Table 20B, Figure 27).

Field hockey players

In the stance leg, the injured Field Hockey players demonstrated anincreased hip external
rotationinthe late phase of SHF (p = 0.044) compared to the healthy controls (Table 21A,

Figure 28).

When measuring the movingleg, the injured players showed less hip flexion in the early phase
of SHF (p = 0.028), and increased hip external rotationin the early (p=0.0013), but increased
hipinternal rotationinthe middle (p =0033) phase of SHF, compared to the healthy controls

(Table 21B, Figure 28).

Single leg squat

SEMG

Professionalfootballplayers

The symptomatic professional football players had asignificantly increased GM:ALratioin all
seven phases of SLS (moving|: p =0.0001, movingll: p = 0.0000051, movinglll:p = 0.0023,
movingIV:p =0.00065, stancel:p =0.000021, stance Il: p = 0.0068, stance lll: p = 0.00019),

compared to the healthy controls (Table 22, Figure 29). Analysis of the individual muscles
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demonstrated anincrease in GM activationinthe moving|(p = 0.014) and stance Il (p =0.024)
phases of SLS; and a decrease in ALactivationin all of the moving phases (movingl: p =0.0015,
movingll: p = 0.000015, movinglll: p = 0.0043, movingIV:p=0.00014) and stancelll (p =

0.0000019) phase of SLS; in the injured players compared to the healthy controls.

Phase 1: Moving |
Measured leg Uninjured Injured Statistic (p)
SEMGGM:AL | 0.014(0.26) 1.774(0.34) <0.01*A
Comments GM activation increase and AL decrease
Sagittal hip 9.42(1.6) 6.68(1.9) 0.27 NB Flex +
Coronal hip 3.76 (0.76) -0.92 (1.04) <0.01*W¥ NB Add +
Horizontal hip | -8.43(1.6)  -4.17(2.65) 0.17 NB IR +
Phase 2: Movingl Phase 3: Stance |
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL -0.34(0.25) 1.9(0.37) <0.01* -0.5(0.24) 1.47(0.36) <0.01*AN
Comments Ratio increase dueto decrease of AL activation | Ratioincrease dueto decrease of AL activation
Sagittal hip | 16.32(1.42) 8.67 (1.5) <0.01*WV 25.41(2.22) 16.14(2.18) <0.01*¥
Coronal hip 0.51(0.42) 1.5 (0.74) 0.25 4.31(0.86)  0.09(0.96) <0.01*\¥
Horizontal hip -1.73(0.5) -0.53(0.66) 0.15 -10.17(1.58)  -5.01(2.56) 0.09
Phase 4: Moving Il Phase 5: Stance Il
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL 0.47 (0.2) 0.82(0.36) <0.01*A -0.26 (0.23) 0.9 (0.35) <0.01*A\
Comments Ratio increase dueto decrease of AL activation | Ratioincrease dueto increase of GM activation
Sagittal hip 42.81(2.76) 41.61(2.34) 0.74 67.55(2.21) 57.49(2.99) <0.01*W¥
Coronal hip 12.06 (0.75) 14.09 (1.4) 0.21 16.56(1.11) 13.61(2.08) 0.21
Horizontal hip | -0.9 (1.06) 1.4(0.9) 0.09 -10.11(1.75)  -5.31(2.52) 0.12
Phase 6: Moving IV Phase 7: Stance lll
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL -0.31(0.24) 1.08 (0.3) <0.01*AN -0.25(0.34) 1.71(0.37) <0.01*A
Comments Ratio increase dueto decrease of AL activation | Ratioincrease dueto decrease of AL activation
Sagittal hip | -50.55(2.17) -44.66(3.1) 0.13 16.95(1.33)  13.43 (1.62) 0.98
Coronal hip -15.05(0.9) -19.07 (1.36) <0.05*W 0.36 (0.85) -4.84(2.62) 0.11
Horizontal hip 1.01(0.95) -2.8(0.88) <0.01*W -9.63(1.43) -4.84 (2.62) 0.11

Table 22: Results from comparing surface electromyography and kinematic data between the injured
leg of the injured professional footballers to the mean of both legs in the control professional
footballers during single leg squat when the leg is moving. Annotations: * = p < 0.05; sSEMG = surface
electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor
longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in
injured players; W = decreased in injured players.
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° hip flexion

Figure 29: Graphical representation of the results comparing surface electromyography and kinematic data between the injured leg of the injured professional football players
to the mean of both legs in the control professional football players during single leg squat when the leg is moving (dots). GM=gluteus medius; AL= adductor longus.
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Amateur football players

The injured amateur football players demonstrated adecrease in GM:AL ratioin the movinglll
(p=0.00002) and movingIV (p=0.00046), as well asstance Il (p = 0.000015) phases of SLS,
compared to the healthy controls. The analysis of the individual musclesin these phases
showed adecrease in GM activationin the movinglll (p = 0.0022) and movingIV (p=
0.0000028) phasesof SLS inthe injured players compared to the healthy controls (Table 23,

Figure 30).
Professionalrugby players

The injured professional rugby players demonstrated an increase in GM:AL ratio only in stance
Il phase of SLS (p = 0.017) compared to the healthy controls (Table 24, Figure 31). The analysis
of individual muscle activation showed asignificant decrease of ALactivationinthe same

phase (p = 0.0003).
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Phase: Moving |
Measured leg Uninjured Injured Statistic (p)
SEMG GM:AL 0.97 (0.16) 1.64(0.4) 0.13
Comments
Sagittal hip 13.45(1.07) 16.78(2.9) 0.28 NB Flex +
Coronal hip 3.19(1.07) 16.47(1.85) 0.02*A NB Add +
Horizontal hip -2.94(1.63) -3.74(0.78) 0.66 NBIR +
Phase: Moving Il Phase: Stance |
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
sEMG GM:AL 0.7(0.15) 0.73(0.23) 0.9 0.78(0.13)  0.96(0.15) 0.37
Comments
Sagittal hip 26.47(1.95)  23.56(5.74) 0.63 40.08(2.13)  40.03(4.91) 0.99
Coronal hip 0.2(0.55) 1.85(2.64) 0.54 3.43(0.98) 5.28(2.4) 0.48
Horizontal hip | -2.41(0.61)  0.95(2.06) 0.12 5.51(1.84)  -2.79(2.15) 0.34
Phase: Moving 1l Phase: Stance Il
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
sEMG GM:AL 0.76(0.1) 0.13(0.09) <0.01*¥ 0.76(0.11)  -0.35(0.21) <0.01*W¥
Comments
Sagittal hip 24.54(1.84) 25.28(2.71) 0.82 64(1.71) 65(3.14) 0.78
Coronal hip 5.37(0.76) 6.33(1.69) 0.61 8.6(0.97) 11.6(3.26) 0.38
Horizontal hip | 0.03(0.77) 2.54(1.52) 0.15 5.27(1.67)  -0.25(1.19) <0.05*A
Phase: Moving IV Phase: Stance Ill
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL 0.92(0.1) 0.24(0.15) <0.01*\¥ 0.82(0.17) 1.37(0.3) 0.12
Comments
Sagittal hip -48.48(2.4)  -47.25(4.27) 0.8 15.86(18.7) 1.41(0.38) 0.34
Coronal hip -8.7(0.86) -11.43(3.64) 0.47 -0.07(1.03) 0.17(0.84) 0.86
Horizontal hip 0.03(1.13) -2.62(1.07) 0.09 -4.92(1.7) -2.87(0.49) 0.25

Table 23: Results from comparing surface electromyography and kinematic data between the injured
leg of the injured amateur footballers to the mean of both legs in the control amateur footballers
during single leg squat when the leg is moving. Annotations: * = p <0.05; sSEMG = surface
electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor
longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in
injured players; WV = decreased in injured players.
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Ultimate Frisbee players

There were nossignificant differences in the GM:AL ratio between the injured and healthy

Ultimate Frisbee playersin any of the SLS movement phases (Table 25, Figure 32).

Field Hockey players

Theinjured Field Hockey players demonstrated adecrease in GM:AL ratioin all of the SLS
movement phases (movingl: p=0.00015, movingll:p =0.00036, movinglll: p=0.00022,
movingIV:p =0.001, stancel: p=0.00044, stance ll: p = 0.00011, stance Ill: p =0.00026)
compared to healthy controls. The analysis of the individual muscles showed a decrease in GM
activationin all of the SLS movement phases (moving|l: p = 0.00015, moving II: p = 0.000029,
movinglll: p =0.000014, movingIV:p =0.00012, stancel: p = 0.00005, stance Il: p = 0.000033,

stance lll: p =0.0000064) in injured players comparedtothe controls (Table 26, Figure 33).
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Measured
leg
SEMG GM:AL
Comments
Sagittal hip
Coronal hip
Horizontal hip

Measured
leg
sEMG GM:AL
Comments
Sagittal hip
Coronal hip
Horizontal hip

Measured
leg
SEMG GM:AL
Comments
Sagittal hip
Coronal hip
Horizontal hip

Measured
leg
sEMG GM:AL
Comments
Sagittal hip
Coronal hip
Horizontal hip

Table 24: Results from comparing surface electromyography and kinematic data between the injured
leg of the injured professional rugby players to the mean of both legs in the control professional rugby

Phase 1: Moving |

Uninjured Injured Statistic (p)
1.14(0.19) 0.99(0.24) 0.62
23.45(0.52)  22.94(1.75) 0.78
-1.19(0.59) 3.68(0.93) <0.01*A
-7.74(1.41) 1.35(3.04) <0.01*A

Phase 2: MovinglI

Uninjured Injured Statistic (p)
1.07(0.21) 0.94(0.3) 0.73
1.63(0.57) -0.57(0.79) <0.05*\¥
-1.63(0.48) 0.39(0.58) <0.01*AN
-1.26(0.4) -1.11(0.82) 0.88
Phase 4: Movingll
Uninjured Injured Statistic (p)
0.25(0.16) 0.37(0.19) 0.65
47.73(2.6) 42.32(5.09) 0.35
14.52(1.79) 8.84(1.46) <0.05*W
0.3(2.44) -2.58(1.92) 0.36
Phase 6: Moving IV
Uninjured Injured Statistic (p)
1.11(0.21) 1.39(0.17) 0.22
-47.83(3.37)  -43.38(4.43) 0.43
-13.08(1.96) -7.99(1.48) <0.05*A
-0.66(2.52) 1.87(2.16) 0.45

NB Flex +
NB Add +
NBIR +
Phase 3: Stance |
Uninjured Injured Statistic (p)
0.28(0.21) 0.9(0.26) 0.26
25.19(0.73) 23.87(2.38) 0.6
-2.86(0.82) 5.22(0.76) <0.01*AN
-8.85(1.41) 1.51(2.78) <0.01*AN
Phase 5: Stance Il
Uninjured Injured Statistic (p)
0.18(0.18) 0.82(0.19) <0.05*A\
Ratio increase dueto a decrease of AL activation
71.77(2.91)  67.27(5.18) 0.45
12.16(2.68) 13.9(1.12) 0.56
-0.53(2.57) -3.14(1.52) 0.39
Phase 7: Stance lll
Uninjured Injured Statistic (p)
1.47(0.22) 1.45(0.23) 0.97
25.71(0.94) 22.4(2.41) 0.21
-3.87(1.17) 4.03(2.38) <0.05*AN
-8.25(1.44) 0.97(2.97) <0.01*AN

players during single leg squat when the leg is moving. Annotations: * = p < 0.05; SEMG = surface
electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor

longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in

injured players; W = decreased in injured players.
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Figure 31: Graphical representation of the results comparing surface electromyography and kinematic data between the injured leg of the injured professional rugby players to
the mean of both legs in the control professional rugby players during single leg squat when the leg is moving (dots). GM=gluteus medius; AL= adductor longus.
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Phase: Moving|
Measuredleg  Uninjured Injured Statistic (p)
SEMGGM:AL | 1.26(0.28)  0.78(0.55) 0.44
Comments
Sagittal hip | 28.48(1.04) 28.36(3.58) 0.97 NB Flex +
Coronal hip 1.67(0.8) 5.16(0.74) <0.01*A\ NB Add +
Horizontalhip | -1.63(2.01)  1.99(2.31) 0.24 NB IR +
Phase: Moving Il Phase: Stance |
Measured leg | Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
sEMG GM:AL 1.46(0.33) 0.52(0.48) 0.11 1.65(0.31) 0.96(0.51) 0.26
Comments
Sagittal hip 4.57(2.16) 3.14(1.13) 0.56 33.19(1.79)  33.33(3.92) 0.97
Coronalhip | -1.87(0.49)  -0.25(1.06) 0.17 0.07(0.92)  5.19(0.89) <0.01*A
Horizontalhip | 1.14(0.86) -0.9(0.72) 0.07**¥ -0.81(2.12) 1.7(2.2) 0.42
Phase: Moving 1l Phase: Stance Il
Measuredleg | Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL 0.43(0.24) -0.11(0.54) 0.37 0.48(0.28) 0.21(0.6) 0.69
Comments
Sagittal hip 40.61(2.78) 36.29(5.5) 0.49 71.22(2.86) 74.37(2.71) 0.43
Coronal hip 8.74(1.87) 14.96(1.8) <0.05*A 10.19(1.93) 19.01(1.87) <0.01*AN
Horizontal hip 2.53(1.52) 0.75(1.58) 0.42 2.58(1.94) 4.14(2.34) 0.61
Phase: Moving IV Phase: Stance Ill
Measuredleg | Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMG GM:AL 1.07(0.21) 0.55(0.57) 0.39 1.23(0.29) 0.62(0.53) 0.32
Comments
Sagittal hip -0.35(2.79) -44.17(2.68) <0.05*W¥ 35.12(1.2) 29.04(2.75) <0.05*W¥
Coronal hip | -10.39(2.05) -16.8(1.69) <0.05*W¥ -0.67(0.98) 1.7(1.33) 0.16
Horizontalhip | -1.42(1.2) -2.39(1.26) 0.58 -1.33(2.08) 0.28(2.35) 0.61

Table 25: Results from comparing surface electromyography and kinematic data between the injured
leg of the injured Ultimate Frisbee players to the mean of both legs in the control Ultimate Frisbee
players during single leg squat when the leg is moving. Annotations: * = p < 0.05; SEMG = surface
electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor
longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in
injured players; W = decreased in injured players.
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Figure 32: Graphical representation of the results comparing surface electromyography and kinematic data between the injured leg of the injured Untimate Frisbee players to
the mean of both legs in the control Untimate Frisbee players during single leg squat when the leg is moving (dots). GM=gluteus medius; AL= adductor longus.



Phase: Moving |
Measured leg Uninjured Injured Statistic (p)
SEMGGM:AL | 2.76(0.52) -1.8(0.9) <0.01*W¥
Comments Significant decrease of GM activation
Sagittal hip | 18.36(1.31) 18.46(1.4) 0.96 NB Flex +
Coronal hip 1.14(0.78) 2.83(1.13) 0.23 NB Add +
Horizontalhip | -3.78(3.09)  -12.09(0.87) <0.05*W¥ NBIR+
Phase: Moving Il Phase: Stance |
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
sEMG GM:AL 2.16(0.37) -2.03(0.97) <0.01*¥ 2.24(0.31) -1.35(0.85) <0.01*W¥
Comments Significant decrease of GM activation Significant decrease of GM activation
Sagittal hip 0.53(1.06) 0.93(0.77) 0.76 19.45(1.8) 19.39(0.99) 0.98
Coronal hip -4.65(1.08) -3.51(1.39) 0.52 -3.48(0.78) -0.68(1.98) 0.2
Horizontalhip | -3.64(1.43) -2.42(0.97) 0.49 -8.07(2.35) -14.51(1.25) <0.05*W
Phase: Moving 1l Phase: Stance Il
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
sEMG GM:AL 1.07(0.28) -2.86(0.89) <0.01*W¥ 1.14(0.31) -2.97(0.87) <0.01*W¥
Comments
Sagittal hip 43.72(1.44) 57.76(4.34) <0.01*AN 63.47(1.39) 77.18(5.62) <0.05*AN
Coronal hip 12.81(1.91) 11.82(2.62) 0.76 8.19(1.59) 15.15(2.45) <0.05*AN
Horizontalhip | 6.38(1.43) 3.3(0.96) 0.09%*W¥ -0.21(2.9) -10.6(2.36) <0.05*W
Phase: Moving IV Phase: Stance lll
Measured leg Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
SEMGGM:AL | 1.67(0.24) -2.38(1.08) <0.01*\¥ 2.24(0.29) -1.95(0.96) <0.01*\¥
Comments
Sagittal hip | -40.04(0.95) -62.48(6.08) <0.01*A\ 22.24(1.52)  17.67(2.25) 0.1
Coronal hip | -12.75(1.94) -15.55(2.92) 0.43 3.89(1.09)  -2.39(1.35) 0.39
Horizontalhip | -7.74(1.82)  -7.07(1.41) 0.77 -10.2(2.45)  -16.17(1.04) <0.05*A\

Table 26: Results from comparing surface electromyography and kinematic data between the injured
leg of the injured field hockey players to the mean of both legs in the control field hockey players
during single leg squat when the leg is moving. Annotations: * = p <0.05; sSEMG = surface
electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor
longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in
injured players; W = decreased in injured players.
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Kinematics

Professionalfootball players

The injured professional football players demonstrated less hip flexion in the movingll (p =
0.00042), stancel (p=0.0041) and stance Il (p = 0.0088) phases of SLS; and more hip
abductioninthe movingl (p = 0.00054) and movingIV (p = 0.017), as well asstancel (p =
0.0017) andstance Il (p =0.0019) phases of SLS; compared to the healthy controls (Table 22,

Figure 29).

Amateur footballplayers

The only observed kinematicdifference between the injured and healthyamateurfootball
players was an increased hip internal rotationin the stance Il phase of SLS in symptomatic

athletes (p=0.017) (Table 23, Figure 30).

Professionalrugby players

The injured professional rugby players demonstrated increased hip adductionin moving| (p =
0.000067) and movingll(p =0.0011), as well asstance | (p = 0.0000000000000042) and stance
111 (0.000000000036) phases of SLS; as well as significantly increased hip internal rotationin
the moving| (p = 0.00026), moving Il (p=0.00035) and stance | (p = 0.0000098) and stance Il

(p=0.000000000015) phases of SLS; compared to the healthy controls (Table 24, Figure 31).

Ultimate Frisbee players

The injured Ultimate Frisbee players demonstrated less hip flexionin the stance Ill phase of
movement (p=0.048); andincreased hipjointadductionin the movingl(p=0.023), movinglll
(p=0.021), stance | (p =0.0002) and stance Il (p=0.002), butincreased abductioninthe

moving IV (p = 0.02) phases of SLS; compared to the healthy controls (Table 25, Figure 32).
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Field Hockey players

The injured Field Hockey players demonstrated less hip flexion in the moving Il (p = 0.0058)
and moving IV (p = 0.0013), but more hip flexioninthe stance Il (p =0.027) phases of SLS;
more hip adduction in the stance |l phase of the SLS (p = 0.026); and more hip external
rotationinthe movement| (p = 0.015) and all of the stance (stance |: p =0.023, stancell:p =
0.011, stance lll: p = 0.033) phases of SLS: compared to the healthy controls (Table 26, Figure

33).

Further analyses

Dominancedata (sEMG and kinematics)

The analysis of potential dominance bias shows that there are some, but small differences
betweenthe dominantand non-dominant legs of the healthy controlsin each subgroup; but
these are smallerthanthe effects of the injury. All comparisons between the dominantand
non-dominantlegs of the healthy controlsin each subgroup are enclosedin Appendix 2 (p.

264).

Overall professionalvs. amateur footballers (sEMG) comparisonatbaselineand

changefrombaseline

The mean of both legs of the healthy amateurfootballers showed asignificantly increased
SEMG GM:AL ratio compared to the mean of bothlegsin healthy professional footballersin all
stance phases, but not inthe moving phases of SHF (Table 27), and in all phases of SLS (Table

28).

The difference between the injured and non-injured players, in professional and amateur

subgroup, when comparingthe mean of all of the phasesin SHF, but movingand stance leg
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separately, and mean of all phases of SLS; between the mean of both legs of the healthy

controlsand injuredleginthe injured athletesis presentedin Figure 34.
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Figure 34: This graph shows the overall change in GM:AL activation ratio with data combined across
movement phases in order to compare the professional and amateur footballers’ similarity between
control groups; alongside injured subjects’ direction and degree of difference. Graph representing the
mean of both legs in the healthy controls (Controls) and injured leg of the injured players (Injured), in
all of the SHF movement phases collectively, but separately when the leg in stance and moving; and in
all of the phases of SLS collectively; in the professional and amateur footballers. Pro — professional
footballers; Am — amateur footballers; SHF —standing hip flexion movement; SLS - single leg squat
movement. * representssignificant difference between the control participants in the professional
and amateur subgroups (p < 0.01).
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A: Summary measurements of the control participants of professional vs amateur footballers (mean of both legs) during standing hip flexion; describing the stance legs.
Movement

phase Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Professionals  Amateurs Statistic (p) Professionals  Amateurs Statistic (p) Professionals  Amateurs Statistic (p)
Surface EMG
GM:AL 0.06 (0.3) 0.93(0.12) <0.01*a -0.37(0.29) 0.64(0.11) <0.01*m 0.32(0.25) 1.2(0.13) <0.01*n
Comments
Kinematics
Sa(gF'lt;i'S'p 2.5(1.18) 5.97 (1.23) 0.59 -5.53(0.85) 5.63(0.58) 0.92 2.21(0.87) 0.37(1.15) 0.8
Co(r:;;:“" 0.56(0.7) 2.32(0.63) 0.06**4 -3.42 (0.51) -5.07 (0.41) <0.05*¥ -2.250(0.69) 2.82(0.7) 0.56
HOHZ(TF?E;l hip | g.89(1.97) -1.57 (1.28) <0.01%4 -3.96 (0.66) -4.03 (0.43) 0.93 -12.05 (2.07) 5.41(1.37) <0.01%*g
B: Summary measurements of the control participants of professional vs amateur footballers (mean of both legs during standing hip flexion; describing the moving legs.
Mc;)\;‘ear:eent Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured leg Professionals  Amateurs Statistic (p) Professionals  Amateurs Statistic (p) Professionals  Amateurs Statistic (p)
Surface EMG
GM:AL 0.18(0.29) 0.26 (0.11) 0.78 -0.82(0.23) -0.53(0.09) 0.24 -0.07 (0.21) -0.63(0.9) 0.85
Comments
Kinematics
Sagittal hip % «
(Flex ) 4.17 (1.43) 9.29(1.6) 0.018 71.1(1.34) 56.38 (2.28) <0.01*¥ 75.27 (1.27) 66.2 (1.7) <0.01*¥
Coronal hip % *
(Add 4) -0.07 (0.59) -4.35 (0.66) <0.01*¥ 1.41(0.86) 2.37(0.85) 0.43 0.72(0.98) -2.12 (0.83) <0.01*¥
Hor'z(‘l’;i?' hip | 89(1.43) -4.29 (1.58) 0.094%*4 7.17(1.01) 8.42(1.29) 0.45

-1.51(1.17) 3.8(1.62) <0.01*q

Table 27: Results from comparing surface electromyography and kinematic data between the mean of both legs of the healthy professional football players to the mean of
both legs in the healthy amateur football players during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p < 0.05; ** =p <0.1

(trend); sSEMG = surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal
rotation; SE = standard error; A\ = increased in amateur players; WV = decreased in amateur players.



Measured leg
sEMG GM:AL
Comments
Sagittal hip
Coronal hip

Horizontal hip

Measured leg
sEMG GM:AL
Comments
Sagittal hip
Coronal hip

Horizontalhip

Measured leg
SEMG GM:AL
Comments
Sagittal hip
Coronal hip

Horizontal hip

Measured leg
SEMG GM:AL
Comments
Sagittal hip
Coronal hip

Horizontalhip

Table 28: Results from comparing surface electromyography and kinematic data between the mean of
both legs of the healthy professional football players to the mean of both legs in the healthy amateur
football players during single leg squat when the leg is moving. Annotations: * = p < 0.05; SEMG =

Phase 1: Moving|

Professionals ~ Amateurs Statistic (p)

0.014(0.26) 0.97(0.16) <0.01%p
9.42(1.6) 13.45(1.07) <0.05*p
3.76 (0.76) 3.19(1.07) 0.64
-8.43(1.6) -2.94(1.63) <0.05%p

Phase 2: Movingll

Professionals  Amateurs Statistic (p)
-0.34(0.25) 0.7(0.15) <0.01*4
16.32(1.42)  26.47(1.95) <0.01%p
0.51(0.42) 0.2(0.55) 0.65
-1.73(0.5) -2.41(0.61) 0.39

Phase 4: Moving il

Professionals  Amateurs Statistic (p)
0.47(0.2) 0.76(0.1) <0.01%p
42.81(2.76)  24.54(1.84) <0.01%¥
12.06 (0.75) 5.37(0.76) <0.01*¥
0.9 (1.06) 0.03(0.77) 0.48

Phase 6: Moving IV

Professionals ~ Amateurs Statistic (p)
-0.31(0.24) 0.92(0.1) <0.01*p
50.55(2.17)  -48.48(2.4) 0.52
-15.05 (0.9) -8.7(0.86) <0.01%*p
1.01(0.95) 0.03(1.13) 0.51

NB Flex +
NB Add +
NB IR +
Phase 3: Stance |

Professionals  Amateurs Statistic (p)
0.5 (0.24) 0.78(0.13) <0.01%p
25.41(2.22)  40.08(2.13) <0.01%p
4.31(0.86) 3.43(0.98) 0.5
-10.17(1.58)  -5.51(1.84) 0.058

Phase 5: Stance Il

Professionals ~ Amateurs Statistic (p)
-0.26 (0.23) 0.76(0.11) <0.01%p
67.55 (2.21) 64(1.71) 0.25
16.56 (1.11) 8.6(0.97) <0.01*¥
-10.11(1.75)  -5.27(1.67) 0.048

Phase 7: Stance lll

Professionals ~ Amateurs Statistic (p)
-0.25(0.34) 0.82(0.17) <0.01*p
16.95(1.33)  15.86(18.7) 0.63
0.36 (0.85) -0.07(1.03) 0.75
9.63 (1.43) -4.92(1.7) <0.05*p

surface electromyography; arrows indicate the direction of difference; GM=gluteus medius; AL=
adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ =
increased in amateur players; W =decreased in amateur players.
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Discussion

The aim of this study was to provide insightinto pre- and re-habilitation strategies among
multidirection athletes by exploring the muscle activation and kinematic patterns associated
with SRGP. This was achieved by investigating relevant biomechanical patternsininjured
athletes participatingin avariety of amateurand professional sports during astanding hip

flexion (SHF)and single leg squat (SLS) tasks.

The precursor question that needs to be answeredis whether there are activation and
movement pattern differences at all? This question was clearly answered as arange of
significant biomechanical imbalancesin the pelvicgirdle were found in nearly all of the groups
of athletes with SRGP, compared with well-matched controls, when performing movements
challengingforthe pelvis and hip areas. Typically, movement pattern differences were
matched with relative muscle activation differences. Specifically, there was a marked
difference inthe GM:AL muscle activation ratio as well as significantly altered hip joint
kinematicsin coronal, sagittal and horizontal planesin both movement manoeuvres. There

were cleardifferences between sports, and between participation levels within sports.

The professional footballers suffering from SRGP showed a consistent pattern of increased
GM:AL ratio as a result of the increased GM activation and/ordecreased ALactivationin both
movement manoeuvres, compared to healthy controls. This pattern was also observed in the

professionalrugby players, although less consistently.

In the professionalfootballer subgroup, the importance of gluteal activation and strengthening
inthe injury prevention strategiesis recognised among healthcare professionals (Stolen etal.,
2005, Lehnhardetal., 1996, Crow et al., 2012, Smith etal., 2014). Optimally strongand
functional gluteal musculaturein this cohort may be bettersuited to cope with any additional

(over)loads (Caiaetal., 2013, Lago-Penasetal., 2014, Stolenetal., 2005), possibly resultingin
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the absence of observed activation deficiencies in GM. Moreover, increased loads on the groin
area may resultinthe pain, dysfunction and potential inhibition of the ALas reportedin rats
(Ohiraetal.,2011). Adductor muscle strengthening prevention programsimplementedinthe
professionalfootballers were reported to reduce the incidence of SRGP in this cohort (Holmich
et al., 2010). Thus, despite acommonly recognised dysfunction of the hip adductor muscles
before and afterthe onset of SRGP (Crow et al., 2010, Emery and Meeuwisse, 2001,
Engebretsenetal., 2010, Nevinand Delahunt, 2013), the decrease of AL activationinthe
professionals with SRGP suggests that more adductor-focused training should be implemented
inthe prevention and rehabilitation programmesin professional football. A study by Serneret
al. (Serneretal., 2013) measured the activation of adductor musculature in six adductor
exercises with graduated difficulty, which provides a good resource for the clinicians and

should be considered in SRGP prevention and treatment programmes.

In rugby players, the pattern of hip joint movementin the presence of little muscle activation
imbalances may indicate thatthe injured players are still able to fully activate their muscles on
the optimal, ‘healthy’ level. However, in orderto achieve that, they may be choosing various
kinematicstrategies —hence the non-uniform differences between injured and uninjured
playersinthe hip kinematics. A lack of adequate ‘kicking-specific’ trainingin rugby has been
recognised (Quarrie and Hopkins, 2015), and theirfocus on ‘stability’ over ‘mobility in game
environment may indicate that open-chain manoeuvres (such as SHF) are relatively untrained

and difficult to stabilise.

A similartrend of the GM:AL ratio decrease ininjured players of both ‘amateur’ subgroups
(amateurfootballers and field hockey players) was aresult of the GM activation decrease, with
AL activation not beingsignificantly altered. The SEMG pattern of change is opposite to this

observedinthe professional footballers and there may be a few explanations for this finding.
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Firstly, the access to healthcare professionals’ services may have biased the findings. Gluteal
muscle hypertrophy as compared to the general population hasbeen reported among
professionalfootballers (Sanchis-Moysi et al., 2011) and their strong, well-trained and highly
functional GM may be less likely to lose its properties as a response to an overload or
increased movementdemand. Inthe ‘amateur’ subgroup the decrease of GMactivation
affectingthe GM:AL ratio may be the result of this muscle being sub-functional priorto the
onset of symptoms, and the increased demands and/or overload may trigger afurtherloss of
function. Alternatively, the loss of GM function may be the reason for SRGP inthe amateurs as
the weakness of this muscle leads toincreased load onthe hip joint (Fetto et al., 2002,
Presswood etal., 2008). Although the jointitselfmay not have been affected in this group (as
the playerstesting positive in hip joint tests were excluded in this study), lack of optimal
function of GM may have cause the initial hip and pelvicimbalance in the coronal plane

(Homanet al.,2013) and led to SRGP.

Different physiological characteristics of professionals associated with regular high -intensity
training may also explain the different mechanisms of coping with overload and/orinjury
between the ‘amateur’ and ‘professional’ groups. The profe ssionals receive a financial reward
for beingapart of the team, therefore a majority of theirtime is spentontrainingand
optimisingtheir performance (Stolen et al., 2005); classically they don’t have any othertime
consuming occupation. Amateurs, however, have full-time jobs and theirtrainingtime is
limited. The difference in physiology between two groups may mean that the amateurs are
more sensitive toany overload orimbalance occurringintheir pelvicareaand that the muscles
react quicker with adecrease of function, activation or strengthinthese players. Inthe
professionals, pelvicgirdle musculature may cope wellwith the initial overload, but further
excessiveloading may potentiallylead to muscle inhibition, as recently reported in hamstring

injuries (Fyfe etal., 2013). Alternatively, the adductor activation deficit may be an effect of
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painin the groinregion, which doesn’t affect other musculature in these players (such as

gluteal muscles).

Interestingly, in both subgroups of athletes: ‘professionals’ (professional footballers)and
‘amateurs’ (amateurfootballers and field hockeyplayers) the hip joint movement pattern
during SHF was consistent with the muscle activation and ratio changes. The ‘professionals’,
with an increase of the GM:AL ratio being mainly the result of the decrease of ALactivation,
were more abductedin several SHF phases. The amateurs, presentingadecreased GM:ALratio
due to a decrease of GM activation, tended to show more internal rotation, whichis often
associated with a GM dysfunction (Dai etal., 2014, Homan etal., 2013, Powers, 2010, Lack et

al., 2014).

The lack of clearkinematicdifferencesininjured compared to healthy amateurfootballersin
SLSisa surprisingfinding. SLSas a clinical testis more demandingthan SHF, although the
demandson pelviccontrol were reported to be similarin both movements (Boudreau etal.,
2009). It was therefore expected that the biomechanical imbalances (both muscle activation
and kinematic) demonstrated during SHF will be also presentin SLS, potentiallyevento a

greater extent.

In the field hockey players the hip joint kinematicimbalances were presentinall planes, inthe
horizontal plane presenting a consistent pattern of increased external rotation throughout the
movement. These findings are rather surprising, asin the presence of clear GM dysfunction
manifesting as a decrease of its activation, hip joint kinematics of the injured players was not
alteredinan expected way; instead, they demonstrated increased hip external rotation

(Crossleyetal., 2011, Grimaldi, 2011).

Kawalek and colleagues (Kawalek and Garsztka, 2013) performed the analysis of the muscle

flexibility in the field hockey players and found ashortened iliopsoas musclein 100% of tested
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participants. lliopsoas muscle is the main hip flexor (Andersson et al., 1995), and in this cohort
| onlyidentified increased hip flexionin the phase of holding the squatinthe lowest position
i.e.the maximal knee flexion. However, iliopsoas is also an external rotator of the hip inthe
flexed position (Rajendran, 1989), which may explain the pattern of external rotation observed
inthe injured hockey players. Moreover, SRGP as a result of the iliopsoas muscle dysfunctionis
one of the most commonly recognised diagnostic sub-groups according tothe Doha
agreement (Weiretal., 2015). In this study, participants were not diagnosed accordingtothe
primary driver of their pain, therefore it may be that the iliopsoas muscle was the main cause
of SRGP in injured field hockey players, which may have biased the results. Itis, however,
worth noting that despite the unexpected kinematicpatterns presented by the injured players,
the coronal plane muscle activation imbalance was still presentin those players and that their

GM was clearly underactive.

Interestingly, the injured Ultimate Frisbee players, inthe absence of the GM:AL imbalances,
showed a consistentlyincreased hip abduction when measuring the stance legin SHF. As with
the professional rugby players, they may still be able to activate theirmuscles on a ‘healthy’
level despite the injury, but the force output may be smaller, particularlyin the adductor
muscle —which leadstoincreased abduction. This consistencyis observedinall three phases
of SHF but only inthe stance leg, with noimbalances when the legis moving. This pattern may
suggest similarmechanisms of injury in this group and the professional footballers, which may
be associated with the tendency toinjure their weight-bearing leg regardless of whether this
legisdominant or non-dominant. Clear kinematicimbalancesinthe injured Ultimate Frisbee
playersinthe stance, but not the movingleg, may therefore indicate thatthe legbeingan
actual stabiliser during turning, twisting and cutting manoeuvresisthe dominantleg, and the
one mostcommonlyinjured. It, however, raises a question whetherthe definition of the leg

dominance by the preference to kick aball isappropriate in this cohort.
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The differences of the results between the subgroups may also be caused by the different
injury mechanisms. Amateur players, with alack of easy access to healthcare and strength and
conditioning professionals, may not recognise the importance of targeted strengthening of
certain muscle groups to preventinjuries caused by the imbalances in the pelvicarea
(Grimaldi, 2011). These differences in pre-habilitation and prevention strategies between the
professionaland amateur players may influence the target of biomechanical changes

associated with groininjuries (Meisteretal., 2011, Zhengetal., 2008).

Moreover, differentinjury mechanisms may be to some extend demonstrated by the different
tendencyindominant/non-dominantleginjury pattern discovered in this study. When
analysing separate subgroups, in three out of five (amateurfootballers, professional rugby
players and ultimate Frisbee players) the injured athletes were symptomaticon their dominant
side and only one subgroup of injured athletes (professional footballers) have injured their
non-dominantside. The field hockey players didn’t show any tendencyininjuringthe
dominant/non-dominantleg, but alow numberof injured participants might have influenced

theresults.

It was surprising that only professional footballers (and not professional rugby players) showed
a different patternfromall othergroups and injured mainlytheirnon-dominantside. Among
all of the sub-groups measured in this study, the professionalfootballers potentially perform
the largest number of kicking movementsinthe training and game (Lees and Rahnama, 2013,
Barfield, 1998). Thus, increased susceptibility to injure the weight-bearing limb in professional
footballers may potentially indicate that these players’ training is focused on the open chain
movements, such as kicking but less on the weight-bearing and stability exercises (Stolen etal.,,
2005). This may lead to the professional footballers lacking in optimal control and stability in
the weight-bearing limb, which thenis more sensitive to any biomechanical imbalances and

therefore prone to painandinjuries. Additionally, a high amount of the dynamic movements
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during competition and training of professional footballers (such as high number of repetitive
kicking) (Stolen etal., 2005) may increase the demands for the weight-bearinglegto provide
stability and control forthe whole body, which then lead to overload andinjury (Terje etal.,
2015). The results of this study present clearclinical implications when designing the
prevention strategies in this group of athletes. Firstly, the focus on adductor muscles should be
emphasised, based on the exercisesinvolving a high adductor activation (Serneretal., 2013).
Secondly, everyday training should implement more weight-bearing and stability activities
additionally to highly repetitive kicking movements. For example, more emphasis on every
kind of twisting, turning and pivoting manoeuvres, potentially with additional weightin order

to increase the challenge, may be useful.

The tendency of injuring the dominant (kicking) legin amateur footballers, professional rugby
and Field hockey players may indicate thatthe mechanism of injuryis similarinthese three
groups of athletes, but different to professional footballers. A similar biomechanical patternin
these groups shown in this study may strengthen this suggestion. It may be that the amateur
footballers and professional rugby players overload theirlimbinthe repetitive open kinetic
chain movements (such as kicking), which is not the focus or priority of theirtraining (le Gall et
al., 2010, Paduloetal., 2013). The kickingmovementitselfis avery demandingtask forthe
balance of the antagonist coronal plane hip and pelvis musculature with amarked eccentric
phase of adductor muscles work when slowing down the limb afterthe kick (Barfield, 1998). In
the absence of specifictrainingto perform this movementin a safe and optimal way, the
coronal plane hip and pelvis musculature may become overloaded causinginjury and pain. In
orderto prevent SRGP in these groups of athletes, gluteal strengthening, particularly during
open chain exercises may be advised. Additionally, kicking-specifictraining with an optimal

pelvicand hip musculature balance may be useful in SRGP prevention.
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A different mechanism of injury might have occurred in the Ultimate Frisbee players, who
don’tperformthe kickingmovementatall. The dominantleginthis group of players wasalso
defined asthe preferred kickingleg, which may have beenirrelevanttothe athletes whodon’t
kickthe ball in game and training environment. However, this way of defining leg dominance
was reportedto be valid forathletesin various sports disciplines (Jessica Velotta, 2011) and
was performedin orderto maintain the consistency of the inclusion criteriain this study. The
tendency of injuring the dominant legin the Ultimate Frisbee players may be related tothe
fact that inthe absence of kicking movementin this sport, the athletes have the opportunity to
choose the preferred limb to perform the most challenging movements, such as twisting,
turning, cuttingand pivoting (Reynolds and Halsmer, 2006) or that it takes a particular
stabilisation role forthe dominantarmto throw the Frisbee. This may mean thatalthough
theirdominantlegisthe one mostcommonlyinjured (asinthe amateurfootballersand
professionalrugby players), the mechanism of injury is actually similar to the professional
footballers, being associated with the increased demands on the weight-bearinglegwhen

performing highly challenging manoeuvres.

An additional analysis was performed to compare the healthy controls of the professional and
amateurfootballers (Table 27 and Table 28). These two groups were selected from all others
as were most comparable, and level-specificity is likely to be the only different factorin these
players. Interestingly, there isasignificant difference between the healthy control
professionalsand amateurin GM:AL activation ratio, clearly limited to the weight-bearing
(closed kineticchain) situation, thatis, onlyinthe stance legin SHF (Table 27), and SLS (Table
28). This finding suggests that the professional and amateur players are in fact different
cohorts, and strengthens previously stated hypothesis of differentinjury mechanisms to the
moving or weight-bearing leg. The level-specificity, potentially even more than sport-

specificity, may be therefore a majoroverlooked factorin SRGP rehabilitation, as established
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conservative management guidelines are genericand do not differentiate the level of play.
Critically, the difference in coronal plane muscle activation between control groupsis the

opposite difference tothat measured we see ininjured groups (Figure 34).

It isworth noting that a separate analysis of the differences between the dominantand non-
dominantlegofthe healthy control participants was also performedin orderto explore
whetherthe inter-group differences may be confounded by differences between dominant
and non-dominant legs. Although some significant effects of legdominance werefoundinthe
healthy cohort, | decided not to include this datain the main analysis. Firstly, the potential
effects of dominance were not affecting the results, and obscured the main analysis simply by
guantity of results; and secondly, almost all of the study participants have injured their
dominantleg, which makes the dominance analysis somewhat spurious. The method of
analysing and establishing the dominance biasis presented in Table 29 on the professionaland
amateurfootballers: in professionals, the GM:ALratiois increased inthe dominant compared
to non-dominantlegin healthy controls. They have mainly injured theirnon-dominantleg,
which meansthat the increase of the sSEMG ratioin theirinjuredlegisatrue finding, not
biased by the dominance data. In healthy amateurs, the GM:ALratioin the dominantlegis
increased when measuring the stance, but decreased when measuring the movingleg. This
cohort has mainlyinjured theirdominantleg, which means thatthe decrease of the SEMG
ratiois a true findinginall cases, exceptthe early phase of the movingleg, which may have

beena dominance bias.
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SHF

Pro (injured leg: non-dominant) Am (injured leg: dominant)

Stance Moving Stance Moving
E M L E M L E M L E M L
Dominantleg AN A ‘ A A ‘ v ¥ 7
Injured leg ~r A A " " " v vV ¥

Table 29: The example of the potential dominance bias analysis shown on the professional and
amateur footballers. SHF — standing hip flexion movement; Pro — professional footballers; Am -
amateur footballers; E —early phase; M — middle phase; L —late phase; highlight shows a potential
dominance bias.

The results of all comparisons between the dominant and non-dominant legs forall

participants groups during SHF and SLS are included in Appendix 2 (p. 264).

Limitations

Althoughthe link betweeninjuring the dominant or non-dominantleg within the subgroupsis
clearin thisresearch, itshould be treated with caution as the relatively lownumber of
participants prevents such epidemiological conclusions. However, further research focusing on
the mechanisms of SRGP is required in orderto fully understand its aetiology and design

optimal prevention strategies forevery athlete.

In this study the participants were not specificallydiagnosed as having adductor-, iliopsoas-,

abdominal-oringuinal-related SRGP. Instead | have diagnosed them as suffering from sports-
related groin pain, whichincluded all of those sub-categories. Thereforeit may be that insome
groups of tested athletes a particular structure beinga primary driver of pain was dominating,

providingsome biastothe results.

There are some commonly recognised limitations associated with surface electromyographic
measurements, which also applyin this study. These include the misplacement of the
electrodes on the skin;inadequate preparation of participants’ skin; unusuallocation of the

motor platesandinnervation zones within anindividual; presence of the SEMG signal artefacts
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and other (Kamen and Gabriel, 2010a). Except for those limitations that could not be
controlled, effort was made decrease the risk of SEMG bias, including extensive theoretical and

practical training..

The injured professional rugby players, although they were closely matched with the controls,
were not controlled regarding the position played. This may have biased the results given the

very different player characteristics depending on position.

A relatively low number of participantsinthe field hockey subgroup may bias the results as the

minimum sample size was estimated at seven.

Future research

The results of this study show that injured athletes have clear muscle activation and kinematic
imbalancesinthe coronal plane. No comprehensive study of other biomechanical imbalances

inneitherother muscles norotherplanes has beenreported; therefore researchersinthe area
should investigate other muscle activation and kinematicsignaturesin athleticgroups and sub-

groups with SRGP.

Althoughthereisaclear link between pain, muscleactivation and movement patternsin
SRGP, the causality of these associationsis still not established. A prospective, longitudinal
study measuring reported biomechanical characteristics before and after the pain onset, and
potentially afterthe completed rehabilitation course, would help to understand the

mechanism of SRGP and provide a powerful clinical tool for the SRGP prevention programmes.

Limitations

Although the link between injuring the dominant or non-dominant leg within the subgroupsis
clearin thisresearch, itshould be treated with caution as the relatively lownumber of

participants prevents such epidemiological conclusions. However, further research focusing on
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the mechanisms of SRGP is required in orderto fully understand its aetiology and design

optimal prevention strategies forevery athlete.

In this study the participants were not specificallydiagnosed as having adductor-, iliopsoas-,

abdominal- oringuinal-related SRGP. Instead | have diagnosed them as suffering from sports-
related groin pain, which included all of those sub-categories. Thereforeit may be that insome
groups of tested athletes a particular structure being a primary drive r of pain was dominating,

providing some biastothe results.

There are some commonly recognised limitations associated with surface electromyographic
measurements, which also apply inthis study. These include the misplacement of the
electrodes onthe skin; inadequate preparation of participants’ skin; unusuallocation of the
motor plates andinnervation zones within an individual; presence of the sSEMG signal artefacts
and other (Kamen and Gabriel, 2010a). Except for those limitations | couldn’t control, | made
an active effortin orderto decrease the risk of the SEMG beingbiased, including extensive

theoretical and practical training which made me confidentin usingthistool.

The injured professional rugby players, although they were closely matched with the controls,
were not controlled regarding the position played. This may have biased the results given the

very different player characteristics depending on position.

A relatively low number of participantsinthe field hockey subgroup may bias the results as the

minimum sample size was estimated at seven.

Future research

The results of this study show that injured athletes have clear muscle activation and kinematic
imbalancesinthe coronal plane. No comprehensive study of other biomechanical imbalances

in neitherother muscles norotherplanes hasbeenreported, therefore researchersin the area

216



shouldinvestigate other muscle activation and kinematicsignaturesin athleticgroups and sub-

groups with SRGP.

Althoughthereisaclear link between pain, muscle activation and movement patternsin
SRGP, the causality of these associations is still not established. A prospective, longitudinal
study measuring reported biomechanical characteristics before and after the pain onset, and
potentially after the completed rehabilitation course, would help to understand the

mechanism of SRGP and provide a powerful clinical tool forthe SRGP prevention programmes.

Conclusions

There are clear coronal muscle activation and kinematic differences between injured and
healthy groups of professional footballers, amateurfootballers, professional rugby and field
hockey players. Minimal biomechanical imbalances were found in the injured Ultimate Frisbee

players comparedtothe controls.

In the majority of groups, in both SHF and SLS tasks, the hip joint movement patternsinthe
injured players were consistent with the muscle activation differences; most strongly in the
SHF task. The muscle activation and movement patterns are differentin the professional
footballers with SRGP are different from the other groups of injured athletes. Moreover, they
tendedtoinjure theirnon-dominant leg, opposite to the rest of the groups. This may suggest
that the mechanism of the injury inthis group of athletesis different from others and that the
healthcare professionals providing services to those athletes should be particularly cautious

regarding a careful assessment and rehabilitation in this cohort.

The cross sectional nature of my work has enabled clarity to emerge that there are, previously
unidentified, sports and participation levelspecific movement patterns and muscle activation

patternsand therefore agood case for revisiting rehabilitation recommendations.
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Chapter 7: Longitudinal study

Chapter overview

This chapter summarises the electromyographicand kinematicresults of the study on five
amateur rugby players afteran acute groin injury measured three times —immediately after
injury, mid-rehabilitation phase and after recovery. It correlates the results of each
measurement, and additionally compares them to the cohort of five healthy amateurrugby

players.

Introduction

Sports related groin pain (SRGP) is a chronic and debilitating condition in professional and
amateurathletes participatingin sports requiring repetitive kicking, twisting and pivoting
(Thorborgetal., 2010, Holmichetal., 2011, Serneretal., 2015). The aetiology of this condition
isnot clear, but the relation between the acute groininjury and chronic SRGP has been
longrecognised (Renstrom and Peterson, 1980). Acute groin injury was reported to typically
occur during quick acceleration and sudden direction changes (Estwanik et al., 1990) as well as
powerful overstretch of the lowerlimbin the directions of abduction and external rotation
(Merrfield and Cowan, 1973, Smodlaka, 1980). Although previous groininjury hasbeen
recognised as one of the mainrisk factors for subsequent pathology (Arnason, 2004, Hagglund
et al., 2009, Engebretsenetal., 2010, Steffenetal., 2008), there is a paucity of research on
acute groin injuries (Serneretal., 2015) which have beenreported to account for 39% of all

groininjuries (Holmich etal., 2014).

Instead, the majority of studies investigating the diagnoses, mechanisms and treatmentfor

groin pathologies focus on the chroniccondition —SRGP (Morrissey etal., 2012a, Malliaras et
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al., 2009, Mens et al., 1999), or do not specify the inclusion/exclusion criteria clearly enough to

reliably differentiate between acute and chronic groin pathologies.

The consensus regardingthe necessity of restand adequate, early conservativetreatmentin
acute groin injuries has been established by both clinicians and researchers (Jansen etal.,

2008, Machotka etal., 2009, Serneretal., 2015).

There have been a few attempts to design pre-habilitation and rehabilitation programmesin
orderto decrease the incidence of groininjuries or optimise recovery (Holmich etal., 2010,
Weiretal., 2011b, Weiret al., 2009). These programmes have focussed mostlyon
strengthening and stability of certain muscle groups (mainly hip adductors and flexors, as well
as abdominals) and some of the interventions have been reported to be more successful than
others. However, no study proposes an intervention including movement pattern retraining as
well as relative muscle activation balance inthe pelvicgirdleareas, which was reportedto be

impaired in athletes with SRGP (Morrissey et al., 2012a).

Despite such common views and growing understanding of the treatment requirements,
chronicSRGP is still amajor and common problemin amateur and professional sports (Weiret

al., 2015, Delahuntetal., 2015).

A number of biomechanical signatures of the athletes with chronic SRGP were discovered
(Morrissey etal., 2012a, Malliaras et al., 2009, Arnason etal., 2004, Cowan et al., 2004b, Crow
et al., 2010, Engebretsenetal., 2010, Emery and Meeuwisse, 2001, Emery et al., 19993, Jansen
et al., 2010, Mens et al., 2006, Mohammad etal., 2014, Nevinand Delahunt, 2013), mostly by
observational studies. However, no longitudinal measurements have studied which
biomechanical deficiencies remain afteracute groininjury, amajorrisk factorfor subsequent
SRGP. Moreover, little attention is given to the kinematics and movement patterns of injured

athletes.
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As isthe case in other multi-structural pathologies, such as patella-femoral pain syndrome,
lower back and shoulder pain (Rousseletal., 2009, Mottram etal., 2009, Roussel etal., 2013,
Worsley etal., 2013), optimising the movement patterns may be a key to successful

rehabilitation, and may representa way forwardin groin pain (Morrissey etal., 2012a).

The aim of this study was to recognise the biomechanical deficiencies as a consequence of the
acute muscle injury, to discover potentialimbalances remaining after acute groininjury and
optimise rehabilitation programmes, repeated electromyographicand kinematic
measurements were performed immediately after groininjury, and throughout the
rehabilitation process. Performed measurements enabled description of the muscle activation
and hip joint movement patterns during the course of rehabilitation until the athletes were
recovered accordingto established clinical measurements (Holmich etal., 2004). Additionally,
the measurementof injured participants during the first, second and third occasion were
compared with the results obtained from the healthy, well-matched control participants. The
alternative hypothesis was the results of the outcome measures would differ significantly
between the injured and uninjured participants, both at the beginningand at the end of the
rehabilitation process; and that there would be no difference in the electromyographicand hip
jointkinematic measurements between the first and the last testing occasioninthe

symptomaticplayers.

Methods

Queen Mary University Ethics of Research Committee approval was obtained and participants
signed informed consent. Amateur rugby players were recruited from local and university
teams through friends, familyand contact details found onthe web. The healthy control
participants attended the Human Performance Laboratory on only one occasion; the injured

participants attended the Laboratory onthree occasions: up to five days afterinjury, four
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weeks afterinitialinjury and between eight and twelve weeks afterinitial injury, when the
participant was functionally asymptomatic (Holmich et al., 1999). During every visit, they
underwentaclinical examination; firstly to screen the potential participants againstthe
inclusion criteriaduringthe first visit; and secondly to assess the clinical outcomes indicating
participants’ recovery or otherwise. The clinical examination was divided into two parts:
palpation and specificdiagnostictests. Each test was scored by participants accordingto their
painlevels from 0-10 on the visual analogue scale (VAS). The dominantandinjured limbs were

established and clinically assessed.

Afterstandard skin preparation, surface electrodes and CodaMotion markers were placed on
participants’ lowerlimb and pelvis areas. Then the participants were asked to performtwo
movements: standing hip flexion (SHF) and single leg squat (SLS) manoeuvres, forthree
repetitions of each leg. The SHF and SLS manoeuvres were then divided into three and seven

phases, respectively.

A repeated measures ANOVA and paired t-tests were performed on the results of the maximal
VAS scores obtained in each testing occasions —collectively, as well as separately for palpation

and testingsections.

The sEMG signal from the gluteus medius (GM) and adductor longus (AL) muscles was then
filtered, rectified and smoothed, GM:ALratio and its logarithmicscale was then calculated for
each participant, during each occasion separately, using custom made MatLab programmes
(version 2012a, The Mathworks, Natick, MA, USA). Regarding the kinematicdata, the hip joint
rotation values were calculated asamean of three repetitions foreach legseparately, inall
three planes, during each testing occasion. In SHF the injured leg was analysed when it was
both stance and moving, in SLS the injured leg was analysed only when it was stance (weight-

bearing). The details of this study methodology can be found in Chapter 3: Methods (p. 85).
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Statistical analysis

Repeated measures two-way ANOVAwas performed, with the testing occasion and the
movement phases asthe independentfactors, and the sEMG or hip joint rotationvaluesin
each plane asthe dependentfactors. Where the Mauchly’s test for sphericity violated the
assumption of sphericity, Greenhouse-Geisser correction was used and the p values of
significance aswell asthe degrees of freedom werereported according to the correction.
Additionally, one-way ANOVA was performed for each movement phase separately, with a
testing occasion asthe independent factorand the sEMG or hip jointrotation valuesin each

plane as the dependent factors.

A three-way mixed-model ANOVA analysis was performed in orderto compare the results
obtained from the three testing occasions, from the injured athletes with the rightleg of the
uninjured athletes; with the testing occasion, the movement phases and the injury status
(injured or control) as the independent factors, and the sEMG or hip jointrotation values as
the dependentfactors. Because the healthy controls weretested once only, the values
obtained from one testing occasion were multiplied and treated as obtained during all three
testing occasion. As this approach might have biased the results, | have additionally performed
separate t-tests between the results obtained from the healthy controls and results obtained

frominjured participants during each testing occasion separately.

| recognised thatthe statistical analysis needed to be regarded as tentative due to the low
number of participants. However, | made a conscious decision to statistically analyse this study
as a longitudinal case-control study ratherthan case series, forreasons further explainedin

discussion section of this chapter.
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Results

Five injured male amateurrugby players were recruited to this study between January 2013
and May 2014, all of them completedthree testing occasions. The characteristics of the

participants are presented in Table 30.

The outcomes of the clinical examination VAS scores during each testing occasion are

presentedin Table 31.

Participants’ characteristics
Inj Con o]
N 5 5
Height 1.81 1.83 0.68
Weight 84.2 81.6 0.72
Age 21 21.8 0.54
(Domion 50

Table 30: Characteristics of study participants. Inj — injured players; Con — controls. Dom — dominant leg injured;
Non —non-dominant leg injured.
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vee

Clinical tests
Palpation
Adductor tests Iliopsoas tests
Clinical . -
examination . . Adduction Passive hip Actlve. hip Passive hip
Add Add insertion to . . . . Squeeze test Squeeze R . flexion .
. Pubicsymphysis Iliopsoas against R . Squeezetest90 abduction . extension
tendon pubic bone > 0 test 45 against
resistance (stretch) - (stretch)
resistance
Testing 1y 3 1 2 3 1 2 3 1 2 3 123 1 2 3 1231 2 3 1 2 312 3 1 2 3
occasion

Patient 1 0 0 0 3* 0** 0*** 0 0 0 0 0 0 0 0 0 O 2 0 0 0 0 3 3 0 4 2 0 0 O 0 5% 4**%  Q***
Patient 2 3 4 0 5% 5% 2% 0 0 0 0 0 0 5 2 0 5 0 [2** 0 0 0 6* 6** 0 5 0 1 3 O 0 0 0 0
Patient 3 0 0 0 O 1 0 0 0 0 4* 3** 0*** 0 0 0 2 2 0 2 0 0 O 0 0 3 4** 0 0 2 5** 0 4 0
Patient 4 0 0 0o O 0 0 0* | 1** o0*** 0 0 0 4 0 0 O 0 0 0 0 0 4* 1** o*** 0 0 0 3 1 0 0 1 0

Patient 5 5 0 0 O 0 0 4  1** 0*** | 1 0 0 0 0 O 5* 2% o*** 4 0 0 O 2 0 0o o 0 3 O 0 0 0 0

Table 31: The results of the clinical examination of all five participants during three testing occasions in visual analogue scale (VAS); Add — adductor muscle. * indicates the
maximal VAS score during the first measurement in both palpation and clinical tests; ** indicates the maximal VAS score during the second measurement in both palpation
and clinical tests; *** indicates the maximal VAS score during the last measurements in both palpation and clinical tests; underlined number represents the maximal VAS score
overall.



Vas scores

Repeated measures ANOVA showed asignificant effect of the testing occasion on the
maximal VAS scores when measured collectively and measuring the palpation and clinical tests

separately (Table 32).

Pairedt-testshowed asignificant difference between the firstand the last measurement, both
when analysing the palpation and clinical tests collectively (p =0.019) and separately
(palpation: p=0.01; clinical tests: p= 0.036) (Figure 35). The results of analysis between other

occasions are presentedin Table 33.

225



i
Q

Al

QR N WA QN X O
P )

i
Q

BR

Figure 35: Graphic representation of the maximal visual analogue scale (VAS) scores obtained from
each participant during each clinical examination as well as the means of the scores, analysed
collectively (palpation and clinical tests) (graph A) as well as divided into palpation (graph B) and
clinical test (graph C) separately. The X axis representsthe first (1), second (2) and third (3) testing
occasion, the Y axis shows the VAS scores. The grey lines represent each participant separately, the
black line represents the mean of all participants, error bars represent the positive standard
deviation.
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Maxpainallin Maxp.)ain. .M.axpain.
ANOVA VAS palpationin clinicaltestsin

VAS VAS

Mauchly'stest | Significance 0.61 0.699 0.502
of sphericity Chi square 0.988 0.716 1.38
G-G? No No No

F 6.687 7.042 4.78

df 2,8 2,8 2.8

p 0.02 0.017 0.043

Table 32: A summary of the results obtained from the repeated measures ANOVA comparisons with
the testing occasion as the independent factor and the maximal VAS scores as the dependent factors
in given comparison; G-G - Greenhouse-Geisser correction used; df — degrees of freedom; highlighted
cells indicate the significant findings.

Paired t-test Max pain Maxpain Max pain
between collective in  palpationin clinical testsin
occasions VAS (p value) VAS(pvalue) VAS (pvalue)

1/3 0.02 0.01 0.04
1/2 0.05 0.04 0.1
2/3 0.05 0.05 0.05

Table 33: The results of paired t-tests between the maximal scores obtained in visual analogue scale
(VAS) during palpation and clinical tests analysed together (collective) and separately; 1/3 -
comparing first and third occasion; 1/2 - comparing the first and second occasion; 2/3 -comparing the
second and third occasion; Max pain — maximal obtained VAS scores. Highlighted cells indicate the
significant findings.

SEMG results

SHF

No significant effect was found in both two-way repeated measures ANOVA, with atesting
occasion and phase of movementasindependent factors and the GM:AL activation ratio as the
dependentfactor; aswell as analysing each phase separately by one-way ANOVA with the
testingoccasion as an independent factorand the GM:AL activationratio asthe dependent

factor. The results of each comparison are presented in Table 34.

227



When comparing the injured participants with the healthy controls, no significant interaction
was foundinthe three-way mixed ANOVA in SHF whenthe injured legwas in stance (F=
0.185, p = 0.945) or moving (F=0.91, p = 0.969), as well asinthe SLS (F =0.402, p =0.95)
movement manoeuvre. No significant difference between the injured and uninjured

participants was found when performingindependent t-tests between two groups (Table 34).
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6¢¢

L SHF R SHF RSLS
. . . Two- L SHF L SHF L SHF Two- R SHF R SHF R Two- RSLS. RSLS. RSLS. RSLS. RSLS RSLS RSLS
Analysis combination " X SHF moving moving moving moving stance stance stance
way early middle late way early middle late way 1 2 3 4 1 3
ANOVA ANOVA ANOVA
sEMG
MaU'Ch}fS Significance | 0.22 0.7 0.84 0.35 0.262 0.51 0.86 0.8 - 0.76 0.64 0.52 0.99 0.95 0.98 0.77
testo
spheridity | Chisquare 0.67 0.71 0.34 2.13 12.854 1.34 03 0.5 - 0.54 0.89 1.3 0.02 0.11 0.04 0.54
G-G? No No No No No No No No No No No No No No No No
F 0.19 1.1 1.93 0.1 0.97 0.35 1.17 071 0.4 0.44 1.34 0.3 0.56 1.3 0.21 0.31
df 4,16 2,8 2,8 2,8 4,16 2,8 2,8 2,8 12,48 2,8 2,8 2,8 2,8 2,8 2,8 2,8
p 0.94 0.38 0.21 0.91 0.45 0.72 036 052 096 0.66 0.32 0.75 0.59 0.32 0.81 0.74
Kinematics
Coronal plane
MBU'Ch}fS Significance | 0.01  <0.01 0.01 0 0.1 0.1 0.17 0.72 - 0.48 0.12 0.18 0.88 0.03 0.39 0.88
testo
sphericity | Chisquare | 24.57 1632  8.93 14.92 4.66 17 3.51  0.65 - 1.47 4.33 3.43 0.25 6.87 1.89 0.25
Yes Yes Yes Yes Yes
G-G? N N N N - N N N N N N
£=0.282 €=0.50 €=0.513 £=0.502 ° ° ° ° ° ° ° ° 0527 ° °
F 0.55 4.21 6.48 4.54 0.62 0.57 054 021 1.58 1.45 2.92 1.82 2.19 2.1 2.61 2.19
1.13, 1.002, 1.062, 1.003, 1.053,
df 45> 4009 4105 4014 4,16 4,16 2,8 2,8 12,48 2,8 2,8 2,8 2,8 4213 2,8 2,8
p 0.71 0.11 0.62 0.1 0.51 0.69 06 0.8 0.3 0.29 0.11 0.22 0.17 0.22 0.13 0.17
Sagittal plane
MaU'Ch}fS Significance | 0.23 0.2 0.2 0.63 0.051 0.02 0.25 0.77 - 0.74 0.98 0.65 1 0.93 0.15 1
testo
sphericity | Chisquare | 13.46  3.26 3.26 0.93 19.37 8.37 2.78  0.53 - 0.6 0.04 0.88 0.01 0.14 3.79 0.01
Y
G-G? No No No No No res No No No No No No No No No No
€=0.516
F 0.7 0.83 1.02 0.99 0.68 0.39 075 095 0.73 4.27 3.29 1.45 1.25 1.75 0.5 1.25
df 4,16 2,8 2,8 2,8 4,16 1013227 2,8 2,8 12,48 2,8 2,8 2,8 2,8 2,8 2,8 2,8
p 0.61 0.47 0.4 0.41 0.62 0.57 093 043 071 0.55 0.09 0.29 0.34 0.24 0.63 0.34
Horizontal plane
MaU'Ch}fS Significance | <0.01 0.35 0.52 0.92 <0.05 0.09 0.14 - <0.01 0.6 0.44 0.08 0.71 0.52 0.05 0.63
testo
spheridity | Chisquare | 26.42  2.09 1.31 0.18 22.17 4.82 3.99 - 19.85 1.02 1.64 4.97 0.69 1.3 6.18 0.92




0€c

Yes

Yes Yes
-G?
G-G? €=0.363 No No No €=0.322 No No No No No No No No No €=0.534 No
F 2.11 0.11 0.3 0.49 0.3 0.08 0.56 0.02 0.38 0.28 0.47 0.14 0.09 0.26 0.07 0.15
1.45, 1.29, 1.068,
df 581 2,8 2,8 2,8 515 2,8 2,8 2,8 12,48 2,8 2,8 2,8 2,8 2,8 4.272 2,8
p 0.2 0.89 0.75 0.63 0.67 0.93 0.95 0.99 0.96 0.76 0.64 0.87 0.92 0.78 0.82 0.87

Table 34: A summary of the results obtained from the repeated measures ANOVA comparisons of the injured players, with the testing occasion as the independent factor and the gluteus medius
to adductor longus muscle activation ratio (GM:AL) and the hip joint rotation in three planes as the dependent factors in given comparison; G-G - Greenhouse-Geisser correction used; df —
degrees of freedom; LSHF — left standing hip flexion movement (injured leg stance); R SHF — right standing hip flexion movement (injured leg moving); R SLS — right single leg squat movement
(injured leg stance); X — hip join rotation in coronal plane; Y —hip joint rotation in sagittal plane; Z — hip joint rotation in horizontal plane; € —level of Greenhouse-Geisser correction. Highlighted

cells indicate the significant findings (no significant findings found).



Kinematics

No significant effect was found in both two-way repeated measures ANOVA, with atesting
occasion and phase of movementasindependent factors and the hip joint kinematicsin each
plane as the dependent factor; as well as analysing each phase separately by one-way ANOVA
with the testing occasion as an independentfactorandthe hip jointkinematicsin each plane

as the dependent factor (Table 34).

When comparingthe injured participant with the uninjured controls, no significantinteraction
was foundina three-way mixed model ANOVA in SHF whenthe injured leg was stance in any
plane (coronal: F=0.546, p = 0.703; sagittal: F = 0.697, p =599; horizontal: F=2.108, p =
0.103), or moving(coronal: F=0.565, p = 0.69; sagittal: F =0.677, p =613; horizontal: F=0.269,
p = 0.879); as well asduringSLS (coronal: F=1.577, p = 0.111; sagittal: F= 0.732, p =717,
horizontal: F=0.384, p =0.966). No significant differences were found when performing

independent t-tests between the injured and uninjured participants.

Discussion

This study aimed to identify biomechanical imbalances in hip joint kinematics and muscle
electromyographyafteracute groininjury, and following potential deficiencies alongthe
course of rehabilitation. There was no significant effect of the testing occasion on the GM:AL
SEMG ratio or hip joint kinematicsin any plane during SHF movement whentheinjuredleg
was both stance and moving; as well asin SLS when the injured leg was stance (weight-
bearing) although low subject numbers must be foregrounded as a caveat. Interestingly, no
significantinteraction was alsofound between the injured athletes and healthy controlsin

both sEMG and kinematicmeasures, at any testing occasion.

SRGP still remains achallenge forsports medicine. Anumber of research reported a previous

groininjury as a majorrisk factorfor SRGP (Arnason etal., 2004, Maffey and Emery, 2007),
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which suggests that underlyingimbalances stillremainin athlete after his primary injury,
despite positive outcomes of the clinical assessment (Holmich etal., 2004). It has been
suggested thatthe SRGP recovery time with the exercise-focused rehabilitation programme is
8 - 12 weeks (Holmich etal., 1999), and this timeframe was also used in our study as sufficient
time forthe participantstorecoverfromtheirinjuries. Indeed, the study participants got
significantly better between the firstand last testing occasion. Interestingly, thisimprovement

was ingeneral not followed by the sSEMG and kinematicchangesininjured athletes.

A number of biomechanical imbalancesin athletes with SRGP have beenreported, including
mainly strength and flexibility deficiencies (Malliaras et al., 2009, Mohammad etal., 2014,
Nevin and Delahunt, 2013, Thorborg etal., 2010). Few studies have focused onthe
elctromyographicdeficits (Morrissey etal., 2012a, Cowan et al., 2004b), reportingaclear
association between existing SEMG deficits and SRGP; and none at all on movement pattern

changes.

Thissuggeststhat despite aseemingly successful rehabilitation and minimalwarningsigns
discovered duringthe clinical examination, there are underlyingimbalances, which increase
the athlete’s risk of SRGP afteracute episode. One study by Jansen etal (Jansenetal., 2009)
mentions such phenomenon andreports no recovery of the transverse abdominal muscle
thicknessin athletes with SRGP despite successful clinical outcomes following a course of

rehabilitation.

In this study, | found that despite acomprehensive exercise program and asignificant
improvementin clinical presentation of theirinjury, the athletes failed toimprove their

coronal plane hip muscle activation ratio.

The rehabilitation focussing on optimising the movement pattern has been reported successful

in other multi-structural clinical entities, such as with lower back and shoulder pathologies
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(Roussel etal., 2009, Mottram et al., 2009, Roussel etal., 2013, Worsleyetal., 2013). Thereis
also convincing evidence that the kinematicdysfunctions need to be addressed in order to
optimise the rehabilitation and promote a successful recovery from pain —as has been shown

inrunners with patella-femoral pain (Noehren etal., Willy etal.).

The rehabilitation programme implemented in this study was based on previously published
programmes, showing good clinical outcomes (Holmich etal., 1999, Weiret al., 2011b). The
clinical examination followed by this study was also based on previously published research,
usingreliable clinical tests (Holmich et al., 2004). The programme focused on stretchingand
strengthening of certain structures, and no attention was given to movement patterns and
theirretraining. No previous research has identified the movementimbalancesin SRGP
athletes, orinvestigated the effects of the movement re-patterning on the effects of SRGP
rehabilitation. However, given astill very high prevalence and morbidity of this debilitating
condition, anincreased focus on optimising the hip joint kinematics alongside the

strengthening exercises seems to be a natural step forward.

It was surprisingthat nosignificantinteraction existed when comparing the injured with the
uninjured athletes. The reason for no significantinteraction may be that the muscle activation
and kinematic patterns are less affected by short compared with longerterm groin pain. There
isin fact no research investigating muscle activation patternsimmediately after acute injury. A
number of studies have, however, shown an association between the alteration of muscle
activation and chronic pain or overload (Dingenen et al., 2015, Daly et al., 2015, Bourne et al.,
2015, Morrissey etal., 2012a, Barton etal., 2012). Itis therefore possible thatan acutely
injured muscle activationis notaltered, particularly when measuring an electromyographic
output fromthe whole muscle, with only two bipolar electrodes. Potentially, the healthy areas

of the injured muscles put anincreased effort to maintain a ‘normal’ level of muscleactivation
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inorder to maximise function, whichis also consistent with alack of kinematicdifferences

observed betweenthe injured and uninjured playersin this study.

Alternatively, lack of muscle activation or kinematicdifferences between testing occasions as
well as betweenthe injured cohort and healthy controls at the outset may suggest that the
measurement method of this study was either not sensitive enough to explore the
biomechanical patternsinthe acutely injured athletes orthat the differences do not exist at

baseline and are acquired during recovery.

Limitations

A majorlimitation of this study is alow number of participants and therefore the results of this
study should be treated with caution. A complexity and high amount of time that the
participants were requested to sacrifice in orderto part take in the study (three occasions of
minimum two hourvisitin the Human Performance Laboratory excluding the travel time), as
well as stringentinclusion and exclusion criteria (forexample only including participants who
were able toarrive for the first testing occasion up to five days after the injury) limited the
number of participants that could be recruited. It could be argued that the study should be
treated as a case-series due to the low number of participants. However, in orderto define a
study a case-series | would have had to disregard the results from the healthy control
participants. Although the comparison between the injured and uninjured players were n ot
significantatany point| decided toinclude the healthy participants’ datain the study as the

results may become significant with larger participants numbers.

In this study the original acute injury was assessed only clinically, noimaging diagnostictests
were taken. This may bias the results, asthere are a number of structures within the groin

area that may potentially cause the injury and resultin different biomechanical alterations.
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Anotherlimitation of the study was a small number of physiotherapy consultations that each
participant was given (three on three testing occasions). This may have had a negative effect
on the participants’ motivation to closely followthe exercise program, as well asincreased the
chance for participants to make mistakesin theirexercises, which could not have been

correctedintime.

Conclusions

Thereis no relationship between the clinical outcomes of the athlete’s recovery afteran acute

groininjury and the change inthe coronal plane muscle activation and hip joint kinematics.

No change inthe GM:AL activation ratio was foundinthe injured leg between any of the

testing occasions, in SHF and SLS manoeuvres.

In the stance leg during SHF and SLS manoeuvres the athletes show aninitial change of the hip
jointkinematicsintothe abduction direction during the conservativetreatment. However,
theyreturnto the degree of adduction presented during the initial testing after completing the

rehabilitation course, while showinga significantimprovementin their clinical measures.
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Chapter 8: Discussion

Main findings

The aim of this thesis was to explore the biomechanical factors associated with sports related
groin pain (SRGP) in order to guide rehabilitation and prevention strategies; firstly by
summarising already reported biomechanical patternsin asystematicreview with meta-
analysis; secondly by investigating hip joint electromyographicand kinematic deficits specific
to athleticsub-groups with SRGP; and thirdly, by observing those deficiencies among athletes

recovering from groininjury.
Limitations

Five key limitations that apply to the overall thesis are worthy of further discussion. Firstly | did
not use a patient rated outcome measure which, inretrospect, could have been useful to
better characterise our patient groups and also as a potential covariate in statistical analysis.
Althoughthere were some measures available, these wereeithertoo vague to detect the
functional deficits (Functional Measurement Screen) and some too focused on the hip joint
(Harris Hip Score). A functional Copenhagen Hip and Groin Outcome Score (HAGOS), whichis
more targetedin the athleticdeficits associated with groin pain, had just been published and
would have been asuitable patient reported outcome measure in this study. This seemed very

secondary to our main focus and methodological design but willbe employedinfuture work.

The limitations associated with using the surface electromyography, presented in detailin
Chapter 3: Methods (p. 85), were present when collecting dataforthe studies. In particular,
our choice of temporal ratherthan amplitude normalisation could be viewed as an additional
limitation, but a conscious decision was made to analyse the less conventional muscle ratios

within standardised movement phases (van derHulstetal., 2010b, van derHulstet al., 2010c,
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Mathiassen etal., 1995). None of the standard normalisation procedures were relevant forthe
injured muscles (Daly etal., 2015, Burden et al., 2003b); andthe aim of the study was to assess
the biomechanical imbalance of the coronal plane antagonist muscles ratherthanidentify the
exactlevel of muscle activation. Further reasoning of this decision and the advantages and

disadvantages of thereof are detailed in Chapter 3: Methods (p. 85).

Focusing on coronal plane muscle activation dataand tri-planar hip joint kinematics was a
conscious choice, based on the existing evidence of mainly coronal plane deficits associated
with SRGP, as shownin the systematicreview. I[deally, we would also have established the
muscle activation patternsin otherplanes, but this was not possible due to the difficulty of
access and deemed less likely to be useful given the location of symptoms. Nonetheless,
furtherinvestigations of other muscularimbalances affectingthe pelvis and hip stability may
give useful information, forexample exploration of sagittal plane relationshipsinrelationto

pelvis tilt.

Althoughthe number of participants was very high - especially when one considers that data
collection and analysis typicallytook aday persubject pertest not including the time spent
recruiting—the numberinthe longitudinal study was low. This was despite concerted and
persistent recruitment efforts. Arecommendation for future workis aligning data collection

with sports group with high numbers of injured athletes.

The wider context

Priorto summarisingwhat has been found andrelating thisto the literature, itisimportantto
revisitsome key underpinningfactors concerning diagnosis and assessmentin ordertofully
understand the sampling criteriaemployed and therefore to whom the research findings are

relevant.
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There has beenalot of debate inthe literature regarding terminology, diagnostic categories
and definitions of athleticgroin pain. Studies included in this thesis were designed in 2011,
when there wasstill littleagreement on the classification and diagnosis of SRGP. | was
therefore faced with difficult decisions and deliberately designed an inclusive approach,
requiring participants to respond positively or negatively to commonly used clinical testsin
such a way as to localise the pathology to a defined range of muscularand soft-tissue related
pathologies and exclude symptoms of bony orarticularorigin (Holmich, 2007). | was cognisant
of needingto balance the risk of regression to the mean, in that sample diversity may have
confounded clear movement pattern description with the possibility that we may maximise

relevance and generalizability with an inclusive approach.

This approach is not unusual, with arange of authors commonly avoiding overly defined
decisions regarding study inclusion and exclusion criteria (Malliaras et al., 2009, Nevin and
Delahunt, 2013, Arnason et al., 2004, Mohammad et al., 2014, O'Connor, 2004). Interestingly,
our approach has beenindirectly validated by the recent Doha agreement on the definitions
and terminology of athleticgroin pain, which defines diagnostic sub-categories of very similar
nature to the oneswe selected (Weiretal., 2015). This provides avery strong argument for
the validity of the thesis results. Effectively, our criteria map to the Doha-defined adductor-,

iliopsoas-, inguinal- and pubic-related pathologies, which were combined in the thesis.

Although sub-grouping participants further depending on a more exactinjury classification
may potentially have altered the results, itis unlikely foranumber of reasons. Firstly, the
consensusisthatgroin pain is usually a multi-structural entity, and that the majority of injured
athletes sufferfrom secondary and/ortertiary causes of pain (Holmich, 2007), therefore
combining multiple categories. Secondly, ourstudies show strong, significant and consistent
results, which are primarily sport- and level-specific. If there was a necessity to assess the

exactand primary diagnosis of the injured players, ourresults may not have been so obvious
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due to smallersub-sample numbers. Additionally, one of the aims of the thesis was to guide
rehabilitation and prevention strategies, and make the results applicableto clinical practice.
Therefore the inclusion criteriaforthe study, and in consequence the investigated cohort,
were based on combined, commonly applied, clinical tests. In orderto diagnose groin pain for
each separate category of pain (adductor-, iliopsoas-, inguinal- and pubic-related) a clinical test
combination mustreproduce the predominantsymptom(s), whichin the presence of
secondary and/ortertiary causes may be challengingforaclinician. Therefore combining all of
the teststogetherand not sub-dividing the participants’ makes the findings more applicable
and easiertoimplementin clinical settings. Mostimportantly, we have uncovered unique
findings about sports and participation level specificity in terms of movement patterns thatare
not consideredin currentclinical guidelines. Perhaps these factors are moreimportant than
diagnosticsub-groups? This question may be provocative butis certainly worth posing, and
our data provides a provisionally affirmative answer. Further confirmation would emergefrom
studiesinvestigatingthe muscle activation and movement patterns focussed rehabilitation,

and whetherthis treatmentyields better outcomes than traditional conservative treatment.

Multiple muscle activation and kinematic patterns were found in the systematicreview in
professionaland amateur athletes; asrisk factors from prospective studies,as well as
associations with existing SRGP. The high recurrence rate, and the fact that previous groin
injuryisreportedtobe a majorrisk factor in subsequent SRGP (Maffey and Emery, 2007,
Arnason, 2004, Whittakeretal., 2015) suggestthat current rehabilitation and management
approaches do not address all potential deficitsin SRGP. The results of the experimental
studiesin the thesisrevealed some of these potential deficits. The coronal plane muscle
activation and the hip joint kinematic patterns have not been extensively investigated in the
association with SRGP. There were clear muscle activation and movement patternimbalances,

which should be considered in designing pre- and re-habilitation programmes for SRGP.
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Additionally, muscle activation and kinematic patterns varied between the levels and types of
sport. This was a surprising finding, as it was expected that the biomechanical effectonthe
athletes would be similaracross all sports, and levels of athlete. Instead, different movement
strategies were demonstrated dependingonthe sportand level of play. In particular, clear
similarities within professional as opposed to amateur groups of players: the former group
seemingto presentwith highly activated gluteal muscles while ‘turning off’ the adductors,
whereasthe lattergroupincreased adductoractivation alongside reduced gluteal muscle

activationinthe presence of pain.

The sport- and level- specificdifferences observed in the observational study may have
occurred due to the differencesinthe treatmentand playingloadin different groups of
athletes. Asfurtherdiscussedin the observational study chapter, professional players, in
opposition to amateurs, tend to have well-structured, closely supervised and often gluteal-
driven rehabilitation and prevention programmes. Therefore, they are likely to have well-
developed, activated and strong gluteal muscles that are less likely to display deficitsin
functionin SRGP. In amateurs, the gluteal muscles tend to be weaker (Niinimaki et al., 2015,
Niemuth etal., 2005), so any added loading may need to be absorbed by the adductor

muscles.

Itis possible thatthe differenttrainingand participation levels, alongside potentially different
geneticfactors, may explainthe associations identified and are irrelevant to SRGP. This seems
unlikely fortwo main reasons. Firstly, professional athlete pre-habilitation does not differ
significantly from rehabilitation in terms of a gluteal focus, with hip extensorand abductor
dominantstrength training being a strong feature of usual football preparationin the form of
power squats, side-plank, gluteal activation and multi-directional activities (Styles et al., 2015,
Sanchis-Moysi et al., 2011, Crow et al., 2012). Adductor strengthening may be a more salient

feature of SRGP rehabilitation than usual sport, but would have resulted in adductor rather
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than gluteal dominanceinthe results —the opposite of what was found. Secondly, the main
training done by any elite sportspersonis participationin full, ordeconstructed game
situations (Jackman etal., 2013, McIntyre and Hall, 2005, Veale and Pearce, 2009). For these
reasons, lam confident thatthe biomechanical patterns we see are likely to be injury related —

either preceding pain onset oras a secondary adaptation.

The superiority of active exercise therapy forthe SRGP treatment has long been established
(Holmichetal., 1999, Jansenetal., 2008, Machotka et al., 2009), measured mainly by clinical
outcomes of athletes completing rehabilitation (Jansen et al., 2008, Machotka et al., 2009).
Although some biomechanical deficits, such as adductor muscle weakness, are recognised and
includedin published treatment strategies, usual practice does notinclude strongly advocate
identifying and targeting potential biomechanical deficits. Specifically, | have found altered
movement patterns and muscle imbalance to be strongly associated with SRGP. Therefore the

focus and emphasis of the current guidelines need to be revisited.

Deficient neural drive may be associated with SRGP occurrence and is not explicitlyaddressed
in SRGP rehabilitation programmes. The need of increased focus on the neuro-inhibitory
mechanisms has been previously recognised in othersports-related injuries presenting a large
challengein sports, such ashamstringinjures (Fyfe etal., 2013, Thelenetal., 2006, Daly et al.,
2015). Implementing the heavily overloading, eccentrichamstring training (known as Nordic
exercises), which maximises the hamstring muscle activation (Bourne etal., 2015) was
reported to significantly reduce the first-time and recurrent hamstringinjuries (Arnason etal.,

2008, Petersenetal., 2011, van der Horst et al., 2015)

However limited, these papers giveanovel approach andincreasing evidence for the
necessary elements of the hamstringinjuries rehabilitation practice. A spectacular

breakthroughinreducingtheincidence of those injuries by Nordicexercises suggests that
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similarmechanisms and, in consequence, treatment strategies should also be implemented in

otherpersistentsportsinjuries.

Increasingly, published work describes neuro-muscular deficits associated with SRGP,
(Morrissey etal., 2012a, Cowan etal., 2004b) with even more recent work providingand
measuring aselection of exercises with an increasing muscle activation rate, focussing solely
on the adductor muscles (Serneretal., 2013). This approach seems to be supported by the
findings of this thesis, at least for the muscle activation deficits in professional athletes.
Whetherthis approach would also change movement patterns has notyet been established. A
similarapproach may be warranted for the gluteal musclesin amateurathletes. We do not
have an equivalent exercisetothe Nordichamstring for eitherthe adductor or abductor
muscle groups as yet —that is, an exercise thatresultsin maximum activation to a break point.
Perhapsthisis unfeasible or perhapsit could represent a major step forward for SRGP

management.

It suggeststhatthere may be an underlyingimbalance or deficit afterthe acute injury, whichis
not addressedin the current rehabilitation programmes. Thisimbalanceis unrecognisedin the
clinical examination, leading to clinicians terminating the rehabilitation period potentially too
early (Holmichetal., 1999) and allowingthe athlete return to play prematurely. In the absence
of clearclinical signs of any deficits, the athlete returns to his normal level of activity, and gets
injured again. It may be that previously injured muscle has a propensity to become weak and
inhibited without continued high load rehabilitation. Potentially, the risk for the injury
recurrence may be decreased by a regularscreening of the adduction strength, asit was

reported to drop significantly two weeks before SRGP (Tyleretal., 2001).

In Chapter 7: Longitudinal study (p. 218) the findings indicate that neither the movement nor

the muscle activation patterns were altered from baseline up to 8-12 weeks afterinjury. This
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was surprisingonthe one hand giventhe trend forimproved symptoms and function affecting
4 of the 5 players, but unsurprisingin that nofocus was given to muscle activation nor
movement patternsinthe traditional rehabilitation employed. Itis worth noting that the
sample size of the longitudinal study was very low, due to recruitment barriers discussed
earlier, yetit can still be argued that the lack of change observed fits with other literature. For
example, scapularretraining deficits are often found when measuring people with shoulder
impingement syndrome but only change with very specifically targeted interventions (Worsley
et al., 2013). Equally, only the targeted rehabilitation focussed on the kinematic patternsre-
training was found to be effectivein reducing one of the mainrisk factors in patella-femoral
painsyndrome (Noehren etal., 2013), with the standard rehabilitation strategies failing to

provide long-term success (Dolak etal., 2011).

However, as discussed inthe longitudinal study section, the muscle activation imbalances may
be secondary to the acute injury, and lack of properfocus on re-storing the coronal plane
balance in the rehabilitation programmes may be the mostimportant reason forthe high
recurrence of SRGP. The similarity of the (statistically insignificant) biomechanical pattern of
the longitudinal study participantsto the professional group in the observational study
supports the hypothesis, that there isinfact no common adaptive responsetothe injury, pain
or overload butratherthat thisrelationshipis level specific. Careful clinical examination and
rehabilitation during functionally relevant manoeuvres may be key to not onlyimproved
rehabilitation success for SRGP, butalso to reducing recurrence by re -storing and optimising
biomechanical factors. The optimal methods for doing this need further study, and may
include simplified versions of the complexmeasurements employed in this thesis. Potentially,
modern sensors combined with a phone application of the dynamicgoniometer measuring the

changesinthe hipjointkinematicsinthree planes, and/orbasic muscle activation measures of
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avery limited number of muscles could be useful and provide large amount of clinically

applicable information.

A careful assessment of the actual muscle functioninafunctional settingis the more
important as the relationship between muscle activation and force is yetto be established
(NishiharaandIsho, 2012), in particularin a potentially injured muscle. Therefore potential
strength deficits, orlack of thereof, may not be fully representative of actual functional
deficits, and the treatment choices based purely on strength may be heavily biased. This
provides anotherargumentforafunctional assessment of the movement and muscular
‘behaviour’ infunctional tasks, which may be more sensitiveto subtle abnormalities presentin

the athletes with SRGP (Boudreau et al., 2009, Crossleyetal., 2011).

An additional and surprising finding of both observational and longitudinal study is the
different pattern of the dominantversus non-dominantleginjured. All of the groupstended to
injure theirdominant leg, apart from the professional footballers, who showed a pattern of
the non-dominant leg being more commonlyinjured, also reportedin knee injuries (Krajncet
al., 2010). As the dominantlegwas defined asthe preferred kickingleg, it may raise a question
whetherthe injury mechanisms may be associated with the training specificity. Amongall of
the investigated groups, the professional footballers perform the most kicking-specifictraining
(Youngand Rath, 2011, Kellis and Katis, 2007), which may then bias theirself-reported
dominance, asthey are equally comfortablekicking with both legs. Alternatively, a high
amount of kicking movement training puts more emphasis on open-chain movement patterns,
meaning the standinglegis more challenged due to the higherloads associated with body

deceleration and rotation (Mognoni etal., 1994, Orchard etal., 2002b).
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Conclusions

My research shows clear biomechanical factors associated with SRGP that are participation
level specificand partly sports specific. These include both muscle activation patterns and
corresponding kinematic changes. My novel approach, and findings, representa new
dimensioninnovationinthe clinicaland research environments when designing and
implementing prevention and rehabilitation programmesin athletes sufferingfrom —or at high

risk of - SRGP. Different levels of sport may require different approaches.

A strongargument can be made that coronal plane muscle activation and lower limb
movement patterns need to be carefully assessed and addressed in the rehabilitation process,
with the consideration that the imbalance may affect both the adductor and abductor

muscles.

In orderto planand implement successful and efficient prevention and rehabili tation
strategies forathletes, which include the hip coronal plane muscle activation and kinematic

imbalances, simple and clinically applicable measuring devices may be needed.

Thisthesis also provides evidence that questions the conclusions of the rece nt Doha
consensus, and make a case for extending them. We propose there are anumber of
imbalances and biomechanical deficits, which are level-and sport-specific, associated with
SRGP. Researchisneededtodetermine if addressing these gives better, more sustained,
rehabilitation outcomes. The key to more successful prevention and rehabilitation
programmes may be careful assessment of the pelvicgirdle muscularand kinematicfunction

and correction of the discovered imbalances.

245



Reference List

Reference List

AGEL, J., DOMPIER, T. P., DICK, R. & MARSHALL, S. W. 2007. Descriptive epidemiology of
collegiate men'sice hockey injuries: National Collegiate Athletic Association Injury
Surveillance System, 1988-1989 through 2003-2004. J AthlTrain, 42, 241-8.

AKERMARK, C. & JOHANSSON, C. 1992. Tenotomy of the adductorlongustendoninthe
treatment of chronicgroin painin athletes. AmJSports Med, 20, 640-3.

ALBERS, S. L., SPRITZER, C. E., GARRETT, W. E., JR. & MEYERS, W. C. 2001. MR findingsin
athletes with pubalgia. Skeletal Radiol, 30, 270-7.

ALLISON, G. T., MARSHALL, R. N. & SINGER, K. P. 1993. EMG signal amplitude normalization
technique in stretch-shortening cycle movements. J Electromyogr Kinesiol, 3, 236-44.

AMANATULLAH, D. F., ANTKOWIAK, T., PILLAY, K., PATEL, J., REFAAT, M., TOUPADAKIS, C.A. &
JAMALI, A. A. 2015. Femoroacetabularimpingement: current conceptsin diagnosis and
treatment. Orthopedics, 38, 185-99.

AMIRI-KHORASANI, M. & KELLIS, E. 2013. Staticvs. Dynamic Acute Stretching Effecton
Quadriceps Muscle Activity during Soccer Instep Kicking. J Hum Kinet, 39, 37-47.

ANDERSON, S. E., SIEBENROCK, K. A. & TANNAST, M. 2012. Femoroacetabularimpingement.
Eur J Radiol, 81, 3740-4.

ANDERSSON, E., ODDSSON, L., GRUNDSTROM, H. & THORSTENSSON, A. 1995. The role of the
psoas and iliacus muscles for stability and movement of the lumbar spine, pelvisand
hip.ScandJMed Sci Sports, 5, 10-6.

ARNASON, A. 2004. Risk Factorsfor Injuriesin Football. American Journal of Sports Medicine,
32, 55-16.

ARNASON, A., ANDERSEN, T.E., HOLME, |., ENGEBRETSEN, L. & BAHR, R. 2008. Prevention of
hamstring strainsin elite soccer: an intervention study. Scand J Med SciSports, 18, 40-
8.

ARNASON, A., SIGURDSSON, S. B., GUDMUNDSSON, A., HOLME, I., ENGEBRETSEN, L. & BAHR,
R. 2004. Riskfactorsforinjuriesinfootball. AmJSports Med, 32, 55-16S.

ATKINS, J. M., TAYLOR, J. C. & KANE, S.F. 2010. Acute and overuse injuries of the abdomen and
groinin athletes. CurrSports Med Rep, 9, 115-20.

ATKINSON, G. & NEVILL, A. M. 1998. Statistical methodsforassessing measurementerror
(reliability) in variables relevant to sports medicine. Sports Med, 26, 217-38.

BAKER, R. 2006. Gait analysis methods inrehabilitation.JNeuroeng Rehabil, 3, 4.

BALL, N. & SCURR, J. 2013. Electromyography normalization methods for high-velocity muscle
actions: review and recommendations. JApp/Biomech, 29, 600-8.

BANERJEE, P. & MCLEAN, C.R. 2011. Femoroacetabularimpingement: areview of diagnosis
and management. Curr Rev Musculoskelet Med, 4, 23-32.

BARBER, S. D., NOYES, F. R., MANGINE, R. E., MCCLOSKEY, J. W. & HARTMAN, W. 1990.
Quantitative Assessment of Functional Limitations in Normal and Anterior Cruciate
Ligament-Deficient Knees. Clinical Orthopaedics and Related Research, 255, 204-214.

BARFIELD, W. R. 1998. The biomechanics of kickingin soccer. Clin Sports Med, 17, 711-28, vi.

BARTON, C. J., LACK, S., MALLIARAS, P. & MORRISSEY, D. 2012. Gluteal muscle activity and
patellofemoral pain syndrome: asystematicreview. BrJ Sports Med.

246



BILODEAU, M., SCHINDLER-IVENS, S., WILLIAMS, D. M., CHANDRAN, R. & SHARMA, S. S. 2003.
EMG frequency content changes with increasing force and during fatigue in the
quadriceps femoris muscle of menand women. J Electromyogr Kinesiol, 13, 83-92.

BLAND, J. M. & ALTMAN, D. G. 1986. Statistical methods forassessing agreement between two
methods of clinical measurement. Lancet, 1, 307-10.

BOBBERT, M. F. & SCHAMHARDT, H. C. 1990. Accuracy of determiningthe point of force
application with piezoelectricforce plates. Journal of Biomechanics, 23, 705-710.

BODENHEIMER, B., ROSE, C., ROSENTHAL, S. & PELLA, J. 1997. The Process of Motion Capture:
Dealing with the Data. In: THALMANN, D. & VAN DE PANNE, M. (eds.) Computer
Animation and Simulation '97. SpringerVienna.

BOGEY, R., CERNY, K. & MOHAMMED, O.2003. Repeatability of wire and surface electrodesin
gait. Am J Phys Med Rehabil, 82, 338-44.

BOLGLA, L. A. & UHL, T. L. 2007. Reliability of electromyographic normalization methods for
evaluating the hip musculature. J Electromyogr Kinesiol, 17, 102-11.

BOUDREAU, S. N., DWYER, M. K., MATTACOLA, C. G., LATTERMANN, C., UHL, T. L. & MCKEON,
J. M. 2009. Hip-muscle activation duringthe lunge, single-leg squat, and step-up-and-
overexercises.JSport Rehabil, 18, 91-103.

BOURNE, M. N., OPAR, D. A., WILLIAMS, M. D., ALNAJJAR, A. & SHIELD, A.J. 2015. Muscle
activation patternsinthe Nordichamstring exercise: Impact of priorstraininjury.
ScandJ Med Sci Sports.

BRADSHAW, C., MCCRORY, P., BELL, S. & BRUKNER, P. 1997. Obturator nerve entrapment - A
cause of groin painin athletes. American Journal of Sports Medicine, 25, 402-408.

BRADSHAW, C. J., BUNDY, M. & FALVEY, E. 2008. The diagnosis of longstanding groin pain: a
prospective clinical cohort study. BrJ Sports Med, 42, 851-4.

BROOKS, J. H., FULLER, C. W.,KEMP, S. P. & REDDIN, D. B. 2005a. Epidemiology of injuriesin
English professional rugby union: part 1 match injuries. BrJSports Med, 39, 757-66.

BROOKS, J. H., FULLER, C. W., KEMP, S. P. & REDDIN, D. B. 2005b. Epidemiology of injuriesin
English professional rugby union: part 2 training Injuries. BrJ Sports Med, 39, 767-75.

BROPHY, R., SILVERS, H. J., GONZALES, T. & MANDELBAUM, B. R. 2010. Genderinfluences: the
role of legdominance in ACLinjury amongsoccer players. British Journal of Sports
Medicine, 44, 694-697.

BROPHY, R. H., BACKUS, S. I., PANSY, B.S., LYMAN, S. & WILLIAMS, R. J. 2007. Lower extremity
muscle activation and alignment during the soccerinstep and side-foot kicks. J Orthop
Sports Phys Ther, 37, 260-8.

BRUKNER, P., KHAN, K. & BRUKNER, P. 2012. Brukner & Khan's clinical sports medicine, Sydney;
New York, McGraw-Hill.

BURDEN, A. 2010. How should we normalize electromyograms obtained from healthy
participants? What we have learned from over 25 years of research. J Electromyogr
Kinesiol, 20, 1023-35.

BURDEN, A. M., TREW, M. & BALTZOPOULOS, V. 2003a. Normalisation of gait EMGs: a re-
examination. J Electromyogr Kinesiol, 13, 519-32.

BURDEN, A. M., TREW, M. & BALTZOPOULOS, V. 2003b. Normalisation of gait EMGs: a re-
examination. Journal of Electromyography and Kinesiology, 13,519-532.

BURNETT, R. S., DELLA ROCCA, G. J., PRATHER, H., CURRY, M., MALONEY, W. J. & CLOHISY, J. C.
2006. Clinical presentation of patients with tears of the acetabularlabrum. JBoneJoint
Surg Am. United States.

BUSSEY, M. D. 2010. Doesthe demand forasymmetricfunctional lower body posturesin
lateral sports relate to structural asymmetry of the pelvis? J Sci Med Sport, 13, 360-4.

BYRD, J. W. 2013. FemoroacetabularImpingementin Athletes: Current Concepts. AmJSports
Med.

247



CAIA,J.,,DOYLE, T. L. & BENSON, A. C. 2013. A cross-sectional lower-body power profile of elite
and subelite Australian football players. J Strength Cond Res, 27, 2836-41.

CAPPOZZO, A., CATANI, F., CROCE, U. D. & LEARDINI, A. 1995. Position and orientationinspace
of bones during movement: anatomical frame definition and determination. Clin
Biomech (Bristol, Avon), 10,171-178.

CAUDILL, P., NYLAND, J., SMITH, C., YERASIMIDES, J. & LACH, J. 2008. Sports hernias: a
systematicliteraturereview. BrJSports Med, 42, 954-64.

CHAN, Y. S, LIEN, L. C.,, HSU, H. L., WAN, Y. L., LEE, M. S., HSU, K.Y. & SHIH, C. H. 2005.
Evaluating hip labral tears using magneticresonance arthrography: a prospective study
comparing hip arthroscopy and magneticresonance arthrography diagnosis.
Arthroscopy, 21, 1250.

CHENDEB, M., KHALIL, M. & DUCHENE, J. 2004. Wavelet based method for detection:
applicationin proprioceptive rehabilitation. ConfProc|EEE Eng Med Biol Soc, 1, 37-40.

CLAIBORNE,T. L., TIMMONS, M. K. & PINCIVERO, D. M. 2009. Test-retest reliability of cardinal
planeisokinetichip torque and EMG. J Electromyogr Kinesiol, 19, e345-52.

CONTENTS. 2004. CODA mpx30User guide, 2004 [Online]. Charnwood Dynamics Ltd., Victiria
Mills, Fowke Street, Rothley, Leicestershire, LE7 7PJ, England. . Available:
http://www.biomedicale.parisdescartes.fr/pf-sensorimotricite/wp-
content/uploads/2014/04/Coda-cx1-UserGuide-complete.pdf.

COSTA-SANTOS, C., BERNARDES, J., AYRES-DE-CAMPOQS, D., COSTA, A. & COSTA, C.2011. The
limits of agreementand the intraclass correlation coefficient may be inconsistentin
the interpretation of agreement. Journal of Clinical Epidemiology, 64, 264-269.

COWAN, S. M., SCHACHE, A. G., BRUKNER, P., BENNELL, K. L., HODGES, P. W., COBURN, P. &
CROSSLEY, K. M. 2004a. Delayed onset of transversus abdominusin long-standing
groin pain. Med Sci Sports Exerc, 36, 2040-5.

COWAN, S. M., SCHACHE, A. G., BRUKNER, P., BENNELL, K. L., HODGES, P. W., COBURN, P. &
CROSSLEY, K. M. 2004b. Delayed Onset of Transversus Abdominus in Long-Standing
Groin Pain. Medicine & Science in Sports & Exercise, 2040-2045.

CRAM, J. R.2011. Cram’'s Introduction to Surface Electromyography, USA, Jones and Bartlett
Publishers.

CROSS, R. 1999. Standing, walking, running, and jumping on aforce plate. American Journal of
Physics, 67, 304-309.

CROSSLEY, K. M., ZHANG, W. J., SCHACHE, A. G., BRYANT, A. & COWAN, S. M. 2011.
Performance on the single-leg squat task indicates hip abductor muscle function. AmJ
Sports Med, 39, 866-73.

CROW, J.F., BUTTIFANT, D., KEARNY, S. G. & HRYSOMALLIS, C. 2012. Low load exercises
targeting the gluteal muscle group acutely enhance explosive power outputinelite
athletes. JStrength Cond Res, 26, 438-42.

CROW, J.F., PEARCE, A.J., VEALE, J. P., VANDERWESTHUIZEN, D., COBURN, P. T. & PIZZARI, T.
2010. Hip adductor muscle strength is reduced precedingand during the onset of groin
painin elite junior Australian football players. JSciMed Sport, 13, 202-4.

DAI, B., HEINBAUGH, E. M., NING, X. & ZHU, Q. 2014. A resistance band increased internal hip
abduction moments and gluteus medius activation during pre-landing and early-
landing. J Biomech, 47, 3674-80.

DALSTRA, M. & HUISKES, R. 1995. Load transferacross the pelvicbone. JBiomechanics, 28,
715-724.

DALSTRA, M., HUISKES, R., ODGAARD, A. & VAN ERNING, L. 1993. Mechanical and textural
properties of pelvictrabecularbone. J Biomech, 26, 523-35.

248


http://www.biomedicale.parisdescartes.fr/pf-sensorimotricite/wp-content/uploads/2014/04/Coda-cx1-UserGuide-complete.pdf
http://www.biomedicale.parisdescartes.fr/pf-sensorimotricite/wp-content/uploads/2014/04/Coda-cx1-UserGuide-complete.pdf

DALY, C., MCCARTHY PERSSON, U., TWYCROSS-LEWIS, R., WOLEDGE, R. C. & MORRISSEY, D.
2015. The biomechanics of runningin athletes with previous hamstring injury: A case-
control study. Scand J Med Sci Sports.

DAVIES, A. G., CLARKE, A. W., GILMORE, J., WOTHERSPOON, M. & CONNELL, D. A. 2010.
Review:imaging of groin paininthe athlete. Skeletal Radiol, 39, 629-44.

DE LUCA, C. J., KLINE, J. C. & CONTESSA, P. 2014. Transposed firing activation of motor units. J
Neurophysiol, 112, 962-70.

DE VET, H. C., TERWEE, C. B., KNOL, D. L. & BOUTER, L. M. 2006. When to use agreement
versus reliability measures. J Clin Epidemiol, 59, 1033-9.

DEITCH, E. A. & SONCRANT, M. C. 1981. The value of ultrasound inthe diagnosis of
nonpalpable femoral hernias. Arch Surg, 116, 185-7.

DELAHUNT, E., KENNELLY, C., MCENTEE, B. L., COUGHLAN, G. F. & GREEN, B. S. 2011a. The
thigh adductorsqueeze test: 45 degrees of hip flexion as the optimal test position for
elicitingadductor muscle activity and maximum pressure values. Man Ther, 16, 476-
80.

DELAHUNT, E., MCENTEE, B. L., KENNELLY, C., GREEN, B. S. & COUGHLAN, G. F. 2011b.
Intrarater reliability of the adductorsqueeze test in gaelicgames athletes. JAthl Train,
46, 241-5.

DELAHUNT, E., THORBORG, K., KHAN, K. M., ROBINSON, P., HOLMICH, P. & WEIR, A. 2015.
Minimum reporting standards forclinical research on groin painin athletes. British
Journalof Sports Medicine, 49, 775-781.

DELMORE, R. J., LAUDNER, K. G. & TORRY, M. R. 2014. Adductorlongus activation during
common hip exercises. JSport Rehabil, 23, 79-87.

DINGENEN, B., JANSSENS, L., LUYCKX, T., CLAES, S., BELLEMANS, J. & STAES, F. F. 2015. Lower
extremity muscleactivation onset times during the transition from double-leg stance
to single-legstance in anteriorcruciate ligamentinjured subjects. Hum Mov Sci, 44,
234-245,

DISSELHORST-KLUG, C., SCHMITZ-RODE, T. & RAU, G. 2009. Surface electromyography and
muscle force: limits in SEMG-force relationship and new approaches forapplications.
Clin Biomech (Bristol, Avon), 24, 225-35.

DOLAK, K. L., SILKMAN, C., MEDINA MCKEON, J., HOSEY, R. G., LATTERMANN, C. & UHL, T. L.
2011. Hipstrengtheningpriorto functional exercises reduces pain sooner than
guadriceps strengtheningin females with patellofemoral pain syndrome:a
randomized clinicaltrial. JOrthop Sports Phys Ther, 41, 560-70.

DOWNING, S. M. 2003. Validity: on meaningful interpretation of assessment data. Med Educ,
37, 830-7.

DOWNING, S. M. 2004. Reliability: onthe reproducibility of assessment data. Med Educ, 38,
1006-12.

DOWNS, S. H. & BLACK, N. 1998. The feasibility of creating a checklist for the assessment of the
methodological quality both of randomised and non-randomised studies of health care
interventions. J Epidemiol Community Health, 52,377-84.

DROST, G., STEGEMAN, D. F., VAN ENGELEN, B. G. M. & ZWARTS, M. J. 2006. Clinical
applications of high-density surface EMG: A systematicreview. Journal of
Electromyography and Kinesiology, 16, 586-602.

EKBERG, O., KESEK, P. & BESJAKQV, J. 1997. Herniography and magneticresonance imagingin
athletes with chronicgroin pain. Sports Medicine and Arthroscopy Review, 5, 274-279.

EKBERG, O., PERSSON, N. H., ABRAHAMSSON, P. A., WESTLIN, N. E. & LILJIA, B. 1988.
Longstanding groin painin athletes. A multidisciplinary approach. Sports Med, 6, 56-
61.

249



EKBERG, O., SIOBERG, S. & WESTLIN, N. 1996. Sports-related groin pain: evaluation with MR
imaging. Eur Radiol, 6, 52-5.

EKSTRAND, J. & GILLQUIST, J. 1983. The avoidability of soccerinjuries. IntJSports Med, 4, 124-
8.

EKSTRAND, J. & HILDING, J. 1999. The incidence and differential diagnosis of acute groin
injuriesin male soccer players. Scand J Med SciSports, 9, 98-103.

EMERY, C. A.2012. Identifyingrisk factorsforhamstringand groininjuriesinsport:adaunting
task. Clin J Sport Med, 22, 75-7.

EMERY, C. A. & MEEUWISSE, W. H. 2001. Risk factors for groininjuriesin hockey. Med Sci
Sports Exerc, 33, 1423-33.

EMERY, C. A., MEEUWISSE, W. H. & POWELL, J. W. 1999a. Groinand abdominal straininjuries
inthe National Hockey League. ClinJSport Med, 9, 151-6.

EMERY, C. A., MEEUWISSE, W. H. & POWELL, J. W. 1999b. Groin and Abdominal Strain Injuries
inthe National Hockey League. ClinicalJournal of Sport Medicine, 9.

ENGEBRETSEN, A. H., MYKLEBUST, G., HOLME, I., ENGEBRETSEN, L. & BAHR, R. 2010. Intrinsic
risk factors for groin injuriesamong male soccer players: a prospective cohort study.
AmJ Sports Med, 38, 2051-7.

ESTWANIK, J., SLOANE, B. & ROSENBERG, M. 1990. Grointrain and other possible causes of
groin pain. Phys Sportsmed, 18, 55-60.

FALVEY, E. C., FRANKLYN-MILLER, A. & MCCRORY, P.R. 2009. The grointriangle: a patho-
anatomical approach to the diagnosis of chronicgroin painin athletes. BrJ Sports Med,
43, 213-20.

FELICI, F., COLACE, L. & SBRICCOLI, P. 1997. Surface EMG modifications after eccentric
exercise.J ElectromyogrKinesiol, 7, 193-202.

FERGUSON, S. A., MARRAS, W. S., BURR, D. L., DAVIS, K. G. & GUPTA, P. 2004. Differencesin
motor recruitment and resulting kinematics between low back pain patientsand
asymptomatic participants duringlifting exertions. Clinical Biomechanics, 19, 992-999.

FETTO, J., LEALI, A. & MOROZ, A. 2002. Evolution of the Koch model of the biomechanics of the
hip: clinical perspective. JOrthop Sci, 7, 724-30.

FITZGERALD, R. H., JR. 1995. Acetabularlabrumtears. Diagnosis and treatment. Clin Orthop
Relat Res, 60-8.

FON, L. J. & SPENCE, R. A. J. 2000. Sportsman's hernia. British Journal of Surgery, 87, 545-552.

FRAITZL, C. R., KAPPE, T. & REICHEL, H. 2010. FemoroacetabularImpingement - aFrequent
Cause for Groin Paininthe Athlete. Deutsche Zeitschrift Fur Sportmedizin, 61, 292-298.

FREEDMAN, B. A., POTTER, B. K., DINAUER, P. A., GIULIANI, J. R., KUKLO, T. R. & MURPHY, K. P.
2006. Prognosticvalue of magneticresonance arthrography for Czerny stage Il and Il
acetabularlabral tears. Arthroscopy, 22, 742-7.

FRICKER, P. A.1997. Osteitis pubis. Sports Medicine and Arthroscopy Review, 5, 305-312.

FRICKER, P. A., TAUNTON, J. E. & AMMANN, W. 1991. Osteitis pubisin athletes. Infection,
inflammation orinjury? Sports Med, 12, 266-79.

FRIGO, C. & CRENNA, P. 2009. Multichannel SEMG in clinical gait analysis: areview and state-
of-the-art. Clin Biomech (Bristol, Avon), 24, 236-45.

FYFE, J.J., OPAR, D. A., WILLIAMS, M. D. & SHIELD, A. J. 2013. The role of neuromuscular
inhibition in hamstring straininjury recurrence. J Electromyogr Kinesiol, 23, 523-30.

GABAI, O. & PRIMO, H. 2011. Acousticmotion capture. Google Patents.

GABBE, B. J., BAILEY, M., COOK, J. L., MAKDISSI, M., SCASE, E., AMES, N., WOOD, T., MCNEIL, J.
J. & ORCHARD, J. W. 2010. The association between hip and groininjuriesinthe elite
juniorfootball years and injuries sustained during elite senior competition. BrJSports
Med, 44, 799-802.

250



GARRAWAY, W. M., LEE, A.J., HUTTON, S. J., RUSSELL, E. B. & MACLEOD, D. A. 2000. Impact of
professionalismoninjuriesinrugby union. BrJSports Med, 34, 348-51.

GENTRY, V. & GABBARD, C. 1995. Foot-preference behavior: adevelopmental perspective. J
Gen Psychol, 122, 37-45.

GERDLE, B., KARLSSON, S., CRENSHAW, A. G., ELERT, J. & FRIDEN, J. 2000. The influences of
muscle fibre proportions and areas upon EMG during maximal dynamicknee
extensions. EurJ Appl Physiol, 81, 2-10.

GERDLE, B., KARLSSON, S., CRENSHAW, A. G. & FRIDEN, J. 1997. The relationships between
EMG and muscle morphology throughout sustained staticknee extension at two
submaximal force levels. Acta Physiol Scand, 160, 341-51.

GIBBS, N. 1993. Injuriesin professional rugby league. A three-year prospective study of the
South Sydney Professional Rugby League FootballClub. AmJSports Med, 21, 696-700.

GILMORE, J. 1998. Groin pain inthe soccer athlete: fact, fiction, and treatment. Clin Sports
Med, 17, 787-93, vii.

GOODWIN, P. C., KOORTS, K., MACK, R., MAI, S., MORRISSEY, M. C. & HOOPER, D. M. 1999.
Reliability of leg muscle electromyographyin vertical jumping. EurJ Appl Physiol Occup
Physiol, 79, 374-8.

GORTON IIl, G. E., HEBERT, D. A. & GANNOTTI, M. E. 2009. Assessment of the kinematic
variability among 12 motion analysis laboratories. Gait & Posture, 29, 398-402.
GOSVIG, K. K., JACOBSEN, S., SONNE-HOLM, S., PALM, H. & TROELSEN, A. 2010. Prevalence of
malformations of the hip jointand theirrelationship to sex, groin pain, and risk of

osteoarthritis: apopulation-based survey. JBone Joint Surg Am, 92, 1162-9.

GOTTSCHALK, F., KOUROSH, S. & LEVEAU, B. 1989. The functional anatomy of tensorfasciae
latae and gluteus medius and minimus. JAnat, 166, 179-89.

GREGOR, S. M., PERELL, K. L., RUSHATAKANKOVIT, S., MIYAMOTO, E., MUFFOLETTO, R. &
GREGOR, R. J. 2002. Lower extremity general muscle moment patternsin healthy
individuals during recumbent cycling. Clin Biomech (Bristol, Avon), 17, 123-9.

GRIMALDI, A.2011. Assessing lateral stability of the hip and pelvis. Man Ther, 16, 26-32.

GROH, M. M. & HERRERA, J. 2009. A comprehensive review of hip labral tears. CurrRev
Musculoskelet Med, 2, 105-17.

GROTE, K. 2004. Hip Adductor Injury in Competitive Swimmers. American Journal of Sports
Medicine, 32, 104-108.

HACKNEY, R. G. 1993. The sports hernia: a cause of chronic groin pain. BrJ Sports Med, 27, 58-
62.

HAGGLUND, M., WALDEN, M. & EKSTRAND, J. 2006. Previousinjury as arisk factor for injuryin
elite football: a prospective study overtwo consecutive seasons. BrJ Sports Med, 40,
767-72.

HAGGLUND, M., WALDEN, M. & EKSTRAND, J. 2009. Injuriesamong male and female elite
football players. Scand J Med Sci Sports, 19, 819-27.

HAMMOUD, S., BEDI, A., MAGENNIS, E., MEYERS, W. C. & KELLY, B. T. 2012. High incidence of
athletic pubalgiasymptomsin professionalathletes with symptomatic
femoroacetabularimpingement. Arthroscopy, 28, 1388-95.

HARRIS, N. H. & MURRAY, R. 0. 1974. Lesions of the symphysisinathletes. BrMed J, 4, 211-4.

HAWKINS, R. D. & FULLER, C. W. 1999. A prospective epidemiological study of injuriesin four
English professional footballclubs. BrJSports Med, 33, 196-203.

HB. GREENBERGER, M. P. 1995. Relationship of Knee Extensor Strength and Hopping Test
Performance inthe Assessment of Lower Extremity Function. Journal of Orthopaedic &
Sports Physical Therapy, 22, 202-206.

HEINONEN, A., SIEVANEN, H., VIITASALO, J., PASANEN, M., OJA, P. & VUORI, I. 1994.
Reproducibility of computer measurement of maximal isometricstrength and

251



electromyographyin sedentary middle-aged women. EurJ Appl Physiol Occup Physiol,
68, 310-4.

HERMENS, H. J., BRUGGEN, T. A. M. V., BATEN, C. T. M., RUTTEN, W. L. C. & BOOM, H. B. K.
1992. The median frequency of the surface EMG power spectruminrelationto motor
unitfiringand action potential properties. Journal of Electromyography and
Kinesiology, 2, 15-25.

HERMENS, H. J., FRERIKS, B., DISSELHORST-KLUG, C. & RAU, G. 2000. Development of
recommendations for SEMG sensors and sensor placement procedures. J Electromyogr
Kinesiol, 10, 361-74.

HESSEL, J. A. 2014. Femoroacetabularimpingementin athletes. Orthop Nurs, 33, 137-9; quiz
140-1.

HITI, C. J., STEVENS, K. J., JAMATI, M. K., GARZA, D. & MATHESON, G. 0. 2011. AthleticOsteitis
Pubis. Sports medicine, 41, 361-376.

HOLMICH, P. 2007. Long-standinggroin paininsportspeople fallsinto three primary patterns,
a "clinical entity" approach: a prospective study of 207 patients. BrJ Sports Med, 41,
247-52; discussion 252.

HOLMICH, P., HOLMICH, L. R. & BJERG, A. M. 2004. Clinical examination of athletes with groin
pain:an intraobserverand interobserverreliability study. BrJ Sports Med, 38, 446-51.

HOLMICH, P., LARSEN, K., KROGSGAARD, K. & GLUUD, C.2010. Exercise program for
prevention of groin pain infootball players: a cluster-randomized trial. Scand J Med Sci
Sports, 20, 814-21.

HOLMICH, P., NYVOLD, P. & LARSEN, K. 2011. Continued  significant effect of physical training
as treatmentforoveruse injury: 8- to 12-year outcome of a randomized clinical trial.
AmJ Sports Med, 39, 2447-51.

HOLMICH, P., THORBORG, K., DEHLENDORFF, C., KROGSGAARD, K. & GLUUD, C. 2013.
Incidence and clinical presentation of groininjuries in sub-elite malesoccer. BrJ Sports
Med.

HOLMICH, P., THORBORG, K., DEHLENDORFF, C., KROGSGAARD, K. & GLUUD, C. 2014.
Incidence and clinical presentation of groininjuries in sub-elite malesoccer. BrJ Sports
Med, 48, 1245-50.

HOLMICH, P., UHRSKOU, P., ULNITS, L., KANSTRUP, I.-L., NIELSEN, M. B., BJERG, A. M. &
KROGSGAARD, K. 1999. Effectiveness of active physical training as treatment forlong-
standing adductor-related groin painin athletes: randomised trial. The Lancet, 353,
439-443.

HOLMICH, P., UHRSKOU, P., ULNITS, L., KANSTRUP, I. L., NIELSEN, M. B., BJERG, A. M. &
KROGSGAARD, K. 1999. Effectiveness of active physical training as treatment forlong-
standing adductor-related groin painin athletes: randomised trial. Lancet, 353, 439-43.

HOLT, M. A., KEENE, J. S., GRAF, B. K. & HELWIG, D. C. 1995. Treatment of osteitis pubisin
athletes. Results of corticosteroid injections. AmJ Sports Med, 23, 601-6.

HOMAN, K. J., NORCROSS, M. F., GOERGER, B. M., PRENTICE, W. E. & BLACKBURN, J. T. 2013.
The influence of hip strength on gluteal activity and lower extremity kinematics. J
Electromyogr Kinesiol, 23, 411-5.

HRYSOMALLIS, C. 2009. Hip adductors'strength, flexibility, and injury risk. JStrength Cond Res,
23, 1514-7.

HUNGERFORD, B., GILLEARD, W. & HODGES, P. 2003. Evidence of altered lumbopelvicmuscle
recruitmentinthe presence of sacroiliacjoint pain. Spine (Phila Pa 1976), 28, 1593-
600.

HUNGERFORD, B., GILLEARD, W. & LEE, D. 2004. Altered patterns of pelvicbone motion
determinedin subjects with posterior pelvic pain using skin markers. Clin Biomech
(Bristol, Avon), 19, 456-64.

252



IBRAHIM, A., MURRELL, G. A. & KNAPMAN, P. 2007. Adductorstrainand hip range of
movementin male professional soccer players. J Orthop Surg (Hong Kong), 15, 46-9.

INGOLDBY, C. J. 1997. Laparoscopicand conventionalrepairof groin disruptionin sportsmen.
BrJSurg, 84, 213-5.

IRSHAD, K., FELDMAN, L. S., LAVOIE, C., LACROIX, V.J., MULDER, D. S. & BROWN, R. A. 2001.
Operative management of "hockey groin syndrome": 12 years of experience in
National Hockey League players. Surgery, 130, 759-64; discussion 764-6.

JACKMAN, S.R., SCOTT, S., RANDERS, M. B., ORNTOFT, C., BLACKWELL, J., ZAR, A., HELGE, E.
W., MOHR, M. & KRUSTRUP, P. 2013. Musculoskeletal health profile forelitefemale
footballers versus untrained young women before and after 16 weeks of football
training.JSports Sci, 31, 1468-74.

JANSEN, J., WEIR, A., DENIS, R., MENS, J., BACKX, F. & STAM, H. 2010. Restingthickness of
transversus abdominisis decreased in athletes with longstanding adduction-related
groin pain. Man Ther, 15, 200-5.

JANSEN, J. A., MENS, J. M., BACKX, F.J., KOLFSCHOTEN, N. & STAM, H. J. 2008. Treatment of
longstanding groin painin athletes: asystematicreview. ScandJ Med Sci Sports, 18,
263-74.

JANSEN, J. A., MENS, J. M., BACKX, F.J. & STAM, H. J. 2009. Changesinabdominal muscle
thickness measured by ultrasound are not associated with recovery in athletes with
longstanding groin pain associated with resisted hip adduction. J Orthop Sports Phys
Ther, 39, 724-732.

JESSICAVELOTTA, J. W., AMANDA RAMIREZ, JAMILA WINSTEAD, RAFAEL BAHAMONDE.
Reltionship between legdominance tests and type of task. 29 International
Conference on Biomechanicsin Sports 2011 Porto, Portuga.

JOHN A. NYLAND, R. S., DAVID N.M. CABORN, ARTJ. NITZ, TERRY R. MALONE 1997. The Effect
of Quadriceps Femoris, Hamstring, and Placebo Eccentric Fatigue on Knee and Ankle
Dynamics During Crossover Cutting. Journal of Orthopaedic & Sports Physical Therapy,
25, 171-184.

JOHN A. NYLAND, R. S., REBECCA L. STINE, TERRY S. HORN, MARY LLOYD IRELAND 1994.
Relationship of Fatigued Run and Rapid Stop to Ground Reaction Forces, Lower
Extremity Kinematics, and Muscle Activation. Journal of Orthopaedic & Sports Physical
Therapy, 20, 132-137.

JOHNSON, A.C.,SHAMAN, M. A. & RYAN, T. G. 2012. Femoroacetabularimpingementin
formerhigh-levelyouth soccerplayers. AmJSports Med, 40, 1342-6.

JOHNSON, R. 2003. Osteitis pubis. CurrSports Med Rep, 2, 98-102.

JOHNSTON, C., CUNNINGHAM, P., BRENNAN, D., O'NEILL, P. & EUSTACE, S. J. 2005. Accessory
cleftsign at MRI of the pelvisin athletes presenting with groin pain. American Journal
of Roentgenology, 184.

KADAM, P. & BHALERAO, S. 2010. Sample size calculation. International Journal of Ayurveda
Research, 1, 55-57.

KAMEN, G. & GABRIEL, D. 2010a. Essentials of electromyography, Human Kinetics.

KAMEN, G. & GABRIEL, D. A.2010b. Essentials of Electromyography, Human Kinetics.

KAPRON, A. L., ANDERSON, A. E., AOKI, S. K., PHILLIPS, L. G., PETRON, D. J., TOTH, R. & PETERS,
C. L. 2011. Radiographicprevalence of femoroacetabularimpingementin collegiate
football players: AAOS Exhibit Selection. J Bone Joint Surg Am, 93, e111(1-10).

KARLSSON, S. & GERDLE, B. 2001. Mean frequency and signal amplitude of the surface EMG of
the quadriceps musclesincrease with increasing torque--a study using the continuous
wavelettransform. J Electromyogr Kinesiol, 11, 131-40.

KAWALEK, K. & GARSZTKA, T. 2013. An analisys of muscle balance in professional field hockey
players. Trends in Sport Sciences, 4, 181 - 187.

253



KELLIS, E. & KATIS, A. 2007. Biomechanical Characteristics and Determinants of Instep Soccer
Kick.Journalof Sports Science & Medicine, 6, 154-165.

KEOGH, M. J. & BATT, M. E. 2008. A review of femoroacetabularimpingementin athletes.
Sports Med, 38, 863-78.

KIRBY, A., GEBSKI, V. & KEECH, A. C. 2002. Determiningthe sample sizeinaclinical trial. Med J
Aust, 177, 256-7.

KOLLMITZER, J., EBENBICHLER, G. R. & KOPF, A. 1999a. Reliability of surface electromyographic
measurements. Clinical Neurophysiology, 110, 725-734.

KOLLMITZER, J., EBENBICHLER, G. R. & KOPF, A. 1999b. Reliability of surface electromyographic
measurements. Clin Neurophysiol, 110, 725-34.

KRAJNC, Z., VOGRIN, M., RECNIK, G., CRNJAC, A., DROBNIC, M. & ANTOLIC, V. 2010. Increased
risk of knee injuries and osteoarthritisinthe non-dominantleg of former professional
football players. Wien Klin Wochenschr, 122 Suppl 2, 40-3.

KUMAR, S. 2004. Ergonomics and biology of spinal rotation. Ergonomics, 47,370-415.

KUNDURACIOGLU, B., YILMAZ, C., YORUBULUT, M. & KUDAS, S. 2007. Magneticresonance
findings of osteitis pubis. J Magn Reson Imaging, 25, 535-9.

L'HERMETTE, M., POLLE, G., TOURNY-CHOLLET, C. & DUJARDIN, F. 2006. Hip passive range of
motion and frequency of radiographic hip osteoarthritis in former elite hand ball
players. BrJ Sports Med, 40, 45-9; discussion 45-9.

LACK, S., BARTON, C., MALLIARAS, P., TWYCROSS-LEWIS, R., WOLEDGE, R. & MORRISSEY, D.
2014. The effect of anti-pronation foot orthoses on hip and knee kinematics and
muscle activity duringafunctional step-up task in healthy individuals: alaboratory
study. Clin Biomech (Bristol, Avon), 29, 177-82.

LAGO-PENAS, C., REY, E., CASAIS, L. & GOMEZ-LOPEZ, M. 2014. Relationship between
performance characteristics and the selection process in youth soccer players.JHum
Kinet, 40, 189-99.

LAHNER, M., WALTER, P.A.,VON SCHULZE PELLENGAHR, C., HAGEN, M., VON ENGELHARDT, L.
V. & LUKAS, C. 2014. Comparative study of the femoroacetabularimpingement (FAI)
prevalence in male semiprofessional and amateursoccer players. Arch Orthop Trauma
Surg, 134, 1135-41.

LAI, D.T. H., BEGG, R. K. & PALANISWAMI, M. 2009. Computational Intelligence in Gait
Research: A Perspective on Current Applications and Future Challenges. Information
Technology in Biomedicine, IEEE Transactions on, 13, 687-702.

LANSKY, L. M., FEINSTEIN, H. & PETERSON, J. M. 1988. Demography of handednessintwo
samples of randomly selected adults (N =2083). Neuropsychologia, 26, 465-477.

LAROCHE, D., DUVAL, A., MORISSET, C., BEIS, J. N., D’ATHIS, P., MAILLEFERT, J. F. & ORNETTI, P.
2011. Test—retestreliability of 3D kinematicgait variablesin hip osteoarthritis patients.
Osteoarthritis and Cartilage, 19, 194-199.

LAUDNER, K., WONG, R., ONUKI, T., LYNALL, R. & MEISTER, K. 2014. The relationship between
clinically measured hip rotational motion and shoulder biomechanics during the
pitching motion. JSci Med Sport.

LAWANDE, M. A., SANKHE, S., PUNGAVKAR, S. A. & PATKAR, D. P. 2007. Adductorinsertion
avulsion syndrome with stress fracture of femoral shaft: MRI findings. Australas
Radiol, 51 Spec No., B104-6.

LE GALL, F., CARLING, C., WILLIAMS, M. & REILLY, T. 2010. Anthropometricand fitness
characteristics of international, professionaland amateur male graduate soccer
playersfroman elite youth academy. J SciMed Sport, 13, 90-5.

LEBEL, K., BOISSY, P., HAMEL, M. & DUVAL, C. 2013. Inertial measures of motion forclinical
biomechanics: comparativeassessment of accuracy under controlled conditions -
effect of velocity. PLoS One, 8, e79945.

254



LEBLANC, K. E. & LEBLANC, K. A. 2003. Groin painin athletes. Hernia, 7,68-71.

LEES, A. & RAHNAMA, N. 2013. Variability and typical errorinthe kinematics and kinetics of
the maximal instep kickin soccer. Sports Biomech, 12, 283-92.

LEHNHARD, R. A., LEHNHARD, H. R., YOUNG, R. & BUTTERFIELD, S. A. 1996. MonitoringInjuries
on a College Soccer Team: The Effect of Strength Training. TheJournalof Strength &
Conditioning Research, 10.

LIPPOLD, O. C. J. 1952. The relation between integrated action potentialsina human muscle
and itsisometrictension. The Journalof Physiology, 117, 492-499.

LOVELL, G. 1995. The diagnosis of chronicgroin painin athletes: areview of 189 cases. AustJ
Sci Med Sport, 27, 76-9.

LOVELL, G., GALLOWAY, H., HOPKINS, W. & HARVEY, A. 2006. Osteitis pubisand assessment of
bone marrow edema at the pubicsymphysis with MRIinan elite junior male soccer
squad. Clin J Sport Med, 16, 117-22.

LUCA, C. D. 1997. The Use of Surface Electromyography in Biomechanics. JOURNAL OF APPLIED
BIOMECHANICS, 13, 135-163.

LYNCH, S. A. & RENSTROM, P. A.1999. Groininjuriesinsport: treatment strategies. Sports
Med, 28, 137-44.

LYONS, G. M., SHARMA, P., BAKER, M., O'MALLEY, S. & SHANAHAN, A. Acomputergame-
based EMG biofeedback system for muscle rehabilitation. Engineeringin Medicine
and Biology Society, 2003. Proceedings of the 25th Annual International Conference of
the IEEE, 17-21 Sept. 2003 2003. 1625-1628 Vol.2.

LYONS, K., PERRY, J., GRONLEY, J. K., BARNES, L. & ANTONELLI, D. 1983. Timingand relative
intensity of hip extensorand abductor muscle action duringlevel and stairambulation.
An EMG study. Phys Ther, 63, 1597-605.

MACHOTKA, Z., KUMAR, S. & PERRATON, L. G. 2009. A systematicreview of the literature on
the effectiveness of exercise therapy for groin painin athletes. Sports Med Arthrosc
Rehabil Ther Technol, 1, 5.

MADELEINE, P., BAJAJ, P., SOGAARD, K. & ARENDT-NIELSEN, L. 2001. Mechanomyographyand
electromyographyforce relationships during concentric, isometricand eccentric
contractions. J Electromyogr Kinesiol, 11, 113-21.

MAFFEY, L. & EMERY, C. 2007. What are the risk factors forgroin straininjuryinsport? A
systematicreviewof the literature. Sports Med, 37, 881-94.

MAJOR, N. M. & HELMS, C. A. 1997. Pelvicstressinjuries: the relationship between osteitis
pubis (symphysis pubis stressinjury) and sacroiliacabnormalities in athletes. Skeletal
Radiol, 26, 711-7.

MALLIARAS, P., HOGAN, A., NAWROCKI, A., CROSSLEY, K. & SCHACHE, A. 2009. Hip flexibility
and strength measures: reliability and association with athletic groin pain. BrJ Sports
Med, 43, 739-44.

MANDELBAUM, B. & MORA, S. A. 2005. Osteitis pubis. Operative Techniques in Sports
Medicine, 13, 62-67.

MARSHALL, B. M., FRANKLYN-MILLER, A. D., MORAN, K. A.,KING, E. A., STRIKE, S. C. & FALVEY,
E. C. 2015. Can a Single-legged Squat Provide Insightinto Movement Control and
Loading During DynamicSporting Actionsin Athletic Groin Pain Patients? JSport
Rehabil.

MARTENS, M. A., HANSEN, L. & MULIER, J. C. 1987. Adductortendinitisand musculus rectus
abdoministendopathy. AmJSports Med, 15, 353-6.

MARTIN, R. L., ENSEKI, K. R., DRAOVITCH, P., TRAPUZZANO, T. & PHILIPPON, M. J. 2006.
Acetabularlabral tears of the hip: examination and diagnosticchallenges. J Orthop
Sports Phys Ther, 36, 503-15.

255



MARTIN, R. L. & SEKIYA, J. K. 2008. The interraterreliability of 4 clinical tests used to assess
individuals with musculoskeletal hip pain. JOrthop Sports Phys Ther, 38, 71-7.
MATHIASSEN, S. E., WINKEL, J. & HAGG, G. M. 1995. Normalization of surface EMG amplitude
fromthe uppertrapezius muscle in ergonomicstudies - Areview. J Electromyogr

Kinesiol, 5, 197-226.

MATHUR, S.,ENG, J. J. & MACINTYRE, D. L. 2005. Reliability of surface EMG during sustained
contractions of the quadriceps. J Electromyogr Kinesiol, 15, 102-10.

MCCARTHY, A. & VICENZINO, B. 2003. Treatment of osteitis pubis viathe pelvicmuscles. Man
Ther, 8, 257-260.

MCGINLEY, J. L., BAKER, R., WOLFE, R. & MORRIS, M. E. 2009. The reliability of three-
dimensional kinematicgait measurements: A systematicreview. Gait & Posture, 29,
360-369.

MCINTYRE, M. C. & HALL, M. 2005. Physiological profileinrelation to playing position of elite
college Gaelicfootballers. BrJSports Med, 39, 264-6.

MEISTER, D. W., LADD, A.L., BUTLER, E. E., ZHAO, B., ROGERS, A.P., RAY, C. J. & ROSE, J. 2011.
Rotational biomechanics of the elite golfswing: benchmarks foramateurs. JAppl
Biomech, 27, 242-51.

MENS, J., INKLAAR, H., KOES, B. W. & STAM, H. J. 2006. A new view on adduction-related groin
pain. Clin J Sport Med, 16, 15-9.

MENS, J. M., VLEEMING, A., SNIJDERS, C.J., STAM, H. J. & GINAI, A.Z. 1999. The active straight
leg raising testand mobility of the pelvicjoints. Eur Spine J, 8, 468-73.

MENZ, H. B. Two feet, orone person? Problems associated with statistical analysis of paired
data infoot and ankle medicine. The Foot, 14, 2-5.

MERLETTI, R. & PARKER, P. A.2004. Electromyography. Physiology, Engineering and
Noninvasive Applications, Wiley-Interscience.

MERRFIELD, H. & COWAN, R. 1973. Groin straininjuriesinice hockey. JSports Med, 1, 41-2.

MEYERS, W. C., GREENLEAF, R. & SAAD, A. 2005. Anatomicbasis forevaluation of abdominal
and groin painin athletes. Operative Techniques in Sports Medicine, 13, 55-61.

MEYERS, W. C., YOO, E., DEVON, O.N.,JAIN, N., HORNER, M., LAUENCIN, C. & ZOGA, A. 2007.
Understanding "Sports Hernia" (Athletic Pubalgia): The Anatomicand Pathophysiologic
Basis for Abdominal and Groin Painin Athletes. Operative Techniques in Sports
Medicine, 15, 165-177.

MOGNONI, P., NARICI, M. V., SIRTORI, M. D. & LORENZELLI, F. 1994. Isokinetictorquesand
kicking maximal ball velocity inyoung soccer players. JSports Med Phys Fitness, 34,
357-61.

MOHAMMAD, W. S., ABDELRAOUF, O. R., ELHAFEZ, S. M., ABDEL-AZIEM, A. A. & NASSIF, N.S.
2014. Isokineticimbalance of hip musclesin soccer players with osteitis pubis. JSports
Sci.

MONAGHAN, K., DELAHUNT, E. & CAULFIELD, B. 2007. Increasing the number of gait trial
recordings maximises intra-raterreliability of the CODA motion analysis system. Gait
Posture, 25, 303-15.

MONAZZAM, S., BOMAR, J. D., DWEK, J. R., HOSALKAR, H.S. & PENNOCK, A. T. 2013.
Developmentand prevalence of femoroacetabularimpingement-associated
morphologyinapaediatricand adolescent population: a CT study of 225 patients.
BoneJoint J, 95-B, 598-604.

MORRISSEY, D., GRAHAM, J., SCREEN, H., SINHA, A., SMALL, C., TWYCROSS-LEWIS, R. &
WOLEDGE, R. 2012a. Coronal plane hip muscle activationinfootball code athletes with
chronicadductor groinstraininjury during standing hip flexion. Man Ther, 17, 145-9.

256



MORRISSEY, D., GRAHAM, J., SCREEN, H., SINHA, A., SMALL, C., TWYCROSS-LEWIS, R. &
WOLEDGE, R. 2012b. Coronal plane hip muscle activationinfootball code athletes with
chronicadductor groin straininjury during standing hip flexion. Man Ther, 17, 145-149.

MOTTRAM, S. L., WOLEDGE, R. C. & MORRISSEY, D. 2009. Motion analysis study of a scapular
orientation exerciseand subjects'ability tolearnthe exercise. Man Ther, 14, 13-8.

MUELLER, M. J. & MALUF, K.S. 2002. Tissue adaptationto physical stress:aproposed "Physical
Stress Theory" to guide physical therapist practice, education, and research. Phys Ther,
82, 383-403.

NAM, A. & BRODY, F. 2008. Managementand therapy forsports hernia. JAm Coll Surg, 206,
154-64.

NARVANI, A. A, TSIRIDIS, E., KENDALL, S., CHAUDHURI, R. & THOMAS, P. 2003. A preliminary
reporton prevalence of acetabularlabrum tearsin sports patients with groin pain.
Knee Surg Sports TraumatolArthrosc, 11, 403-8.

NEAL, B., GRIFFITHS, I., DOWLING, G., MURLEY, G., MUNTEANU, S., FRANETTOVICH SMITH, M.,
COLLINS, N. & BARTON, C. 2014. Foot posture as a risk factorfor lowerlimb overuse
injury: a systematicreview and meta-analysis. Journal of Foot and Ankle Research, 7, 1-
13.

NEPPLE, J. J., BROPHY, R. H., MATAVA, M. J., WRIGHT, R. W. & CLOHISY, J. C. 2012.
Radiographicfindings of femoroacetabularimpingementin National Football League
Combine athletes undergoing radiographs for previous hip or groin pain. Arthroscopy,
28, 1396-403.

NEVIN, F. & DELAHUNT, E. 2013. Adductorsqueeze testvaluesandhip jointrange of motionin
Gaelicfootball athletes with longstanding groin pain. J SciMed Sport.

NG, G. Y. F., ZHANG, A.Q. & LI, C. K. 2008. Biofeedback exerciseimproved the EMG activity
ratio of the medial and lateral vasti musclesin subjects with patellofemoral pain
syndrome. Journalof Electromyographyand Kinesiology, 18, 128-133.

NIEMUTH, P.E., JOHNSON, R.J., MYERS, M. J. & THIEMAN, T. J. 2005. Hip muscle weakness
and overuse injuries in recreational runners. Clin J Sport Med, 15, 14-21.

NIINIMAKI, S., HARKONEN, L., NIKANDER, R., ABE, S., KNUSEL, C. & SIEVANEN, H. 2015. The
cross-sectional area of the gluteus maximus muscle varies according to habitual
exercise loading: Implications for activity-related and evolutionary studies. Homo.

NISHIHARA, K. & ISHO, T. 2012. Location of Electrodes in Surface EMG, EMG Methods for
Evaluating Muscle and Nerve Function.

NOEHREN, B., HAMILL, J. & DAVIS, I. 2013. Prospective evidenceforahip etiologyin
patellofemoral pain. Med SciSports Exerc, 45, 1120-4.

NOEHREN, B., SCHOLZ J FAU - DAVIS, |. & DAVIS, |. The effect of real-time gait retraining on hip
kinematics, painand functionin subjects with patellofemoral pain syndrome.

NOONAN, K.J., HALLIDAY, S., BROWNE, R., O'BRIEN, S., KAYES, K. & FEINBERG, J. 2003.
Interobservervariability of gaitanalysisin patients with cerebral palsy. J Pediatr
Orthop, 23, 279-87; discussion 288-91.

O'CONNELL, M. J., POWELL, T., MCCAFFREY, N. M., O'CONNELL, D. & EUSTACE, S. J. 2002.
Symphyseal cleftinjectionin the diagnosis and treatment of osteitis pubis in athletes.
AJRAm J Roentgenol, 179, 955-9.

O'CONNOR, D. 2004. Groininjuriesin professionalrugby league players: a prospectivestudy. J
Sports Sci, 22, 629-36.

OHIRA, T., TERADA, M., KAWANO, F., NAKAI, N., OGURA, A. & OHIRA, Y. 2011. Region-specific
responses of adductorlongus muscle to gravitational load-dependent activity in Wistar
Hannoverrats. PLoS One, 6, €21044.

257



ONISHI, H., YAGI, R., AKASAKA, K., MOMOSE, K., IHASHI, K. & HANDA, Y. 2000. Relationship
between EMGsignals and force in human vastus lateralis muscle using multiple bipolar
wire electrodes. J Electromyogr Kinesiol, 10, 59-67.

ORCHARD, J., JAMES, T., ALCOTT, E., CARTER, S. & FARHART, P. 2002a. Injuriesin Australian
cricket at first class level 1995/1996 to 2000/2001. BrJ Sports Med, 36, 270-4;
discussion 275.

ORCHARD, J. & SEWARD, H. 2011. 2010 Injury Report Australian Football League.pdf.

ORCHARD, J., WALT, S., MCINTOSH, A. & GARLICK, D. 2002b. Muscle activity duringthe drop
puntkick. /n: T, R. & MURPHY A (eds.) Science and Football V. London: Routledge.

ORCHARD, J. W., READ, J. W., NEOPHYTON, J. & GARLICK, D. 1998. Groin pain associated with
ultrasound finding of inguinal canal posterior wall deficiency in Australian Rules
footballers. BrJ Sports Med, 32, 134-9.

ORTIZ, A., CAPO-LUGO, C.E. & VENEGAS-RIOS, H. L. Biomechanical Deficiencies in Women with
Semitendinosus-Gracilis Anterior Cruciate Ligament Reconstruction During Drop
Jumps. PM&R.

PAAJANEN, H., BRINCK, T., HERMUNEN, H. & AIRO, I. 2011. Laparoscopicsurgery for chronic
groin painin athletesis more effectivethan nonoperativetreatment:arandomized
clinical trial with magneticresonanceimaging of 60 patients with sportsman's hernia
(athleticpubalgia). Surgery, 150, 99-107.

PADULO, J., GRANATELLI, G., RUSCELLO, B. & D'OTTAVIO, S. 2013. The place kickin rugby. J
Sports Med Phys Fitness, 53, 224-31.

PETERSEN, J., THORBORG, K., NIELSEN, M. B., BUDTZ-JORGENSEN, E. & HOLMICH, P. 2011.
Preventive effect of eccentrictraining on acute hamstringinjuriesin men's soccer: a
cluster-randomized controlled trial. Am J Sports Med, 39, 2296-303.

PETSCHNIG, R., BARON, R. & ALBRECHT, M. 1998. The relationship between isokinetic
guadriceps strength test and hop tests for distance and one-legged vertical jump test
following anterior cruciate ligament reconstruction. J Orthop Sports Phys Ther, 28, 23-
31.

PETTERSSON, M. & LORENTZON, R. 1993. Ice hockeyinjuries: a4-year prospective study of a
Swedish elite ice hockey team. BrJ Sports Med, 27, 251-4.

PIZZARI, T.,COBURN, P. T. & CROW, J. F. 2008. Preventionand management of osteitis pubisin
the Australian Football League: a qualitative analysis. Phys Ther Sport, 9,117-25.

POLGLASE, A. L., FRYDMAN, G. M. & FARMER, K. C. 1991. Inguinal surgery fordebilitating
chronicgroin paininathletes. MedJAust, 155, 674-7.

PORTNEY, L. G. & WATKINS, M. P. 1993. Foundations of clinical research: applications to
practice, Mcgraw-Hill/appleton & Lange.

PORTNEY, L. G. & WATKINS, M. P. 2000. Foundations of clinical research: applications to
practice, Prentice Hall UpperSaddle River, NJ.

POWERS, C. M. 2010. The influence of abnormal hip mechanicson kneeinjury:a
biomechanical perspective. J Orthop Sports Phys Ther, 40, 42-51.

PRESSWOOQOD, L., CRONIN, J., KEOGH, J. W. L. & WHATMAN, C. 2008. Gluteus Medius: Applied
Anatomy, Dysfunction, Assessment, and Progressive Strengthening. Strength &
Conditioning Journal, 30.

QUARRIE, K. L. & HOPKINS, W. G. 2015. Evaluation of goal kicking performance ininternational
rugby union matches. J Sci Med Sport, 18, 195-8.

RAINOLDI, A., BULLOCK-SAXTON, J. E., CAVARRETTA, F. & HOGAN, N. 2001. Repeatability of
maximal voluntary force and of surface EMG variables during voluntary isometric
contraction of quadriceps musclesin healthy subjects. J Electromyogr Kinesiol, 11, 425-
38.

258



RAJENDRAN, K. 1989. The insertion of the iliopsoas as a design favouring lateral rather than
medial rotation atthe hip joint. Singapore Med J, 30, 451-2.

RANKIN, G. & STOKES, M. 1998. Reliabilityof assessmenttoolsinrehabilitation: anillustration
of appropriate statisticalanalyses. Clin Rehabil, 12, 187-99.

RATZLAFF, C., SIMATOVIC, J., WONG, H., LI, L., EZZAT, A., LANGFORD, D., ESDAILE, J. M.,
KENNEDY, C., EMBLEY, P., CAVES, D., HOPKINS, T. & CIBERE, J. 2013. Reliability of hip
examination tests for femoroacetabularimpingement. Arthritis Care Res (Hoboken),
65, 1690-6.

REEVES, N. P., CHOLEWICKI, J. & SILFIES, S. P. 2006. Muscle activationimbalance and low-back
injury invarsity athletes. Journal of Electromyography and Kinesiology, 16, 264-272.

REINOLD, M. M., WILK, K. E., FLEISIG, G. S., ZHENG, N., BARRENTINE, S. W., CHMIELEWSKI, T.,
CODY, R. C.,JAMESON, G. G. & ANDREWS, J. R. 2004. Electromyographicanalysis of
the rotator cuff and deltoid musculature during common shoulder external rotation
exercises.JOrthop Sports Phys Ther, 34, 385-94.

RENSTROM, P. & PETERSON, L. 1980. Groininjuriesinathletes. BrJSports Med, 14, 30-6.

REYNOLDS, K. H. & HALSMER, S. E. 2006. Injuries from ultimate frisbee. Wmj, 105, 46-9.

RIDDLE, D. L., FINUCANE, S. D., ROTHSTEIN, J. M. & WALKER, M. L. 1989. Intrasessionand
intersession reliability of hand-held dynamometer measurements taken on brain-
damaged patients. Phys Ther, 69, 182-94.

ROBERTSON, D. G. E. 2004. Research methodsin biomechanics.

RODRIGUEZ, C., MIGUEL, A., LIMA, H. & HEINRICHS, K. 2001. Osteitis Pubis Syndromeinthe
Professional Soccer Athlete: A Case Report. JAthl Train, 36, 437-440.

ROUSSEL, N., DE KOONING, M., SCHUTT, A., MOTTRAM, S., TRUIJEN, S., NlJS, J. & DAENEN, L.
2013. Motor control and low back painindancers. Int J Sports Med, 34, 138-43.

ROUSSEL, N. A., NIJS,J., MOTTRAM, S., VAN MOORSEL, A., TRUIJEN, S. & STASSIJNS, G. 2009.
Altered lumbopelvicmovement control but not generalized joint hypermobility is
associated with increased injuryin dancers. A prospective study. Man Ther, 14, 630-5.

SAHRMANN, S. 2001. Diagnosis and Treatment of Movement Impairment Syndromes, St Louis
USA.

SANCHIS-MOQYSI, J., IDOATE, F., IZQUIERDO, M., CALBET, J. A. & DORADO, C. 2011. lliopsoas
and gluteal muscles are asymmetricin tennis players but notin soccer players. PLoS
One, 6, €22858.

SCHMITZ, M. R., BITTERSOHL, B., ZAPS, D., BOMAR, J. D., PENNOCK, A. T. & HOSALKAR, H.S.
2013. Spectrum of radiographicfemoroacetabularimpingement morphologyin
adolescents and youngadults: an EOS-based double-cohort study. J Bone Joint Surg
Am, 95, e90.

SCOTT DYER, J. M., JOHN ZULAUF, 1995. Motion Capture white paper.

SENIAM.ORG. 2015. Recommendations for sensor locations in hip or upperleg muscles
[Online]. Roessingh Research and Development. [Accessed 29/10/2015 2015].
SERNER, A., JAKOBSEN, M. D., ANDERSEN, L. L., HOLMICH, P., SUNDSTRUP, E. & THORBORG, K.
2013. EMG evaluation of hip adduction exercises forsoccer players: implications for

exercise selectionin prevention and treatment of groininjuries. BrJ Sports Med.

SERNER, A., TOL, J. L., JOMAAH, N., WEIR, A., WHITELEY, R., THORBORG, K., ROBINSON, M. &
HOLMICH, P. 2015. Diagnosis of Acute Groin Injuries: A Prospective Study of 110
Athletes. AmJSports Med, 43, 1857-64.

SHROUT, P. E. & FLEISS, J. L. 1979. Intraclass correlations: usesin assessing rater reliability.
Psychol Bull, 86, 420-8.

SILVIS, M. L., MOSHER, T. J., SMETANA, B. S., CHINCHILLI, V. M., FLEMMING, D. J., WALKER, E.
A. & BLACK, K. P. 2011. High prevalence of pelvicand hip magneticresonance imaging

259



findings in asymptomaticcollegiate and professional hockey players. AmJSports Med,
39, 715-21.

SLAVOTINEK, J. P., VERRALL, G. M., FON, G. T. & SAGE, M. R. 2005. Groin pain infootballers:
the association between preseason clinical and pubicbone magneticresonance
imaging findings and athlete outcome. AmJSports Med, 33, 894-9.

SMEDBERG, S. G., BROOME, A.E., GULLMO, A. & ROOS, H. 1985. Herniographyinathletes with
groin pain. AmJ Surg, 149, 378-82.

SMITH, R. A., MARTIN, G. J., SZIVAK, T. K., COMSTOCK, B. A., DUNN-LEWIS, C., HOOPER, D. R.,
FLANAGAN, S.D., LOONEY, D. P., VOLEK, J.S., MARESH, C. M. & KRAEMER, W. J. 2014.
The effects of resistance training prioritization in NCAA Division | Football summer
training.JStrength Cond Res, 28, 14-22.

SMODLAKA, V. N. 1980. Groin paininsoccer players. Physician and Sportsmedicine, 8, 57-61.

SOLE, G., MILOSAVUEVIC, S., NICHOLSON, H. & SULLIVAN, S. J. 2012. Altered muscle activation
following hamstringinjuries. BrJ Sports Med, 46, 118-23.

SOLOMONOW, M., BARATTA, R., SHOII, H. & D'AMBROSIA, R. 1990. The EMG-force
relationships of skeletal muscle; dependence on contraction rate, and motor units
control strategy. Electromyogr Clin Neurophysiol, 30, 141-52.

SPRYS, Z. C., VISSERM What islegdominance? In:J, H., ed. Proceedings of the XI Symposium
of the International Society of Biomechanicsin Sports, 1993 Amherst. Biomechanicsin
Sport

STEELE, P., ANNEAR, P. & GROVE, J. R. 2004. Surgery forposterioringuinal walldeficiencyin
athletes. JSci Med Sport, 7, 415-21; discussion 422-3.

STEFFEN, K., MYKLEBUST, G., ANDERSEN, T. E., HOLME, I|. & BAHR, R. 2008. Self-reportedinjury
history and lowerlimb function as risk factors for injuries in female youth soccer. AmJ
Sports Med, 36, 700-8.

STOLEN, T., CHAMARI, K., CASTAGNA, C. & WISLOFF, U. 2005. Physiology of soccer: an update.
Sports Med, 35, 501-36.

STYLES, W. J., MATTHEWS, M. J. & COMFORT, P. 2015. Effects of strength trainingon squatand
sprint performance in soccer players. J Strength Cond Res.

SUZUKI, M., SHILLER, D., GRIBBLE, P. & OSTRY, D. 2001. Relationship between cocontraction,
movement kinematics and phasic muscle activity in single-jointarm movement.
Experimental Brain Research, 140, 171-181.

SZPALA, A., RUTKOWSKA-KUCHARSKA, A. & DRAPALA, J. 2014. Electromechanical delay of
abdominal musclesis modified by low back pain prevention exercise. Acta Bioeng
Biomech, 16, 95-102.

TAYLOR, D. C., MEYERS, W. C., MOYLAN, J. A., LOHNES, J., BASSETT, F. H. & GARRETT, W. E., JR.
1991. Abdominal musculature abnormalities as a cause of groin painin athletes.
Inguinal herniasand pubalgia. AmJSports Med, 19, 239-42.

TERJE, D., JORGEN, |., GERTJAN, E., GEIR HAVARD, H. & ULRIK, W. 2015. PLAYER LOAD,
ACCELERATION, AND DECELERATION DURING 45 COMPETITIVE MATCHES OF ELITE
SOCCER. J Strength Cond Res.

THELEN, D. G., CHUMANOV, E. S., SHERRY, M. A. & HEIDERSCHEIT, B. C. 2006.
Neuromusculoskeletal models provide insights into the mechanisms and rehabilitation
of hamstring strains. Exerc Sport Sci Rev, 34, 135-41.

THORBORG, K., BRANCI, S., NIELSEN, M. P., TANG, L., NIELSEN, M. B. & HOLMICH, P. 2014.
Eccentric and Isometric Hip Adduction Strength in Male Soccer Players With and
Without Adductor-Related Groin Pain: An Assessor-Blinded Comparison. Orthopaedic
Journalof Sports Medicine, 2.

260



THORBORG, K., COUPPE, C., PETERSEN, J., MAGNUSSON, S. P. & HOLMICH, P. 2011. Eccentric
hip adductionand abduction strengthin elite soccer players and matched controls: a
cross-sectional study. BrJ Sports Med, 45, 10-3.

THORBORG, K., PETERSEN, J., MAGNUSSON, S. P. & HOLMICH, P. 2010. Clinical assessment of
hip strength usinga hand-held dynamometeris reliable. Scand J Med Sci Sports, 20,
493-501.

TOPOL, G. A, REEVES, K. D. & HASSANEIN, K. M. 2005. Efficacy of dextrose prolotherapyin
elite male kicking-sport athletes with chronicgroin pain. Arch Phys Med Rehabil, 86,
697-702.

TROELSEN, A., MECHLENBURG, I., GELINECK, J., BOLVIG, L., JACOBSEN, S. & SOBALLE, K. 2009.
What isthe role of clinical tests and ultrasound in acetabular labral tear diagnostics?
Acta Orthop, 80, 314-8.

TRUONG, S., PFINGSTEN, F. P., DREUW, B. & SCHUMPELICK, V. 1993. Value of sonographyin
diagnosis of uncertain lesions of the abdominal wall and inguinal region. Chirurg, 64,
468-75.

TYLER, T. F., NICHOLAS, S.J., CAMPBELL, R. J. & MCHUGH, M. P. 2001. The association of hip
strength and flexibility with the incidence of adductor muscle strainsin professional
ice hockey players. AmJSports Med, 29, 124-8.

VAN DAMMIE, B., STEVENS, V., PERNEEL, C., VAN TIGGELEN, D., NEYENS, E., DUVIGNEAUD, N.,
MOERMAN, L. & DANNEELS, L. 2014. A surface electromyography based objective
method to identify patients with nonspecific chroniclow back pain, presentinga
flexionrelated movement control impairment. J Electromyogr Kinesiol.

VAN DER HORST, N., SMITS, D. W., PETERSEN, J., GOEDHART, E. A. & BACKX, F. J. 2015. The
preventive effect of the nordichamstring exercise on hamstringinjuriesin amateur
soccer players: arandomized controlled trial. Am JSports Med, 43, 1316-23.

VAN DER HULST, M., VOLLENBROEK-HUTTEN, M. M., RIETMAN, J.S. & HERMENS, H. J. 2010a.
Lumbar and abdominal muscle activity during walking in subjects with chroniclow
back pain: supportof the "guarding" hypothesis?J Electromyogr Kinesiol, 20, 31-8.

VAN DER HULST, M., VOLLENBROEK-HUTTEN, M. M., RIETMAN, J. S., SCHAAKE, L., GROOTHUIS-
OUDSHOORN, K. G. & HERMENS, H. J. 2010b. Back muscle activation patternsin
chroniclow back pain during walking: a "guarding" hypothesis. ClinJ Pain, 26, 30-7.

VAN DER HULST, M., VOLLENBROEK-HUTTEN, M. M., SCHREURS, K. M., RIETMAN, J. S. &
HERMENS, H. J. 2010c. Relationships between coping strategies and lumbar muscle
activity in subjects with chroniclow back pain. Eur J Pain, 14, 640-7.

VAN TULDER, M., FURLAN, A., BOMBARDIER, C. & BOUTER, L. 2003. Updated method
guidelines for systematicreviews inthe cochrane collaboration back review group.
Spine (Phila Pa 1976), 28, 1290-9.

VEALE, J. P. & PEARCE, A. J. 2009. Profile of position movement demandsin elite junior
Australianrules footballers. JSports SciMed, 8, 320-6.

VERRALL, G. M., HAMILTON, I. A., SLAVOTINEK, J. P., OAKESHOTT, R. D., SPRIGGINS, A.J.,
BARNES, P.G. & FON, G. T. 2005a. Hip jointrange of motion reductioninsports-
related chronicgroininjury diagnosed as pubicbone stressinjury. JSci Med Sport, 8,
77-84.

VERRALL, G. M., SLAVOTINEK, J. P., BARNES, P. G., ESTERMAN, A., OAKESHOTT, R. D. &
SPRIGGINS, A. J. 2007a. Hip jointrange of motion restriction precedes athletic chronic
groininjury.JSci Med Sport, 10, 463-6.

VERRALL, G. M., SLAVOTINEK, J. P., BARNES, P. G. & FON, G. T. 2005b. Description of pain
provocation tests used forthe diagnosis of sports-related chronicgroin pain:
relationship of tests to defined clinical (pain and tenderness)and MRI (pubicbone
marrow oedema) criteria. Scand J Med Sci Sports, 15, 36-42.

261



VERRALL, G. M., SLAVOTINEK, J. P., FON, G. T. & BARNES, P. G. 2007b. Outcome of
conservative management of athletic chronicgroininjury diagnosed as pubicbone
stressinjury. AmJSports Med, 35, 467-74.

VLASIC, D., ADELSBERGER, R., VANNUCCI, G., BARNWELL, J., GROSS, M., MATUSIK, W., POPOVI,
J. & #263 2007. Practical motion capture in everyday surroundings. ACM Trans. Graph.,
26, 35.

WEIR, A., BRUKNER, P., DELAHUNT, E., EKSTRAND, J., GRIFFIN, D., KHAN, K. M., LOVELL, G.,
MEYERS, W. C., MUSCHAWECK, U., ORCHARD, J., PAAJANEN, H., PHILIPPON, M.,
REBOUL, G., ROBINSON, P., SCHACHE, A. G., SCHILDERS, E., SERNER, A., SILVERS, H.,
THORBORG, K., TYLER, T., VERRALL, G., DE VOS, R.-J., VUCKOVIC, Z. & HOLMICH, P.
2015. Doha agreement meeting on terminology and definitionsin groin painin
athletes. British Journal of Sports Medicine, 49, 768-774.

WEIR, A., DE VOS, R.J., MOEN, M., HOLMICH, P. & TOL, J. L. 2011a. Prevalence of radiological
signs of femoroacetabularimpingementin patients presenting with long-standing
adductor-related groin pain. BrJSports Med, 45, 6-9.

WEIR, A., JANSEN, J., VAN KEULEN, J., MENS, J., BACKX, F. & STAM, H. 2010. Short and mid-
term results of a comprehensive treatment program forlongstanding adductor-related
groinpainin athletes: acase series. Phys Ther Sport, 11, 99-103.

WEIR, A., JANSEN, J. A., VAN DE PORT, I. G., VAN DE SANDE, H. B., TOL, J. L. & BACKX, F.J.
2011b. Manual or exercise therapy forlong-standing adductor-related groin pain: a
randomised controlled clinical trial. Man Ther, 16, 148-54.

WEIR, A., VEGER, S. A., VAN DE SANDE, H. B., BAKKER, E. W., DE JONGE, S. & TOL, J. L. 2009. A
manual therapy technique forchronicadductor-related groin painin athletes: acase
series. ScandJMed Sci Sports, 19, 616-20.

WENGER, D. E., KENDELL, K. R., MINER, M. R. & TROUSDALE, R. T. 2004. Acetabularlabral tears
rarely occur in the absence of bony abnormalities. Clin Orthop Relat Res, 145-50.

WERNER, J., HAGGLUND, M., WALDEN, M. & EKSTRAND, J. 2009. UEFA injury study:a
prospective study of hipand groininjuriesin professional football overseven
consecutive seasons. BrJSports Med, 43, 1036-40.

WHITTAKER, J. L., SMALL, C., MAFFEY, L. & EMERY, C. A. 2015. Riskfactors forgroininjuryin
sport: an updated systematicreview. BrJSports Med, 49, 803-9.

WILLIAMS, P.R., THOMAS, D. P. & DOWNES, E. M. 2000. Osteitis pubis and instability of the
pubicsymphysis. When nonoperative measuresfail. AmJ Sports Med, 28, 350-5.

WILLY, R. W., SCHOLZ JP FAU - DAVIS, I.S. & DAVIS, I. S. Mirror gait retraining for the treatment
of patellofemoral paininfemale runners.

WORSLEY, P., WARNER, M., MOTTRAM, S., GADOLA, S., VEEGER, H. E., HERMENS, H.,
MORRISSEY, D., LITTLE, P., COOPER, C., CARR, A. & STOKES, M. 2013. Motor control
retraining exercises for shoulderimpingement: effects on function, muscle activation,
and biomechanicsinyoungadults. JShoulder Elbow Surg, 22,e11-9.

WRETLING, M. L., GERDLE, B. & HENRIKSSON-LARSEN, K. 1987. EMG: a non-invasive method
for determination of fibre type proportion. Acta Physiol Scand, 131, 627-8.

WU, G., SIEGLER, S., ALLARD, P., KIRTLEY, C., LEARDINI, A., ROSENBAUM, D., WHITTLE, M.,
D’LIMA, D. D., CRISTOFOLINI, L., WITTE, H., SCHMID, O. & STOKES, I. 2002. ISB
recommendation on definitions of joint coordinate system of various joints for the
reporting of human joint motion—part|:ankle, hip, and spine. Journal of
Biomechanics, 35, 543-548.

YOO, J.W,, LEE, D. R,,SIM, Y. J,, YOU, J. H. & KIM, C. J. 2014. Effects of innovative virtual reality
game and EMG biofeedback on neuromotor control in cerebral palsy. Biomed Mater
Eng, 24, 3613-8.

262



YOUNG, W. B. & RATH, D. A. 2011. Enhancing footvelocity in football kicking: the role of
strength training. JStrength Cond Res, 25, 561-6.

ZECH, A., WITTE, K. & PFEIFER, K. 2008. Reliabilityand performance-dependent variations of
muscle function variables duringisometricknee extension. J Electromyogr Kinesiol, 18,
262-9.

ZHENG, N., BARRENTINE, S. W., FLEISIG, G. S. & ANDREWS, J. R. 2008. Kinematicanalysis of
swingin pro and amateur golfers. Internationaljournal of sports medicine, 29, 487-
493.

ZOGA, A. 2009. MRI of athleticpubalgiaand the 'sports hernia'. Journal of MedicalImaging
and Radiation Oncology, 53 SPEC.1SS. 1, A182.

263



Appendix 1

Anatomy and pathology of the groin region

The definition of the anatomical landmarks of the groin area has always been troublesome.
Anatomy books and dictionaries provide vague and non-specificdefinitions (LeBlancand
LeBlanc, 2003). However, avery useful, patho-anatomical ‘groin triangle’ model was proposed
(Falveyetal., 2009), which summarises the anatomy of the areain the context of possible

pathologiesand provides agood anatomical guide forclinical diagnosis.

The groin triangle is based on the anterioraspect of the thigh and provides aclear reference to
locate the structures and symptomsin the groin area. The apices of the triangle are the:
anteriorsuperioriliacspine (ASIS), pubictubercle and ‘3G point’, whichis defined as the mid-
point between ASIS and superior pole of the patella. The structuresinthe areaare then

described as lying within the triangle, medially, laterally or superiorly toit (Figure 36).

Additionally to simpleanatomical description, this model also provides advice on how to
conduct the optimal diagnostic process of the groin area and describesin more detail

potentially serious entities, which should be investigated further.

Special attentionisdrawntothe pubictubercle, the attachment site of several structures that
can potentially cause groin symptoms. To facilitate the diagnosis of the pain arising from this
region, Falveyintroduced a model of “the pubicclock” (Figure 37). It gives clear and specific
instructions on palpation of the pubictubercle region and links the specificstructures to the
symptomaticareas. The pubicclockis infact a simplified model of previously published
Meyers’ considerations about the structures attaching around the pubicsymphysisjoint

(Meyersetal., 2005) with an additional layer of clinical application for diagnosis.
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Figure 36: The groin triangle. AL - adductor longus; ASIS - anterior superior iliac spine; Gr - gracilis;
llioPS - iliopsoas; Pec - pectinius; RF — rectus femoris (Falvey et al., 2009).
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Figure 37: Pubic clock — a diagnostic clinical tool for SRGP diagnosis (Falvey et al., 2009)

Structures lying laterally to the triangle

The lateral border of the triangle extends from ASIS to a 3G point (Figure 36). Main structures,
potentially triggering groin symptoms include: femoro-acetabularjoint, trochantericbursa,
tensorfasciae latae muscle andiliotibial band. Fromaclinical and diagnosticperspective,
pathologiesin the femoro-acetabular (hip) joint, including the trochantericbursa, need to be
excluded early in the differential diagnostic process as they are likely to warrant different
management (Anderson etal., 2012, Lahner etal., 2014). This was recognisedinthe Doha
agreement, which separated hip-related pathologies from othersin the terminology of
patients groups. Similarapproach was undertaken in this thesis, and testing positive on any of
the common and validated hip joint tests was one of the main exclusion criteria for the study

participants.

In fact, a differential diagnosis for groin pain should be particularly sensitive to any signs of the
symptomaticfemoro-acetabularimpingement (FAI), morphological hip joint pathology of
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unknown origin, presenting as an anatomical misalignment of the femoral head and
acetabulum (Byrd, 2013, Monazzam et al., 2013, Hessel, 2014). It may presentin two variants:
CAM and PINCER. CAM is a form of deformity of the proximal part of the femur, with extra
amount of bone inthe area postero-inferiorly tothe femoral head andin consequence —
shallowerfemoral neck. PINCER presents as excessive acetabulum, which is either too deep or
ill-oriented. Although CAMis classically associated with young, otherwise healthy athleticmale
populationand PINCERin middle aged women (Amanatullah et al., 2015), they often co-exist
and provide amechanical misalignment between the femoralhead and acetabulum, and a
high potential fora hip joint pathology (Amanatullah et al., 2015). Importantly, FAl should not
be used as a clinical diagnosis, as it may not be symptomatic;infactthere are studies reporting
an asymptomaticpresence of FAlin as many as 92% of healthy population (Schmitzetal.,

2013, Kapronetal., 2011).

FAI, similarly to SRGP, is commonly observedin athletes participatingin kicking and/or multi-
directional sports disciplines (Lahneretal., 2014, Fraitzl et al., 2010, Hommoud etal., 2012,
Hessel, 2014, Johnsonetal., 2012, Keogh and Batt, 2008). Weir etal. (Weiret al., 2011a)
showed avery high prevalence of FAlin athletes diagnosed with SRGP. In his study 64 out of
68 patients with groin pain (95%) have shown radiologically confirmed FAI. Nepple et al.
(Neppleetal., 2012) retrospectively reviewed 123 cases of hip and groin pain and his findings
are similarto Weir’s. However, patients with both hip and groin symptoms were included in
both studies, sothe incidence of the hip pathologies may have been overestimated in this

population.

However, another study reported alow prevalence of groin pain in patients with various hip
malformations (Gosvigetal., 2010). This study also investigated radiographicsigns of hip
osteoarthrtitis, an entity that might as well be responsible for groin symptoms according to

Falvey, and associated with pain beyond the lateral border of the groin triangle.
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Other pathologies potentially causing groin pain and situated laterally to the triangle include:
femoral neck stressfracture, proximal iliotibial band friction syndrome, femoral and lateral
cutaneous nerve entrapment (Brukneretal., 2012). Although quite commonly reported, these

entities have not been associated in relation to pain arising from the groin area.

A cleardiagnosticand clinical entity potentially presenting as the paininthe groinisthe
acetabulartear. Narvanietal. (Narvani etal., 2003) found that 22% (4 out of 18) patients
presenting with groin pain had a tear of the acetabularlabrum on MRI, 3 located anterio-
superiorly, inthe lateral part of hip joint. Silvisetal (Silvisetal., 2011) found that out of 39
professionaland non-professional hockey players with groin pain, 25(64%) showed positive
MRI findings of hip pathologies. 22% of these players were diagnosed with tear of the
acetabularlabrum based on MRI findings. Burnettetal. (Burnettetal., 2006) retrospectively
reported groin pain symptomsin 61 out of 66 patients with as arthroscopically confirmed
acetabulartear, whereasin a study published by Fitzgerald (Fitzgerald, 1995) 49 out of 55
patient with an acetabulartear identified with arthrography had groin symptoms. Bradshaw et
al. (Bradshaw et al., 2008) has reported that hip joint pathology was the most common

diagnosis among 218 patients with groin symptoms (45.9%).

Structures lying within the triangle

Pathologies, which may cause groin symptoms and arise from structures lying within the
triangle include iliopsoas syndrome, rectus femoris tendinopathy and apophysitys, femoral
herniaand genitofemoral and cutaneus nerve entrapments. In this thesis, consistently with the
Doha agreement terminological guidelines, the participants forthe observational study were
included if presenting with the iliopsoas or, abdominal muscles pathologies. Participants with

suspected hernias and nerve entrapment were excluded from the study.
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Relationship between iliopsoas muscle pathologies and groin symptoms have been reported
previously (Holmich, 2007, Lovell, 1995). lliopsoas muscle-related pathologies were found to
be the second most common entity responsibleforgroin symptomsin the Holmich (35.3%),

but not the Lovell study (3%).

Abdominal pathologies have also been reported in association with groin pain (Jansenetal.,
2010, Cowanetal., 2004b, Mens et al., 2006) and the role of the abdominal muscles
(potentially due totheirinsertion to the superior part of the pubicbone and therefore the

ability to affect the forces and loading travelling through) is commonly recognised.

Structures lying medially to the triangle

Structureslocated medially to the triangle are thought to be main causes of SRGP (Holmich,
2007). The areais mostlyfilled with hip adductor muscles, providing important stability
mechanismsforthe hip, groinand pelvis areas. Accordingto Falvey etal. (Falvey etal., 2009)
“the abnormal mechanicsthatarise as a result of adductor dysfunction play acritical role in

the generation of a chronic pain/dysfunction cycle inthe area”.

A number of studies have reported differences in adductor muscle function associated with

SRGP (Morrissey etal., 2012b, Crow et al., 2010, Mens et al., 2006, Malliaras et al., 2009).

The most common pathologies affecting the adductor musclesinclude the adductorand/or
gracilis muscle ethensopathy and the pathology of the adductor muscle -tendon junction.
Accordingto the Doha agreement, adductor-related groin pain (including the pathology of all
of the adductor muscles, with the adductorlongus and gracilis being the most commonly

injured) is one of the sub-groups identified within the SRPG.

The recommendations fordiagnosing the adductor-related pathology include the pain
provocation tests (active hip adduction)and the palpation of the potentially injured areas.

Among many active hip adduction tests, the squeeze testis mostcommonly used, and is
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reportedto be a sensitive, but notvery specifictestforgroin pathologies (Delahuntetal.,
2011b, Delahuntetal., 2011a). Therefore, further pain reproduction by palpation of the
painful areasis recommended to improve diagnostic confidence (Holmich, 2007, Falveyetal.,
2009). Althoughthose diagnosticcriteriaare widely used by clinicians, itis worth noting that
SRGP isa multi-structural pathology andis likely to be related with more than one structure

(Holmich, 2007).

Anothercommon pathologyinthisareainclude an acute adductor muscle injury, which may

lead to chronicgroin painand the ‘groin pain cycle’ (Renstrom and Peterson, 1980).

Pubicsymphysisand pubicramus are situated medially tothe triangle and there isan
established relation within authors between pathologies occurringin that region and groin
symptoms (Verrall etal., 2007b, Verrall etal., 2005b, Slavotinek etal., 2005). Bradshaw etal.
(Bradshaw etal., 2008) reported osteitis pubisin 20.6% of participants presenting groin
symptoms, which was a second most common entity diagnosed in his study. “Osteitis pubis”,
“athleticpubialgia” are the common terms used to describe clinical entities in this region (Hiti
et al., 2011, Kunduraciogluetal., 2007, Lovell etal., 2006, Mandelbaum and Mora, 2005,
McCarthy and Vicenzino, 2003, Johnson, 2003, Rodriguez etal., 2001, Williams etal., 2000,
Major and Helms, 1997, Fricker, 1997, Frickeret al., 1991). There is, though, still alack of
consensusregarding the terminologyas some authors use these terms to describe ageneral
painin the pubisarea, while othersinsist onleavingthemto very specific pathologies to the

pubicsymphysis.

Structures lying superiorly to the triangle

Apart fromalready discussed abdominal muscle pathologies, other common clinical entitiesin
the area superiorly tothe triangle are hernias. The term “hernia” is not consistently used
amongauthors and true abdominal, inguinal orfemoral herniais often confused with entities
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such as sport’s herniaorabdominal oringuinal wall deficiency. Although authors try to
distinguish between these different entities, diagnosis is not straightforward. Holmich et al.
(Holmich, 2007) found only one true herniaamong 207 athletes with groin pain, his findings,
though, are not supported by any other high quality study. Despitethe lack of strong
evidence, “sports” or “sportsman’s” hernia has been investigated by several authors (Orchard

et al., 1998, Steele etal., 2004, Caudill etal., 2008, Fon and Spence, 2000) andthe termisstill

commonly usedinrelationto groin syndromes.
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Appendix 2

Tables summarising the results of comparisons between the dominantand non-dominantlegs

of the healthy controlsin each subgroup, in both movement manoeuvres.
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A: Summary measurements of professional footballers during standing hip flexion; describing the stance, dominant leg with respect to the non-dominant leg of healthy controls.

Movement )
Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
phase |
Measured leg Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL 0.72(0.24) -0.62 (0.5) 0.02*¥ 0.27(0.24) -1.03(0.51) 0.03*W¥ 0.58 (0.24) 0.06 (0.46) 0.32
Kinematics
Sagittal hip
(Flex) 1.18 (1.76) 3.92(1.52) 0.25 -4.93(1.37) -6.26 (0.91) 0.42 -2.95(1.16) -1.22(1.33) 0.33
COFESZIJ)”F’ 0.83(0.73) 0.26(0.22) 0.69 -3.42(0.75) 3.43(0.69) 1 -2.54(0.98) -1.85(0.92) 0.61
Hor'z(‘l’;i?' hip | 1497 2.96) -2.33(1.87) <0.01%4 -3.38(0.93) -4.67 (0.92) 0.33 -16.28(3.13) 6.28 (1.82) 0.01%4\
B: Summary measurements of professional footballers during standing hip flexion; describing the moving, dominant leg with resp ect to the non-dominant leg of healthy controls.
Movement Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
phase |
Measured leg Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL 0.19 (0.5) 0.16 (0.3) 0.95 -0.92 (0.35) -0.73(0.3) 0.69 0.67(0.37) 0.67(0.2) 0.99
Kinematics
Sa(gF'lttaT;'p 4.97 (2.05) 3.36(2) 0.58 68.75 (1.88) 73.45 (1.82) 0.08**A\ 74.04 (1.66) 76.81(1.94) 0.28
ex
Coronal hip
(Add +) 0.13(0.94) -0.27 (0.72) 0.24 3.27(1.47) -0.46 (0.7) 6.22 1.88(1.59) -0.73(0.92) 0.16
H°”z(c|’:fj' hip -4.61(1.9) 11.17 (1.97) 0.02*¥ 6.22 (1.87) 8.12(0.78) 0.35 -0.28 (1.6) -3.05 (1.69) 0.24

Table 35: Results from comparing surface electromyography and kinematic data between the dominant and non-dominant legs of the healthy professional footballers during
standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * =p < 0.05; ** = p <0.1; sEMG =surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error.f\ = increased in non—-dominant

leg; WV = decreased in non-dominant leg.



vLe

A: Summary measurements of professional footballers during standing hip flexion; describing the stance, dominant leg with resp ect to the non-dominant leg of healthy controls.

Movement Early Middle Late
phase
Measured leg Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL 1.2(0.18) 0.65 (0.15) 0.019*¥ 0.86 (0.15) 0.4 (0.15) 0.04*¥ 1.4 (0.19) 1(0.19) 0.14
Kinematics
Sa(gF'Ittalj'p 5.93(1.65) 6(1.83) 0.98 -5.36(0.75) -5.9(0.88) 0.65 0.63(1.6) 0.11(1.68) 0.62
ex
Coronal hip
(Add 4) -0.39(0.82) 4.98(0.8) <0.01*A -5.44 (0.55) -4.7 (0.62) 0.37 -5.92 (1.03) 0.27(0.73) <0.01*A
H°”Z(‘|’F:‘i?' hip | 537(199) 079 (1.62) 0.54 4.75(0.61) -3.32(0.6) 0.09 6.72(2.02)  -4.11(1.84) 0.34

B: Summary measurements of amateur footballers during standing hip flexion; describing the moving, dominant leg with
Movement

respect to the non-dominant leg of healthy controls.

phase Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
Measured . . . . . . . . .
leg Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL -0.05 (0.15) 0.59 (0.15) <0.01%AN -0.96 (0.1) -0.08 (0.13) <0.01%Ah 0.92(0.11)  -0.33(0.14) <0.01%A
Kinematics
Sagittal hi
fFlex N P 7.93(2.24) 10.62 (2.3) 0.4 61.63(1.83)  51.54(3.95) 0.02*¥ 70.42 (1.5) 62.23(2.9) 0.014*¥
c°(r::jl+;“p 1.72(0.11)  -6.92(0.18) <0.01%W¥ -0.72 (1.33) 5.21(0.94) <0.01%h 2.52(0.83)  -1.76(0.95) 0.65
Ho”z(‘:;j' hip | 4040155  -4.54(2.75) 0.87 6.33 (1.66) 10.35(1.93) 0.12 1.97 (2.59) 5.51(2) 0.28

Table 36: Results from comparing surface electromyography and kinematic data between the dominant and non-dominant legs of the healthy amateur footballers during
standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * =p < 0.05; ** = p <0.1; sSEMG =surface electromyography; arrows indicate the

direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error.A\ = increased in non—dominant
leg; W= decreased in non-dominant leg.



SLT

A: Summary measurements of professional rugby players during standing hip flexion; describing the stance, dominant leg with re spect to the non-dominant leg of the uninjured control group.

M t
ovemen Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
phase
Dominant Non- Statisti Dominant Non- Statisti Dominant Non- Statisti
ominan dominant atistic (p) ominan dominant atistic (p) ominan dominant atistic (p)
Surface EMG
GM:AL 1.29 (0.26) 0.77 (0.16) 0.11 0.86 (0.31) 1.02 (0.25) 0.68 1.67 (0.22) 1.97 (0.23) 0.34
Kinematics
Sagittal hip
(Flex +) 21.79(0.58) 24.75(1.14) <0.05*AN -7.32(1.09) -1.78 (0.96) <0.01*AN 13.71(1.73) 18.74 (1.46) <0.05*W
| hi
Co(r:;j ) P 2.29(0.79) -0.71(1.28) 0.3 7.55(1) 7.31(0.97) 0.87 8.24(0.57)  -12.34(2.58) 0.14
"
Horizontal hip
(R4) 7.55(2.1) -3.33(3.13) 0.26 -3.34(0.75) -0.85 (1.02) 0.06 -17.26 (2.1) 0.6 (2.76) <0.01*AN
B: Summary measurements of professional rugby players during standing hip flexion; describing the moving, dominantleg with re spectto the non-dominant leg of the uninjured control group.
Movement A
phase Early (mean (SE)) Middle (mean (SE)) Late (mean (SE))
. Non- . . Non- . . Non- —
Measured leg Dominant dominant Statistic (p) Dominant dominant Statistic (p) Dominant dominant Statistic (p)
Surface EMG
GM:AL -0.09 (0.29) 0.86 (0.15) <0.05*A\ -1.34(0.26) -0.66 (0.15) <0.05*A\ -1.24(0.18) -1.2(0.15) 0.86
Kinematics
Sagittal hip
(Flex +) 22.05(0.85) 18.06(1.42) <0.05*W¥ 60.7 (1.43) 67.2(2.7) <0.05*AN 83.66 (1.69) 80.83 (1.56) <0.05*W¥
ex
Coronal hip
(Add +) -4.61(1.1) -5.9(1) 0.39 8.88(1.48) -1.42 (3.47) <0.05*¥ 2.51(2.02) -4.73 (4.33) 0.15
Horizontal hi
°”7|°Rn+;' P -11.83 (2.33) -12.79 (2.69) 0.79 1.52 (1.63) 8.92(2.43) <0.05*AN -7.61(2.98) -2.9(7) 0.54

Table 37: Results from comparing surface electromyography and kinematic data between the dominant and non-dominant legs of the healthy professional rugby players
during standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * = p < 0.05; ** =p <0.1; SEMG = surface electromyography; arrows

indicate the direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR =internal rotation; SE = standard error. A\ = increased in non—
dominant leg; W = decreased in non-dominant leg.
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A: Summary measurements of Ultimate Frisbee during standing hip flexion; describing the stance, dominant leg with respect to the non-dominant leg of healthy controls.

Middle (mean (SE))

Late (mean (SE))

M t
ovemen Early (mean (SE))
Phase
Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL 0.36 (0.37) 0.48(0.27) 0.81 0.26 (0.38) 0.78(0.33) 0.31 1.42(0.46) 1.69(0.26) 0.62
Comments
Kinematics
Sagittal hi
a(gF'Iei N "l 2533(1.02)  26.01(1.24) 0.67 337(1.72)  -5.72(0.81) 0.24 22.19(1.53)  19.92(2.27) 0.42
Coronal hip
(Add +) -2.54 (0.82) 4.17 (1.22) <0.01*A -5.46 (2.32) -11.59(1.42) <0.05*\W -11.15(2.68) -10.71(1.38) 0.89
Hori I hi
°”Z(TF?1? | 1149(1.66)  7.87(1.63) <0.01%AN 2.18(1.47) 4.89(1.28) 0.19 14.19(3.33)  4.16(2.23) <0.01%AN
pect to the non-dominant leg of healthy controls.

B: Summary measurements of Ultimate Frisbee during standing hip

flexion; describing the moving, dominant leg with res

Late (mean (SE))

Movement .
Phase Early (mean (SE)) Middle (mean (SE))
Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p) Dominant Non-dominant Statistic (p)
Surface EMG
GM:AL 0.87(0.35) 0.35(0.41) 0.34 -0.37(0.31) 20.59 (0.46) 0.69 0.02(0.42) 0.08 (0.55) 0.93
Comments
Kinematics
Sa(gF'lt:iL;“p 24.99(1.04)  22.17(1.17) 0.08 67.38(2.17)  71.68(3.41) 03 93.52(2.9) 92.81(3.54) 0.88
CO:ZSSL:"’J 0.62(1.22) 4.38(0.91) <0.01%W 1.01(2.42) -0.03 (3.18) 0.8 5.85 (1.6) 0.14 (2.62) 0.07
Horizontalhip | ¢, 1 o) -11.36 (2.14) <0.01%¥ 3.39(3.88) 3.99(2.67) 0.9 11.32(2.36)  -10.71(5.43) <0.01%W

(IR+)

Table 38: Results from comparing surface electromyography and kinematic data between the dominant and non-dominant legs of the healthy Ultimate Frisbee players during
standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * =p < 0.05; ** = p <0.1; sSEMG =surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error.#\ = increased in non-dominant

leg; W = decreased in non-dominant leg.



LLT

A: Summary measurements of field hockey players during standing hip flexion; describing the stance, dominant leg with respect to the non-dominant leg of healthy controls.

Middle (mean (SE))

Late (mean (SE)) |

Mc;\ea:\eent Early (mean (SE))

Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.36(0.37) 0.48 (0.27) 0.81 0.26(0.38) 0.78(0.33) 0.31 1.42 (0.46) 1.69 (0.26) 0.62
Comments
Kinematics
Sagittal hip
(Flex+) 25.33(1.02) 26.01 (1.24) 0.67 3.37(1.72) 5.72(0.81) 0.24 22.19 (1.53) 19.92 (2.27) 0.42
C°(r:;j'+;“p 2.54(0.82) 4.17 (1.22) <0.01*¥ 5.46(2.32)  -11.59(1.42) <0.05%¥ 11.15(2.68)  -10.71(1.38) 0.89
Horizontalhip |~ 1) /191 66) 7.87 (1.63) <0.01%A\ 2.18(1.47) 4.89(1.28) 0.19 14.19 (3.33) 4.16 (2.23) <0.01%AN

(IR+)

B: Summary measurements of field hockey players during standing hip flexion; describing the moving, dominant leg with re

Middle (mean (SE))

spect to the non-dominant leg of healthy controls.

Late (mean (SE)) |

Mc:):\ear:eent Early (mean (SE))
Uninjured Injured Statistic (p) Uninjured Injured Statistic (p) Uninjured Injured Statistic (p)
Surface EMG
GM:AL 0.87(0.35) 0.35(0.41) 0.34 -0.37(0.31) -0.59 (0.46) 0.69 0.02 (0.42) 0.08 (0.55) 0.93
Comments
Kinematics
Sagittal hip
(Flex# 24.99 (1.04) 22.17 (1.17) 0.08 67.38(2.17) 71.68 (3.41) 0.3 93.52(2.9) 92.81 (3.54) 0.88
CO{:;jL;"p 0.62(1.22) 4.38(0.91) <0.01%¥ 1.01(2.42) -0.03(3.18) 0.8 5.85 (1.6) 0.14(2.62) 0.07
Horizontal hip 6.2 (1.91) 11.36 (2.14) <0.01%¥ 3.39(3.88) 3.99(2.67) 0.9 11.32(2.36)  -10.71(5.43) <0.01%¥

(IR+)

Table 39: Results from comparing surface electromyography and kinematic data between the dominant and non-dominant legs of the healthy field hockey players during
standing hip flexion when the leg is weight bearing (stance) (A) and moving (B). Annotations: * =p < 0.05; ** = p <0.1; SEMG =surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal rotation; SE = standard error; A\ = increased in non—dominant

leg; W = decreased in non-dominant leg.



Measured leg
sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg
SEMG GM:AL
Sagittal hip
Coronal hip
Horizontal hip

Measured leg
sEMG GM:AL
Sagittal hip
Coronal hip
Horizontal hip

Measured leg
sEMG GM:AL
Sagittal hip
Coronal hip
Horizontal hip

Table 40: Results from comparing surface electromyography and kinematic data betweenthe

Phase: Moving|

Dom NonDom Statistic (p)
-0.7 (0.46) 0.63 (0.25) <0.05*AN
10.67(2.7)  8.45(1.93) 0.51
3.92(1.12)  3.63(1.05) 0.85

-1.38(2) -13.91 (1.76) <0.01*

Phase: Moving Il

Dom NonDom Statistic (p)
-1.32(0.37) 0.5(0.24) <0.01*A\
11.32(1.58) 20.17(1.89)  <0.01*A
0.59(0.33)  0.45(0.71) 0.86
-1.38(1.99) -13.91(1.76)  <0.01*¥

Phase: Moving 11

Dom NonDom Statistic (p)
-0.89 (0.35) -0.11(0.2) 0.38
45.53 (4.16)  40.45 (3.71) 0.37
11.91(1.16) 12.19(1.01) 0.86
3.2(1.75)  1.08(1.17)  <0.05*A\

Phase: Moving IV

Dom NonDom Statistic (p)
-1.04 (0.43) 0.31(0.21) <0.01*A
-48.66 (3.64) -52.05 (2.65) 0.46
-14.77 (1.33) -15.28(1.24) 0.78
1.21(1.75) 0.84 (1.03) 0.86

NB Flex +
NB Add +
NB IR +

Dom
-1.21(0.38)
20.89 (3.48)
4.56 (1.28)
-3.26 (1.61)

Dom
-0.48 (0.44)
67.33(3.67)
16.32(2.03)
-5.34(2.64)

Dom
-1.33(0.59)
17.44 (2.28)
-0.21(1.28)
-3.85(1.63)

Phase: Stance |

NonDom Statistic (p)
0.13(0.25) <0.01*A\
28.88 (2.75) 0.08
4.12 (1.19) 0.8
-15.49 (1.96)  <0.01*\¥

Phase: Stance Il

NonDom Statistic (p)
-0.06 (0.18) 0.38
67.74(2.7) 0.93
16.77 (1.11) 0.85
-14.28 (2.01) <0.01*AN

Phase: Stance lll

NonDom Statistic (p)
0.68(0.29) <0.01*A\
16.56 (1.59) 0.75

0.8(1.16) 0.56
-14.13 (1.8) <0.01*W¥

dominant and non-dominant legs of healthy professional footballers during single leg squat when the

leg is moving. Annotations: * = p < 0.05; sEMG = surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR
internal rotation; SE = standard error; A\ = increased in non—-dominant leg; WV =decreased in non-

dominant leg.
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Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

SEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Phase: Moving|

Dominant Non-
dominant
0.62(0.24) 1.33(0.19)
13.9(1.48) 12.95(1.57)
7.49(0.94) -1.66(1.12)
-6.58(2.48) -6.06(2.28)
Phase: Moving Il
Dominant Non-
dominant
0.48(0.19) 0.92(0.22)
26.46(2.52)  26.48(3.09)
-0.57(0.83) 1.06(0.67)
-3.83(0.76) -0.81(0.89)
Phase: Moving 11
Dominant Non-
dominant
0.5(0.08) 1.02(0.17)
24.78(2.67)  24.3(2.57)
3.36(1.04) 7.38(0.96)
-0.48(1.07)  0.54(1.11)
Phase: Moving IV
Dominant Non-
dominant
0.72(0.1) 1.14(0.18)
-50.36(4) -46.66(2.55)
6.79(1.32)  -10.53(1.01)
1.13(1.89) -1.02(1.27)

Statistic (p)

<0.05*N
0.66
<0.01*W¥

0.86 |

Statistic (p)

0.13
1
0.13
<0.05*Ap

Statistic (p)

<0.01*AN
0.9

<0.01*AN
0.51

Statistic (p)

<0.05*A\
0.44

<0.05*W
0.35

NB Flex +
NB Add +
NB IR +
Phase: Stance |
Dominant Non- Statistic (p)
dominant
0.55(0.17) 1.02(0.2) 0.08
39.94(3.07) 40.23(3) 0.95
7.04(1.07) -0.47(1.29) <0.01*W
6.58(2.48)  -4.36(2.77) 0.55
Phase: Stance Il
Dominant Non- Statistic (p)
dominant
0.4(0.1) 1.14(0.16) <0.01*AN
64.89(2.17) 63.79(2.65) 0.75
10.78(1) 6.58(1.53) <0.05*W¥
-8.16(2.31)  -2.59(2.31) 0.09
Phase: Stance lll
Dominant Non- Statistic (p)
dominant
0.52(0.18) 1.14(0.27) 0.07
14.98(3.27) 16.82(1.33) 0.6
3.58(1.07)  -4.03(1.45) <0.01*W¥
-6.06(2.28) -3.68(2.57) 0.49

Table 41: Results from comparing surface electromyography and kinematic data between the
dominant and non-dominant legs of healthy amateur footballers during single leg squat when the leg
is moving. Annotations: * = p <0.05; sSEMG = surface electromyography; arrows indicate the direction
of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal
rotation; SE = standard error; A\ = increased in non—dominant leg; WV = decreased in non-dominant

leg.
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Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

SEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip
Horizontalhip

Phase: Moving|

Dominant Non-
dominant
1.4(0.22) 0.88(0.31)
22.45(0.66) 21.37(0.5)
0.01(0.87) -2.44(0.72)
-7.98(1.84) -7.5(2.18)
Phase: Moving Il
Dominant Non-
dominant
1.39(0.17) 0.74(0.38)
1.19(0.75) 2.11(0.87)
-2.03(0.68) -1.19(0.69)
-1.74(0.5) -0.73(0.63)
Phase: Moving 11
Dominant Non-
dominant
0.59(0.15)  -0.09(0.26)
43.43(3.19) 52.05(3.61)
14.64(1.73) 14.4(3.3)
-1.83(3.49)  2.43(3.47)
Phase: Moving IV
Dominant Non-
dominant
1.46(0.16) 0.75(0.23)
-40.74(4.1)  -54.04(4.3)
-14.9(2.57)  -11.49(2.95)
2.23(3.26) -3.2(3.73)

Statistic (p)

0.17
<0.01*W¥
<0.05*W¥

0.87

Statistic (p)

0.13
0.43
0.39
0.21

Statistic (p)

<0.05*W¥
0.097
0.95
0.4

Statistic (p)

<0.05*W

<0.05*W
0.4
0.29

NB Flex +
NB Add +
NB IR +

Dominant

1.67(0.16)
26.64(1.14)
2.03(1.3)

-9.73(1.93)

Dominant

0.44(0.27)
68.99(3.97)
15.52(3.93)
-3.29(1.04)

Dominant

2.09(0.14)
28.8(1.33)
-3.95(1.99)
-7.99(1.91)

Phase: Stance |

Non- Statistic (p)
dominant
0.86(0.37) 0.06
23.61(0.77) <0.05*W
-3.75(0.96) 0.29
-7.89(2.09) 0.52

Phase: Stance Il

Non- Statistic (p)
dominant
-0.09(0.24) 0.15
74.21(4.26) 0.39
9.23(3.59) 0.29
1.88(4.71) 0.3

Phase: Stance lll

Non- Statistic (p)
dominant
0.81(0.38) <0.01*W¥
22.48(0.96) <0.01*W¥
-3.79(1.25) 0.95
-8.53(2.22) 0.85

Table 42: Results from comparing surface electromyography and kinematic data between the
dominant and non-dominant legs of healthy professional football players during single leg squat when
the leg is moving. Annotations: * = p <0.05; sEMG = surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR =
internal rotation; SE = standard error; A\ = increased in non—-dominant leg; WV =decreased in non-

dominant leg.

280



Measured leg

sEMG GM:AL
Sagittal hip

Coronal hip

Horizontal hip

Measured leg

sEMG GM:AL

Sagittal hip

Coronal hip

Horizontal hip

Measured leg

SEMG GM:AL

Sagittal hip

Coronal hip

Horizontal hip

Measured leg

SEMG GM:AL

Sagittal hip

Coronal hip

Horizontal hip

Phase: Moving|

Dominant Non-
dominant
1.66(0.4) 0.87(0.38)
30.8(1.35) 26.39(1.44)
4.82(1.16) -1.17(0.68)
7.5(2.08) -9.9(2.08)
Phase: Moving Il
Dominant Non-
dominant
1.56(0.38) 1.35(0.55)
3.05(2.66) 5.86(3.34)
-1.36(0.89) -2.31(0.5)
1.34(0.76) 0.97(1.48)
Phase: Moving 1l
Dominant Non-
dominant
0.48(0.27) 0.37(0.4)
38.96(2.69) 42.65(5.35)
12.67(1.98) 3.91(2.39)
-1.85(1.38)  7.93(2.16)
Phase: Moving IV
Dominant Non-
dominant
1.21(0.22) 0.94(0.36)
-37.39(2.28) -31.37(6.19)
-14(2.02) -4.82(3.7)
1.89(1.38) -6.53(0.97)

Statistic (p)

0.16
<0.05*W¥
<0.01*W¥
<0.01*W¥

Statistic (p)

0.76
0.52
0.36
0.82

Statistic (p)

0.83
0.54
<0.05*W¥
<0.01*Ap

Statistic (p)

0.53
0.37
<0.05*A\
<0.01*\¥

NB Flex +
NB Add +
NBIR +
Phase: Stance |
Dominant Non- Statistic (p)
dominant
1.78(0.34) 1.51(0.54) 0.68
34.83(2.08) 31.81(2.82) 0.39
4(1.34) -3.27(0.65) <0.05*W
9.26(2.36)  -9.37(1.84) <0.01*¥
Phase: Stance Il
Dominant Non- Statistic (p)
dominant
0.57(0.36) 0.39(0.45) 0.76
71.85(2.77) 70.35(5.81) 0.82
16.63(1) 1.27(2.97) <0.01*¥
6.25(2) -2.5(3.31) <0.05*W
Phase: Stance Ill
Dominant Non- Statistic (p)
dominant
1.43(0.4) 1.04(0.44) 0.51
35.98(1.73) 34.3(1.7) 0.49
2.98(1.41)  -4.13(0.79) <0.01*W¥
8.03(1.9) -10.2(2.15) <0.01%\¥

Table 43: Results from comparing surface electromyography and kinematic data between the
dominant and non-dominant legs of healthy Ultimate Frisbee players during single leg squat when the
leg is moving. Annotations: * = p < 0.05; sSEMG = surface electromyography; arrows indicate the
direction of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR =
internal rotation; SE = standard error; A\ = increased in non—-dominant leg; WV =decreased in non-

dominant leg.
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Measured leg

sEMG GM:AL
Sagittal hip
Coronal hip

Horizontal hip

Measured leg

SEMG GM:AL
Sagittal hip
Coronal hip

Horizontal hip

Measured leg

SEMG GM:AL
Sagittal hip
Coronal hip

Horizontal hip

Measured leg

SEMG GM:AL
Sagittal hip

Coronal hip

Horizontal hip

Phase: Moving|

Dominant Non-
dominant
2.07(0.58) 2.68(0.52)
20.45(1.52) 18.28(1.3)
3.71(0.91) 0.52(0.91)
0.04(0.75) -5.84(3.17)
Phase: Moving Il
Dominant Non-
dominant
1.38(0.38) 1.98(0.36)
1.13(1.34) 0.69(0.99)
5.35(1.71)  -4.23(1.06)
-1.36(1.96) -3.02(1.29)
Phase: Movinglll
Dominant Non-
dominant
0.89(0.18) 1.1(0.28)
39.56(2.94) 42.93(1.38)
14.64(1.51) 14.18(1.91)
3.44(2.05)  6.59(1.29)
Phase: Moving IV
Dominant Non-
dominant
1.78(0.17) 1.62(0.23)
-36.78(2.97) -39.75(0.98)
-15.57(0.91) -13.58(2)
-0.13(1,74) 7.7(1.87)

Statistic (p)

0.44
0.29
<0.05*W
0.08

Statistic (p)

0.27
0.79
0.58
0.48

Statistic (p)

0.54

0.31

0.85
<0.01*A

Statistic (p)

0.6
0.35
0.37

<0.01*W¥

NB Flex +
NB Add +
NB IR +
Phase: Stance |
Dominant Non- Statistic (p)
dominant
1.91(0.39) 2.13(0.3) 0.66
22.58(2.3) 19.44(1.7) 0.28
-0.67(1.56) -3.84(0.83) 0.08
-1.36(1.74) 9.46(2.3) <0.01*\¥
Phase: Stance Il
Dominant Non- Statistic (p)
dominant
1.06(0.19) 1.16(0.31) 0.78
61.51(1.45)  62.73(1.51) 0.56
15.14(1.97)  9.15(1.73) <0.05*W¥
2(1.24) -1.48(3.06) 0.88
Phase: Stance Il
Dominant Non- Statistic (p)
dominant
2.15(0.3) 2.12(0.29) 0.94
24.28(2.03) 21.84(1.51) 0.34
-1.57(1.71) -3.78(1.19) 0.3
-2.3(1.48) -11.29(2.56) <0.01*¥

Table 44: Results from comparing surface electromyography and kinematic data between the
dominant and non-dominant legs of healthy filed hockey players during single leg squat when the leg
is moving. Annotations: * = p <0.05; sSEMG = surface electromyography; arrows indicate the direction
of difference; GM=gluteus medius; AL= adductor longus; Flex = flexion; Add = adduction; IR = internal
rotation; SE = standard error; A\ = increased in non—dominant leg; WV = decreased in non-dominant

leg.
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Appendix 3

Point based skills database

Miss PM Kloskowska (110624846)
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Wisory Centre (CRAQ“ Total
Personal Details
Full Name: Paulina Maria Kloskowska Gender: Female
Username: hhw819 Email: p.kloskowska@qgmul.ac.uk
Telephone: Mobile: 07534133446
Enrolment Status: R-E-E Programme: RRPF-QMWHRN1 PhD FT WHRI (Non-Clinical)
Course Name: PhD FT William Harvey Research Institute (Non-Clinical) Award Code: RP
Start Date: 01-Nov-2011 Expected End Date: 01-Nov-2015
Route: RSWHN
Faculty: Medicine and Dentistry School: William Harvey Research Institute

Department: William Harvey Research Institute

Supervisors

[Tite L Given Names | Last Name | Toaphone | - Email | actve
Dr Dylan Morrissey d.morrissey@qmul.ac.uk true
Prof Bruce Lindsay Kidd b.l.kidd@gmul.ac.uk true

Points Summary

vear| e [Pl A8 ]cC[D ol
5 , ng/merking/proparati

00 25 00 25 5.0

[cap:| A | B | c| D |Total]

Teaching sub-total 00 25 00 25 5.0

[ [Vesrototar(withcapssppie | | 00| 25| oo 25] soff [ | | [ | |
1st Conference Attendance (Half day) 75 30 00 00 105
Conference Attendance (One day) 50 20 00 00 7.0
Conference attendance sub-total 125 50 00 0.0 175
CAPD Course 9.0 110 105 85 390
Courselevent attendance sub-total 9.0 1.0 105 85 39.0
External funding application <£2,000 00 00 20 20 4.0
Funding application sub-total 00 00 20 20 40
Conference Presentation (oral/poster) 60 60 00 80 200
Ethical Approval for Study - Non-Clinical 00 00 20 00 20
Other sub-total 60 60 20 80 220
Mentoring/supervising of Project Student 80 40 00 80 200
i i i i 00 65 00 65 130
Teaching sub-total 8.0 105 0.0 145 33.0

| [Year 1 Total (withcapsapplied) | [355]325[14s[3sofmssff | | | | [ |
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2nd Conference Attendance (Half day) 25 10 00 00 35

Conference Attendance (Two days) 100 40 00 00 140
Conference attendance sub-total 125 50 0.0 0.0 175
CAPD Course 00 40 00 20 6.0
CILT Module 1 00 50 00 50 100
CILT Module 2 00 50 00 50 100
Course/event attendance sub-total 00 140 00 120 26.0
External funding application <£2,000 00 00 20 20 4.0
Funding application sub-total 00 00 20 20 4.0
Journal Club/Reading Group/lab meeting Presentation 30 00 00 10 4.0
Giving presentations sub-total 30 00 00 1.0 4.0
Conference Presentation (oral/poster) 12.0 12.0 0.0 16.0 40.0
Course/event Attendance 00 10 00 10 20
Ethical Approval for Study - Clinical 00 00 100 00 100
Ethical Approval for Study - Non-Clinical 00 00 40 00 4.0
O ising an i 00 20 00 20 4.0
Presenting - internal to QM 10 10 00 20 4.0
Other sub-total 13.0 16.0 14.0 21.0 64.0
Mentoring/supervising of Project Student 6.0 3.0 00 6.0 150
Teaching i ing/preparation 00 115 00 115 230
Teaching sub-total 6.0 145 00 175 38.0
[ Vear2Total(withcapsapplied) | [ses|4es|te0]sas[tsosfll | | | | | |
3rd Conference Attendance (Half day) 25 10 00 00 35
Conference attendance sub-total 25 10 00 00 3.5
Ethical Approval for Study - Clinical 0.0 0.0 100 0.0 10.0
Presenting - internal to QM 10 10 00 20 4.0
Other sub-total 10 1.0 100 20 14.0
i ing/ ing/preparation 00 30 00 30 60
Teaching sub-total 00 30 00 3.0 6.0
| [vear3Total(withcapsapplied) | [3s5[sofwoofso] 235l | | | [ [ |
Total Conference Attendance (Half day) 125 50 00 00 175
Conference Attendance (One day) 50 20 00 0.0 7.0
Conference Attendance (Two days) 100 40 00 0.0 140
Conference attendance sub-total 180 110 00 00 29.0 18.0 12.0 30.0
CAPD Course 9.0 15.0 105 105 45.0
CILT Module 1 00 50 00 50 100
CILT Module 2 00 50 00 50 100
Course/event attendance sub-total 9.0 250 10.5 205 65.0
External funding application <£2,000 00 00 40 40 8.0 80 40 120
Funding application sub-total 00 00 40 40 8.0
Journal Club/Reading Group/lab meeting Presentation 30 00 00 10 4.0 6.0 6.0 12.0
Giving presentations sub-total 30 00 00 1.0 4.0
Co F ion (oral/poster) 180 180 0.0 240 60.0
Course/event Attendance 00 10 00 10 20
Ethical Approval for Study - Clinical 00 00 200 00 200
Ethical Approval for Study - Non-Clinical 00 00 60 00 6.0
O ising an i 00 20 00 20 4.0
Presenting - internal to QM 20 20 00 40 8.0
Other sub-total 20.0 23.0 26.0 31.0 100.0
Mentoring/supervising of Project Student 80 40 00 80 200 8.0 4.0 8.0 20.0
Te ing 1 ing/prep. ion 0.0 150 0.0 150 30.0 15.0 15.0 30.0
Teaching sub-total 8.0 19.0 0.0 23.0 50.0
[ otal (with caps applie) | [580]7e0] 405|795 200 | | | | | |
Target 60.0 20.0 15.0 30.0 210.0
Pending Activi

Nothing found to display

Activity Record
[ Tywe ¢ Code il TWle -] Providor | From | To |Hours:| A|B+]C[D:| Total:]

24-Jan-  24-Jan-

ion Biomechanics - Lower Limb CSEM 2011 2011 25 00 12 00 12 25
14:30 17:00
31-Jan-  31-Jan-

CSEM 2011 2011 25 00 12 00 12 25
14:30 17:00

01-Nov-  29-Jun-

Teaching/demonstrating

Biomechanics - students
presentations

Mentoring/supervising a student's

Mentoring/supervising of Project Student . CSEM 2011 2012 0.0 20 10 00 20 50
grsupervisg ool project (OR) 08:00  09:00
02-Nov-  06-Mar-
. . 3 2011 2013
Conference Attendance (Half day) Attending lab meetings Dr Dylan Morrissey 0830 0830 0.0 25 10 00 0.0 35

Ethical approval - case control 08-Nov-  08-Jan-
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Ethical Approval for Study - Non-Clinical

Conference Attendance (Half day)

Conference Attendance (One day)

CAPD Course R244

Mentoring/supervising of Project Student

CAPD Course R160

Mentoring/supervising of Project Student

Conference Presentation (oral/poster)

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Conference Attendance (Half day)

CAPD Course R175

External funding application <£2,000

CAPD Course R121
CAPD Course R182
CAPD Course DELUEL25p

Conference Presentation (oral/poster)

Mentoring/supervising of Project Student

External funding application <£2,000

CAPD Course ARP1

Teaching/demonstrating/marking/preparation

CAPD Course RW202
CAPD Course R209
CAPD Course R137

Teaching/demonstrating/marking/preparation

Ethical Approval for Study - Non-Clinical

CAPD Course R243

Teaching/demonstrating/m

External funding application <£2,000

study QMUL

Attending lab meetings Dr Dylan Morrissey

CSEM-DJO Education Meeting CSEM

Cafe Scientifique The Learning Institute

Mentoring/supervising a student's

project (JC) CSEM

Writing for Publication in Refereed

Journals The Learning Institute

SMentoring/supervising a student's
project (JA) CSEM
Football Association Medical

Society conference - groin and hootaliAssogaton

Medical Society

hamstrings

Rehabilitation - lower limb CSEM
Rehabilitation - upper limb CSEM
Rehabilitation - spine CSEM
Biomechanics - spine and pelvis CSEM

ootball Association Medical Society
conference - Achilles problems in
football

ootball Association
Medical Society

PhD Induction Day 1 The Learning Institute

Boehringer Ingelheim Students Boehringer Ingelheim
Grant Foundation

Managing Your PhD The Learning Institute

Presenting Your Research to an . N
Audience (Day 1) The Learning Institute
How to use Endnote for Medicine

and the Sciences The Learning Institute

WHRI Annual Research Review

oral presentation WHRI
Mentoring/supervising a student's

project (WM) CSEM

ISB Brazil 2013 Student Travel International Society
Grant of Biomechanics

Introduction to Leadership &

Managing Teams (Day 1) The Learning Institute

Lower limb anatomy CSEM

WISE - Women in Leadership The Learning Institute

Critical Thinking The Learning Institute

Postgraduate Funding: Considering

the Alternatives The Learning Institute

Upper limb anatomy CSEM

Ethical approval - case control

study QUL

Negotiating and Influencing Skills The Learning Institute
Spine anatomy CSEM

QMUL Postrgraduate Travel Grant ~ QMUL
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Conference Attendance (Half day)

CILT Module 1

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/marking/preparation

Ethical Approval for Study - Non-Clinical

Teaching/demonstrating/marking/preparation

Teaching/demonstrating/m

External funding application <£2,000

Journal Club/Reading Group/lab meeting
Presentation

Course/event Attendance

Conference Attendance (Two days)

Conference Presentation (oral/poster)

Conference Presentation (oral/poster)

Presenting - internal to QM

Mentoring/supervising of Project Student

CILT Module 2

Mentoring/supervising of Project Student

Conference Presentation (oral/poster)

Conference Presentation (oral/poster)

Organising an event/seminar/conference

Mentoring/supervising of Project Student

Teaching/demonstrating/marking/preparation

Ethical Approval for Study - Clinical

CAPD Course A206

Teaching/demonstrating/m

Ethical Approval for Study - Clinical

Conference Attendance (Half day)

Presenting - internal to QM

Cafe Scientifique

CILT Module 1 completion

Biomechanics - lower limb

Rehabilitation - lower limb

Dance Medicine lecture

Rehabilitation - upper limb

Jo Cordy

Ll

CSEM

CSEM

CSEMM

CSEM

Ethical approval - longitudinal study QMUL

Anatomy practical: Lower limb CSEM

Dance Medicine lecture

QMPGRF Travel Grant successfully

obtained

Attending Lab Meetings

CSEM

QMUL

Dr Dylan Morrissey,
CSEM

Planning for difficult conversations LI

18th Annual Congress of European  European College of

College of Sports Science

18th Annual Congress of European
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Appendix 4

Letter of ethical approval for the observational study.

dn

wQf Queen Mary

Umvers“y Df Londo“ Queen Mary, University of London

Room E16

Queen’s Building

Queen Mary University of London
Mile End Road

London E1 4NS

Queen Mary Research Ethics Committee
Hazel Couvill

Research Ethics Administrator

Tel: +44 (0) 20 7882 2207

Email: h.covill@gmul.ac.uk
Dr Dylan Morrissey
Department of Sports Medicine
Mile End Hospital
Bancroft Road
London E1 4NS 27" October 2015

To Whom It May Concern:

Re: QMREC2011/07 — Human performance measurement — a generic ethics
application.

This is to confirm that the following study was agreed under the above ethical approval:

The biomechanical determinants of lumbo-pelvic muscle imbalance in footballers with
adductor-related groin pain.

Date of approval.
This was noted and approved on the 1% March 2012.

Yours faithfully

\ A\W\¥
Ms Elizabeth Hall — QM REC Chair. Patron: Her Majesty the Queen

Incorporated by Royal Charter as Queen Mary
and Westfield College, University of London
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Appendix 5

Approved ethical application for the observational study including the Participant

Information Sheet and the Informed Consent.

For Office Use Only:

Rec Reference ................

Date received: ...............

+
%Q)f Queen Mary

University of London

Application form — Queen Mary Research Ethics Committee

1 Nameand email address of applicant

Miss Paulina Kloskowska MSc,
Centre for Sports and Exercise Medicine, WHRI

Email: p.kloskowska@gmul.ac.uk

2 Title of study
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The biomechanical determinants of lumbo-pelvic muscle imbalance in Field Hockey

players with adductor-related groin pain.

3 Investigators

Miss Paulina Kloskowska MSc, BSc
Dr Dylan Morrissey PhD MSc MMACP MCSP

Professor Roger Woledge, Professor Emeritus of Experimental Physiology

4 Proposed timetable

Preferred start date: October 2012

Projected date of completion: September 2014

5 Other organisations involved

Professional and amateur athletes

The athletes will only be recruited once letters of approval have been granted.

6 Other REC approval

N/A

7 Nature of project e.g. undergraduate, postgraduate
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The project is a postgraduate student research for the fulfilment of an intercalated
BSc project. It will build the first part of the PhD project and develop collaboration
between the Centre for Sports and Exercise Medicine and the sports clubs. Students

who will work on this project include

e Miss Laura Middleton, BSc SEM student
e Miss Charlotte Hillary, BSc SEM student

8 Purpose of the research

The purpose of the study is to investigate muscle activation and kinematics during
simple movement tests commonly used in the assessment of subjects with chronic
groin pain and determine whether any systematic differences in
electromyographically detected muscle onsets exist in muscle activation or

movement patterns between:

a) symptomatic and non symptomatic sides
b) controls and subjects

¢) dominant and non-dominant leg

The tests to be examined are:

- One Leg Standing — the ability to stand unsupported on one leg and lift the

other leg to 90 degrees of hip flexion (Hungerford et al 03)

- Active Straight Leg Raise — the ability to lift one leg approximately 60
degrees from the supporting surface. Measurements of pain and effort are

scored for all subjects (Mens et al 99)
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- One Leg Squat — the ability to stand on one leg and perform a squat on the

supporting leg (Crossley et al. 2011)

- Bent Knee Fall Out — the ability of the subject to abduct and externally rotate
the hip joint from a position of hip and knee flexion (crook lying) (Sahrmann

08)

- other, similar, tests as indicated specific to the sport

The overall null hypothesis is that subjects with groin pain due to either articular or
muscular presentations have no difference in movement patterns or muscle timing

with respect to control subjects.

There are a range of movement or subject group alternative hypotheses including:

- that subjects with chronic groin pain will have an altered pattern of movement
on the symptomatic side compared with the non-symptomatic side

- that subjects with chronic groin pain will have an altered ratio of hip adductor
to hip abductor muscle activity compared to hormal subjects

- that subjects with chronic groin pain will have altered ratios of hip adductor to
hip extensor muscle activity

- that subjects with chronic groin pain will have an altered ratio of hip flexor to
hip extensor muscle activity

- that the effect of dominance affects the muscle activation and muscle ratio in
symptomatic subjects

Background:
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Chronic groin pain is a common problem in football code athletes. Among
professional soccer players the incidence of groin pain accounts up for 18% per year
(Homlich 2007). There are many disorders potentially responsible for that symptom,
including referred pain of thoracolumbar origin, hip arthrosis, hernia and sports
hernia (Holmich 2007), pelvic nerve entrapments (Anderson et al 2001), urological
diseases (Fon et al 2000), and many other, few of which are well investigated and

described.

According to previous studies (Holmich 2007, Verral et al 2005) one of the most
common clinical entities causing groin pain are adductor-related disorders (ARGP).
This non-specific diagnosis contains wide range of alterations affecting adductor
muscles and consequently, the adduction movement (lbrahim et al 2007). The
possible causes of ARGP include pathology of muscles, tendons, joints or bones.
The variety of probabilities potentially responsible for this syndrome continues to

present a significant diagnostic challenge (Holmich 2007, Fricker 1997).

Although there have been a number of studies trying to specify the initial cause of
ARGP (Holmich 2007, Mens et al 2006, Verral 2001), few of them focus on the effect
it has on the muscles around the groin and pelvic region. Several authors associated
a decreased hip joint range of movement (ROM) with an increased risk of ARGP
(Ibrahim et al 2007, Kettunen et al 2000, Gupta et al 2004), while others highlight the
relationship between the features of the muscles responsible for core stability (e.qg.
transversus abdominis) and pathology of adductor muscles (Mens et al 2006). The
outcomes, though, do not show significant relation in any of these studies — thus it
appears to be rational to continue research in this field, which will help to uncover

other relation between pelvic girdle muscles in ARGP.
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Morrissey et al. (in review) carried out research showing the differences between
the gluteus medius (GM) to adductor longus (AL) ratio in football players suffering
from adductor-related groin pain compared to a matched control group (Figure 1).
The data were collected during both moving and stance phase of standing hip flexion
and show a significant change of the activation ratio between examined muscles in
subjects with groin pain. The data suggests that there may be a common pattern
concerning the electromyographic determinants in patients suffering and recovering
from groin pain, which shows a significant decrease of GM:AL ratio in patients
suffering from groin pain. Further analysis shows it is mainly due to a significant

decrease of GM activation.

However, these outcomes have not been analysed in comparison to the kinematic
determinants of the analysed movements. As well as EMG results, kinematic
outcomes are also expected to show differences between participants with ARGP

and healthy controls.
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Figure 1: The ratio of GM:AL activity (mV) of injured and uninjured sides in ARGP patients

and controls.

During these studies a number of data concerning ARGP will be collected. They will
help to develop a quantifiable clinical test procedure and associated database to
diagnose and assess the muscle imbalance occurring in ARGP. The outcomes
would not only be useful to plan the accurate rehabilitation and proper treatment of
this group of patients, but would also provide new insight into the mechanisms

underlying ARGP.
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9 Study design, methodology and data analysis

Each potential participant will be provided with a consent form, information sheet and

an explanation of the procedure before participating in the study.

Each subject will be asked to complete a written screening questionnaire to define
their lower back, pelvic and groin injury status that has impacted on their ability to
train or play in the last twelve months. The questionnaire will comprise of two parts;

characterisation of participants and self-reported injury history.

Characterisation includes:

Biological data - age, age at puberty, height, weight

Sporting career — age at which commenced specialist sport, amount of playing /

practice time, position played, level of competition.
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Injury will be defined as any pain or dysfunction in the anterior hip and groin region,
of at least 1 month’s duration, that impacted the ability to do physical activity during
the study period and/or the last twelve months. Each sportsman/ woman will include
a description and location of the injury and will be required to indicate their injury
location on a body chart (attached). The duration of symptoms must have been at

least 1 month.

It is at this point that consent will be taken and the questionnaire gone through with

the subject. At this time, additional data will be collected on:

- Family history

- Pastmedical history

- Playing load — past / preseason / current

- Injury — onset / presence of prodromic symptoms
- Pain area and behaviour

A physical examination will then be undertaken to determine appropriate inclusion
criteria as well as other associated features that may identify subgroups in analysis

of the data. This will include:

- Spinal range of motion and manual segmental examination
- Hip joint range of motion and pain provocation tests

- SIJ Kinetic tests

- Isometric hip adduction force and symptom provocation

- Thomas test — muscle length and strength

- Squeeze test — resisted adduction (0 / 60 / 90 degrees of hip flexion)
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- Unilateral Resisted Abduction test (30 degrees of hip flexion)
- Bilateral Resisted Abduction test (30 degrees of hip flexion)
- Palpation of the adductor tendons / pubic insertion

- SIJ passive motion analysis

- Response to ASLR

- Hip quadrant testing

- Labral “grind” test

Subjects will then undergo motion analysis measurements using non-invasive 3-
dimensional infra-red cameras (Codamotion cx1, Charnwood Dynamics,
Loughborough, UK) and force plates (Kistler, USA) - using standard marker
placement protocols for the spine, pelvis and lower limb. In addition to motion
analysis, electromyographic (EMG) readings will be taken using the wireless surface
EMG device (Noraxon Telemyo 2400T, Scottsdale, Arizona, USA) of the following

muscles :

- Hip adductors - 2 channels — Adductor longus and magnus
- Gluteus medius

- Gluteus maximus

- Abdominals — external oblique

- Rectus femoris

- Biceps femoris

Testing will take place in the Human Performance Laboratory at QMUL and should

take no longer than 90 minutes. Only one test per participant will be required.

298




Simultaneous measurements of muscle strength will also be made using a hand held

dynamometer.

Data analysis

Based on the results of the questionnaire and the physical examination, two sub-
groups will be defined : one with a presentation of chronic groin pain of soft tissue

origin and a control group. Controls will be age, height and activity matched.

Analysis of collected data for defined sub-groups will be done using a mathematical

model written in MatLAb (Mathworks, USA).

Statistical analysis

The data will be assessed for normality and appropriate group comparison analysis
undertaken accordingly. The power of the study will be 80% with statistical

significance setat p < 0.05.

10 Participants to be studied

Number of participants — approximately 10 in each group

Lower age limit — 18
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Upper age limit — 70

Sample Size

Based on the study by Cowan et al (2004) showing a difference in abdominal muscle
activation of 45ms with a pooled standard deviation of 30ms, a sample size of 14 at
a power of 80% and alpha error level of 5% is required in each group. We have
allowed for an extra 6 subjects in case of data loss, unexpected sub-groups and to

detect smaller significant differences.

11 Selection criteria

These inclusion / exclusion criteria reflect those used in previous studies examining

potential mechanisms for chronic groin pain (Cowan et al 04, Holmich et al 99)

Chronic groin pain group

Inclusion criteria

e 18 yr of age or older
Playing elite- or sub elite-level sport
e Activity-related, insidious onset groin pain that has been present for at least 4
weeks.
At least two of

1. Tenderness on palpation of either the adductor tendons, their insertion onto
the pubic bone, or the pubic symphysis

2. Presence of groin pain during active hip adduction against resistance at the
time of assessment —squeeze test

3. Presence of groin pain during active hip flexion against resistance at the time
of assessment
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Presence of groin pain during passive hip abduction (stretch)
Presence of groin pain during passive hip extension (stretch)
Labral grind test positive

Flexion adduction (FAbER) test positive

Proven muscular pathology on previously completed imaging tests

Exclusion criteria

Groin pain that commenced as a result of an acute incident without prodromic

symptoms

Groin pain that commenced as a result of the articular pathology
Surgery to the lower abdominal, hip or groin region

Frank inguinal hernia

Lumbar pain that predominates on physical examination
Neurological symptoms

Systemic disease

Significant psychological condition

Control group

Inclusion criteria

Over 18 years of age
Playing elite- or sub elite-level sport

Exclusion criteria

History of groin pain

Surgery to their lower abdominal, hip, or groin region, or a frank inguinal
hernia

History of lumbar pain in the past year

Neurological symptoms

Systemic disease

Significant psychological condition

12 Recruitment (including incentives and compensation)
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Participants will be approached indirectly through an advert provided by email to the
medical staff of various sports clubs. The medical staff at various clubs will have full
details of the study and will have consented to provide this information to their

academy teams.

The advert will include details of the research project; its purpose, objective and that
participants are required. The advert will reflect the affiliation with QMUL and that the
study has the full backing of the football clubs. This advert will be subject to

consideration by Dr Morrissey prior to use.

Medical staff at the clubs will be asked to discuss the study with players and
provide them with an information sheet detailing the study and the
requirements of each participant, along with a consent form.

A contact telephone number will also be enclosed so that any questions or
queries potential participants might have can be addressed through a follow
up telephone interview with Dr Dylan Morrissey or Paulina Kloskowska.

If a player is happy to participate, details will be collected by the club’s
medical staff or Paulina Kloskowska. It is anticipated that a group of players
will be tested at similar times and in the presence of the club physiotherapy
staff. Consent will be documented at the time of testing.

Travelling expenses to a maximum of ten pounds per person will be given.
The assessments will all be undertaken at the HPL, QMUL. As an incentive,
each participant and their medical team will be offered an explanation of the
findings. No financial or other reward will be given to participants.

13 Ethical considerations and risks to participants

The main ethical issue will be the need to ensure voluntary participation from
acaedemy players within a club environment. As the clubs will not be
incentivised in any way to participate, itis not anticipated that any form of
coercion will occur.

The need to remove sufficient clothing to attach the motion markers to the
torso and legs is also another consideration. In order for the EMG electrode
pads to be well-adhered, small areas of the skin will need to be shaved and
cleaned. Privacy in the data collection areas will be maximised and subjects
will be encouraged to bring suitable clothing. The presence of the club’s
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physiotherapy staff should also ensure that players are confident in the
testing being undertaken.

Full and informed consent will be obtained from each participant before
entering the study. The participant will be given an information sheet detailing
what the study entails and what is required of the participant. This will also be
reiterated in person with the opportunity to ask any questions about the
project.

Each participant will be protected from harm or injury with all measurements
being undertaken in a controlled manner.

Each participant will have the right to withdraw from the research at any time,
and for whatever reason.

14 Confidentiality, anonymity, and data storage

Each participant's confidentiality and privacy will be assured by the use of a
code which will be characterized by each participant’s initials and the date of
the test. Each participant will be allocated their code on consenting to the
study and each coded participant will also have the date that the assessment
will be undertaken. This will ensure each participant’s anonymity. Only the
QMUL research team involved in the investigation will have access to the
corresponding name/number data and any other personal information, which
will be securely held on a separate server, requiring a password. The data will
be securely stored, easily retrievable and well indexed.

Sensitive data will be stored on password protected server databases to which only
the investigators will have access too, all such data will be handled in accordance

with the provisions of the Data protection Act 1998.

15 Information for participants

Headed Paper

REC Protocol Number...............
YOU WILL BE GIVEN A COPY OF THIS INFORMATION SHEET

We would like to invite you to participate in this research project. You should
only participate if you want to; choosing not to take part will not disadvantage
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you in any way. Your decision will not affect your access to treatment or
services. Before you decide whether you want to take part, itis important for
you to understand why the research is being done and what your participation
will involve. Please take time to read the following information carefully and
discuss it with others if you wish. Ask us if there is anything that is not clear or
if you would like more information. If you do decide to take part, please let us
know beforehand if you have been involved in any other study during the last
year.

If you volunteer to take part you will be invited to meet the study team at the
Human Performance Laboratory, Queen Mary's University of London. After
answering any questions you may have, you will be asked to fill in a
guestionnaire. The first part will ask for you for personal details such as age,
height, weight, other sporting activities past and present and amount of
playing time. The second part will deal with self-reported injury, particularly
pain or injury in the groin area.

A short physical examination will be undertaken to determine your suitability
to participate.

We will then attach several electrodes that will be used to measure the
electrical activity in your muscles. These electrodes do not carry any
electricity into your body. These electrodes are self adhesive and designed to
stick to skin and be removed easily and painlessly.

This will be followed by the application of 20 small infra-red motion sensors to
your trunk and legs with medical grade double sided sticky tape. This will
require you to wear clothing that reveals the skin of the lumbar spine,
shoulder blades and legs. A pair of close fitting shorts would be ideal. We can
provide these if necessary.

We will then make some measurements of your movement patterns during
several movement tasks while standing or lying on a force plate that
measures weight transfer. The total time required to attach markers and
marker boxes and to measure the movement should be about one hour.

We do not anticipate any risk or discomfort by participating in this study. In
order to participate in the study you will be asked to meet certain study
inclusion/exclusion criteria.

If you participate in this study you will be given an identification number and
so will remain completely anonymous throughout. All personal information
linking you to this number will be kept separately and stored securely on a
database server to which only | will have access to. All information will be
handled in accordance with the provisions of the data protection act 1998 and
your confidentiality assured.

My correspondence details are included in this application if you wish to
contact me, to obtain further details or to ask any questions regarding the
study:
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Paulina Kloskowska
p.kloskowska@qgmul.ac.uk 07428147932
Centre for Sport and Exercise Medicine
Mile End Hospital

Bancroft Road

LONDON E14DG

Alternatively, you can contact:

Dr Dylan Morrissey

Centre for Sport and Exercise Medicine

Mile End Hospital

Bancroft Road

LONDON E14DG

And on d.morrissey@gmul.ac.uk 02082238839

16 Consent

Please complete this form after you have read the Information Sheet and/or listened

to an explanation about the research.

Title of Study: The biomechanical determinants of lumbo-pelvic muscle imbalance in

footballers with adductor-related groin pain.

Queen Mary Research Ethics Committee Ref:

« Thank you for considering taking part in this
research. The person organizing the research must
explain the project to you before you agree to take
part.

* If you have any questions arising from the
Information Sheet or explanation already given to you,
please ask the researcher before you decide whether
to join in. You will be given a copy of this Consent
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Form to keep and refer to at any time.

* lunderstand that if | decide at any other time
during the research that I no longer wish to participate
in this project, | can notify the researchers involved
and be withdrawn from it immediately.

* | consent to the processing of my personal
information for the purposes of this research study. |
understand that such information will be treated as
strictly confidential and handled in accordance with
the provisions of the Data Protection Act 1998.

Participant’s Statement:

I agree that the
research project named above has been explained to me to my satisfaction
and | agree to take part in the study. | have read both the notes written
above and the Information Sheet about the project, and understand what
the research study involves.

Signed: Date:
Investigator’s Statement:

I confirm that | have
carefully explained the nature, demands and any foreseeable risks (where
applicable) of the proposed research to the volunteer.

Signed: Date:

17 Signature of applicant and authorising signatories.
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Appendix 6

Letter of ethical approval for the longitudinal study.

dn

wQf Queen Mary

Umvers“y Df Londo“ Queen Mary, University of London

Room E16

Queen’s Building

Queen Mary University of London
Mile End Road

London E1 4NS

Queen Mary Research Ethics Committee
Hazel Couvill

Research Ethics Administrator

Tel: +44 (0) 20 7882 2207

Email: h.covill@gmul.ac.uk
Dr Dylan Morrissey
Department of Sports Medicine
Mile End Hospital
Bancroft Road
London E1 4NS 27" October 2015

To Whom It May Concern:

Re: QMREC2011/07 — Human performance measurement — a generic ethics
application.

This is to confirm that the following study was agreed under the above ethical approval:

The biomechanical determinants of lumbo-pelvic muscle imbalance in athletes after adductor
strain injury along the process of rehabilitation — a longitudinal study.

Date of approval.
This was noted and approved on the 18" February 2013.

Yours faithfully

\ A\W\¥
Ms Elizabeth Hall — QM REC Chair. Patron: Her Majesty the Queen

Incorporated by Royal Charter as Queen Mary
and Westfield College, University of London
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Appendix 7

Approved ethical application for the longitudinal study including the Participant Information

Sheet and the Informed Consent.

For Office Use Only:

Rec Reference ................

Date received: ...............

&
%Qf Queen Mary

University of Londan

Application form — Queen Mary Research Ethics Committee

1 Nameand email address of applicant

Miss Paulina Kloskowska MSc,
Centre for Sports and Exercise Medicine, WHRI

E-mail: p.kloskowska@qgmul.ac.uk

2 Title of study
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The biomechanical determinants of lumbo-pelvic muscle imbalance in athletes after

adductor strain injury along the process of rehabilitation — a longitudinal study.

3 Investigators

Miss Paulina Kloskowska MSc, BSc
Dr Dylan Morrissey PhD MSc MMACP MCSP
Professor Roger Woledge, Professor Emeritus of Experimental Physiology

Centre for Sports and Exercise Medicine, Queen Mary University of London

4 Proposed timetable

Preferred start date: January 2013

Projected date of completion: Sept 2015

5 Other organisations involved

Saracens RUFC, Harlequins RUFC and other sports clubs

Subjects from each of these groups will only be recruited once letters of approval

have been granted.

6 Other REC approval

N/A

7 Nature of project e.g. undergraduate, postgraduate
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The project is part of a PhD project. Students who will work on this project include

e Mr Waleed Moussa, BSc SEM student, Centre for Sports and Exercise
Medicine, Queen Mary University of London

8 Purpose of the research

The purpose of the study is to investigate muscle activation and kinematics over a
period of rehabilitation process during simple movement tests in subjects with acute
groin pain and determine whether any systematic differences in
electromyographically detected muscle onsets exist in muscle activation or

movement patterns between:

a) symptomatic and non symptomatic sides
b) controls and subjects

¢) dominant and non-dominant leg

d) different phases of rehabilitation process

The tests to be examined are:

- One Leg Standing — the ability to stand unsupported on one leg and lift the

other leg to 90 degrees of hip flexion (Hungerford et al 03)

- Active Straight Leg Raise — the ability to lift one leg approximately 60
degrees from the supporting surface. Measurements of pain and effort are

scored for all subjects (Mens et al 99)

- One Leg Squat — the ability to stand on one leg and perform a squat on the

supporting leg (Crossley et al. 2011)
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- Bent Knee Fall Out — the ability of the subject to abduct and externally rotate
the hip joint from a position of hip and knee flexion (crook lying) (Sahrmann

98)
-concentric and eccentric hip adduction and abduction

- other, similar, tests as indicated specific to the sport

The overall null hypothesis is that subjects with groin pain due to either articular or
muscular presentations have no difference in movement patterns or muscle timing

with respectto control subjects in any phase of rehabilitation process.

There are a range of movement or subject group alternative hypotheses including:

- that subjects with acute groin pain will have an altered pattern of movement
on the symptomatic side compared with the non-symptomatic side

- that subjects with acute groin pain will have an altered ratio of hip adductor to
hip abductor muscle activity compared to normal subjects

- that subjects with acute groin pain will have altered ratios of hip adductor to
hip extensor muscle activity

- that subjects with acute groin pain will have an altered ratio of hip flexor to hip
extensor muscle activity

- that the effect of dominance affects the muscle activation and muscle ratio in
symptomatic subjects

- that the muscle activation and kinematic patterns are different on a different
stages of rehabilitation after adductor injury

Background:

Long-standing adduction-related groin pain (LSARGP) is a common problem in

football code athletes. Among professional soccer players the incidence of groin pain

accounts up for 18% per year (Homlich 2007). There are many disorders potentially
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responsible for that symptom, including referred pain of thoracolumbar origin, hip
arthrosis, hernia and sports hernia (Holmich 2007), pelvic nerve entrapments
(Anderson et al 2001), urological diseases (Fon et al 2000), and many other, few of

which are well investigated and described.

According to previous studies (Holmich 2007, Verral et al 2005) one of the most
common clinical entities causing groin pain are adductor-related disorders (ARGP).
This non-specific diagnosis contains wide range of alterations affecting adductor
muscles and consequently, the adduction movement (lbrahim et al 2007). The
possible causes of LSARGP include pathology of muscles, tendons, joints or bones.
The variety of probabilities potentially responsible for this syndrome continues to

present a significant diagnostic challenge (Holmich 2007, Fricker 1997).

Although there have been a number of studies trying to specify the initial cause of
LSARGP (Holmich 2007, Mens et al 2006, Verral 2001), few of them focus on the
effect it has on the muscles around the groin and pelvic region. Several authors
associated a decreased hip joint range of movement (ROM) with an increased risk of
ARGP (lbrahim et al 2007, Kettunen et al 2000, Gupta et al 2004), while others
highlight the relationship between the features of the muscles responsible for core
stability (e.g. transversus abdominis) and pathology of adductor muscles (Mens et al
2006). The outcomes, though, do not show significant relation in any of these studies
—thus it appears to be rational to continue research in this field, which will help to

uncover other relation between pelvic girdle muscles in LSARGP.

One of the mainrisk factors for LSARGP in athletes is a former acute injury to the

adductor muscles (Engenretsen et al. 2010).
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Morrissey et al. (2012) carried out research showing the differences between the
gluteus medius (GM) to adductor longus (AL) ratio in football players suffering from
adductor-related groin pain compared to a matched control group (Figure 1). The
data were collected during both moving and stance phase of standing hip flexion and
show a significant change of the activation ratio between examined muscles in
subjects with groin pain. The data suggests that there may be a common pattern
concerning the electromyographic determinants in patients suffering and recovering
from groin pain, which shows a significant decrease of GM:AL ratio in patients
suffering from groin pain. Further analysis shows it is mainly due to a significant

decrease of GM activation.

However, these outcomes have not been analysed in comparison to the kinematic
determinants of the analysed movements. As well as EMG results, kinematic
outcomes are also expected to show differences between participants with ARGP

and healthy controls.
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Figure 1: The ratio of GM:AL activity (mV) of injured and uninjured sidesin ARGP patients

and controls.

During this study a lot of data concerning acute adductor injury will be collected.
They will help to complete our knowledge about the muscular changes in groin
injuries. These data will allow us not only to complete the knowledge about the
general muscle healing process, but will give us a clear picture of athlete’s gradual
return to health. We expect to find out why some particular groups of athletes fail to
recover after such injuries. Based on the athletes’ individual findings we will be
provided with a clinical tool so that we can give targeted and individualised

rehabilitation prescriptions.
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9 Study design, methodology and data analysis

Each potential participant will be provided with a consent form, information sheet and

an explanation of the procedure before participating in the study.

Each subject will be asked to complete a written screening questionnaire to define
their lower back, pelvic and groin injury status that has impacted on their ability to
train or play. The questionnaire will comprise of two parts; characterisation of

participants and self-reported injury history.

Characterisation includes:
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Biological data - age, age at puberty, height, weight

Sporting career — age at which commenced specialist sport, amount of playing /

practice time, position played, level of competition.

Injury will be defined as an acute adductor longus muscle strain (grade 1,1l or Il
diagnosed by the team physiotherapist or a team physician and impacts the ability to
do physical activity. Each sportsman/woman will include a description and location of
the injury and will be required to indicate their injury location on a body chart

(attached).

It is at this point that consent will be taken and the questionnaire gone through with

the subject. At this time, additional data will be collected on:

- Family history

- Pastmedical history

- Playing load — past / preseason / current

- Injury —onset / presence of prodromic symptoms
- Pain area and behaviour

A physical examination will then be undertaken to determine appropriate inclusion
criteria as well as other associated features that may identify subgroups in analysis

of the data. This will include:
- Hip joint range of motion and pain provocation tests
- S Kinetic tests

- Isometric hip adduction force and symptom provocation
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- Thomas test — muscle length and strength

- Squeeze test — resisted adduction (0 / 60 / 90 degrees of hip flexion)

- Unilateral Resisted Abduction test (30 degrees of hip flexion)

- Bilateral Resisted Abduction test (30 degrees of hip flexion)

- Palpation of the adductor tendons, adductor muscles and pubic insertion
- SIJ passive motion analysis

- Responseto ASLR

- Hip quadrant testing

- Labral “grind” test

- ultrasound investigation

Subjects will then undergo concentric and eccentric peak torque measurements and
motion analysis measurements using non-invasive 3-dimensional infra-red cameras
(Codamotion cx1, Charnwood Dynamics, Loughborough, UK) and force plates

(Kistler, USA) - using standard marker placement protocols for the spine, pelvis and
lower limb. In addition to motion analysis, electromyographic (EMG) readings will be
taken using the wireless surface EMG device (Noraxon Telemyo 2400T, Scottsdale,

Arizona, USA) of the following muscles :

- Hip adductors - 2 channels — Adductor longus and magnus
- Gluteus medius

- Gluteus maximus

- Abdominals — external oblique

- Rectus femoris

- Biceps femoris
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Testing will take place in the Human Performance Laboratory at QMUL and should

take no longer than 120 minutes.

Simultaneous measurements of muscle strength will also be made using a hand held

dynamometer.
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Data analysis

Based on the results of the questionnaire and the physical examination, two sub-
groups will be defined: one with a presentation of acute groin pain of soft tissue

origin and a control group. The sub-group of participants will be tested 4 times:

Shortly after injury (maximum 5 days)
3 weeks after first test
6 weeks after first test
9 weeks after first test

Controls will be age, height and activity matched and will only be tested once.




Analysis of collected data for defined sub-groups will be done using a mathematical

model written in MatLAb (Mathworks, USA).

Statistical analysis

The data will be assessed for normality and appropriate group comparison analysis
undertaken accordingly. The power of the study will be 80% with statistical

significance setat p < 0.05.

Attached to the application is a flowchart of the study (Attachment 1).

10 Participants to be studied

Number of participants — approximately 15 symptomatic players and 10

asymptomatic players to build a control group.

Lower age limit — 18

Upper age limit— 70

11 Selection criteria

Acute adductor longus injury
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Inclusion criteria

e 18 yr of age or older

e Playing elite- or sub elite-level sport
Activity-related, acute onset groin pain that has been diagnosed as adductor
strain (grade I, Il or lll) confirmed by ultrasound imaging and/or MRI scan

Control group
Inclusion criteria

e Over 18 years of age
e Playing elite- or sub elite-level sport

Exclusion criteria

e History of groin pain or acute groin injury

Surgery to their lower abdominal, hip, or groin region, or a frank inguinal
hernia

History of prolonged lumbar pain in the past year

Lumbar pain during examination

Neurological symptoms

Systemic disease

Significant psychological condition

12 Recruitment (including incentives and compensation)

Participants will be approached indirectly through an advert provided by email to the
medical staff of various football clubs. The medical staff at various clubs will have full
details of the study and will have consented to provide this information to their

academy teams.
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The advert will include details of the research project, its purpose, objective and that
participants are required. The advert will reflect the affiliation with QMUL and that the
study has the full backing of the football clubs. This advert will be subject to

consideration by Dr Morrissey prior to use.

Medical staff at the clubs will be asked to discuss the study with players and
provide them with an information sheet detailing the study and the
requirements of each participant, along with a consent form.

A contact telephone number will also be enclosed so that any questions or
queries potential participants might have can be addressed through a follow
up telephone interview with Dr Dylan Morrissey or Paulina Kloskowska.

If a player is happy to participate details will be collected by the club’s medical
staff or Paulina Kloskowska. It is anticipated that a group of players will be
tested at similar times and in the presence of the club physiotherapy staff.
Consent will be documented at the time of testing.

Travelling expenses to a maximum of ten pounds per person will be given.
The assessments will all be undertaken at the HPL, QMUL. As an incentive,
each participant and their medical team will be offered an explanation of the
findings. No financial or other reward will be given to participants.

13 Ethical considerations and risks to participants

The main ethical issue will be the need to ensure voluntary participation from
players within a club environment. As the clubs will not be incentivised in any
way to participate, it is not anticipated that any form of coercion will occur.

The need to remove sufficient clothing to attach the motion markers to the
torso and legs is also another consideration. In order for the EMG electrode
pads to be well adhered, small areas of the skin will need to be shaved and
cleaned. Privacy in the data collection areas will be maximised and subjects
will be encouraged to bring suitable clothing. The presence of the club’s
physiotherapy staff should also ensure that players are confident in the
testing being undertaken.

Full and informed consent will be obtained from each participant before
entering the study. The participant will be given an information sheet detailing
what the study entails and what is required of the participant. This will also be
reiterated in person with the opportunity to ask any questions about the
project.

Each participant will be protected from harm or injury with all measurements
being undertaken in a controlled manner. Participants will be encouraged to
avoid potentially painful movements or range of motion.
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Each participant will have the right to withdraw from the research at any time,
and for whatever reason.

14 Confidentiality, anonymity, and data storage

Each participant's confidentiality and privacy will be assured by the use of a
code which will be characterized by each participant’s initials and the date of
the test. Each participant will be allocated their code on consenting to the
study and each coded participant will also have the date that the assessment
will be undertaken. This will ensure each participant’s anonymity. Only the
QMUL research team involved in the investigation will have access to the
corresponding name/number data and any other personal information, which
will be securely held on a separate server, requiring a password. The data will
be securely stored, easily retrievable and well indexed.

Sensitive data will be stored on password protected server databases to which only
the investigators will have access too, all such data will be handled in accordance

with the provisions of the Data protection Act 1998.

15 Information for participants

Headed Paper

REC Protocol Number...............

YOU WILL BE GIVEN A COPY OF THIS INFORMATION SHEET

We would like to invite you to participate in this research project. You should
only participate if you want to; choosing not to take part will not disadvantage
you in any way. Your decision will not affect your access to treatment or
services. Before you decide whether you want to take part, itis important for
you to understand why the research is being done and what your participation
will involve. Please take time to read the following information carefully and
discuss it with others if you wish. Ask us if there is anything that is not clear or
if you would like more information.

If you volunteer to take part you will be invited to meet the study team at the
Human Performance Laboratory, Queen Mary’s University of London. After
answering any questions you may have, you will be asked to fill in a

guestionnaire. The first part will ask for you for personal details such as age,
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height, weight, other sporting activities past and present and amount of
playing time. The second part will deal with self-reported injury, particularly
pain or injury in the groin area.

A short physical examination will be undertaken to determine your suitability
to participate.

We will then attach several electrodes that will be used to measure the
electrical activity in your muscles. These electrodes do not carry any
electricity into your body. These electrodes are self adhesive and designed to
stick to skin and be removed easily and painlessly.

After that you will be asked to perform a couple of movements and the force
of these movement will be measured. This will be obtained by attaching your
leg to the special machine, which is able to measure the strength of the
movement.

This will be followed by the application of 20 small infra-red motion sensors to
your trunk and legs with medical grade double sided sticky tape. This will
require you to wear clothing that reveals the skin of the lumbar spine,
shoulder blades and legs. A pair of close fitting shorts would be ideal. We can
provide these if necessary.

We will then make some measurements of your movement patterns during
several movement tasks while standing or lying on a force plate that
measures weight transfer. The total time required to attach markers and
marker boxes and to measure the movement should be about one hour.

We do not anticipate any risk or discomfort by participating in this study. You
will be encouraged to avoid any movements that may reproduce your pain or
make it worse. In order to participate in the study you will be asked to meet
certain study inclusion/exclusion criteria.

If you participate in this study you will be given an identification number and
so will remain completely anonymous throughout. All personal information
linking you to this number will be kept separately and stored securely on a
database server to which only | will have access to. All information will be
handled in accordance with the provisions of the data protection act 1998 and
your confidentiality assured.

My correspondence details are included in this application if you wish to
contact me, to obtain further details or to ask any questions regarding the
study:

Paulina Kloskowska

p.kloskowska@qmul.ac.uk 07428147932

Centre for Sport and Exercise Medicine

Mile End Hospital

Bancroft Road

LONDON E14DG

Alternatively, you can contact:
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Dr Dylan Morrissey

Centre for Sport and Exercise Medicine

Mile End Hospital

Bancroft Road

LONDON E1 4DG

And on d.morrissey@gmul.ac.uk 02082238839

16 Consent

Please complete this form after you have read the Information Sheet and/or listened

to an explanation about the research.

Title of Study: The biomechanical determinants of lumbo-pelvic muscle imbalance in

footballers with adductor-related groin pain.

Queen Mary Research Ethics Committee Ref:

. Thank you for considering taking part in this research. The
person organizing the research must explain the project to you before you
agree to take part.

. If you have any questions arising from the Information Sheet or
explanatlon already given to you, please ask the researcher before you
decide whether to join in. You will be given a copy of this Consent Form to
keep and refer to at any time.

. I understand that if | decide at any other time during the
research that 1 no longer wish to participate in this project, | can notify the
researchers involved and be withdrawn from it immediately.

. | consent to the processing of my personal information for the
purposes of this research study. | understand that such information will be
treated as strictly confidential and handled in accordance with the provisions
of the Data Protection Act 1998.
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Participant’s Statement:

I agree that the
research project named above has been explained to me to my satisfaction
and | agree to take part in the study. | have read both the notes written
above and the Information Sheet about the project, and understand what
the research study involves.

Signed: Date:
Investigator’s Statement:

I confirm that | have
carefully explained the nature, demands and any foreseeable risks (where
applicable) of the proposed research to the volunteer.

Signed: Date:

17 Signature of applicant and authorising signatories.

328




Appendix 8

Inclusion and exclusion criteriaform for the observational study.

FORM A

Code:

Age:

Height:

Weight:

Dominant leg:

Symptomatic leg:

Level of competition now played:

Current/recent symptoms:

Please mark the area of your symptoms on the body chart attached on the last
page.

How long have these symptoms been present / were they present for?

Describe how these symptoms started

Have you had any treatment for this condition? Please explain.
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Have you had any investigations for this condition? Please explain.

PART I: Inclusion criteria

1. Tenderness on palpation:

a. Adductor tendon

b. Adductor insertion to pubic bone

o

Pubic symphysis

o

. liopsoas muscle

2. Presence of groin pain during active hip adduction against resistance at
the time of assessment

3. Presence of groin pain during active hip flexion against resistance at
the time of assessment

4. Presence of groin pain during passive hip abduction (stretch)

5. Presence of groin pain during passive hip extension (stretch)
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6. Squeeze test positive (0°, 60° or 90° of flexion)

7. Proven muscular pathology on imaging tests

PART IlI: Exclusion criteria

1. Groin pain that commenced as a result of the articular pathology

2. Surgery to the lower abdominal, hip or groin region

3. Frank inguinal hernia

4. Lumbar pain that predominates on physical examination

5. Neurological symptoms

6. Systemic disease

8. Labral grind test positive

9. Flexion adduction (FAbER) test positive

7. Significant psychological condition
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Appendix 9

Inclusion and exclusion criteriaform for the longitudinal study: first testing occasion.

FORM A

Code:

Age:

Height:

Weight:

Dominant leg:

Symptomatic leg:

Level of competition now played:

Current/recent symptoms:

Please mark the area of your symptoms on the body chart attached on the last
page.

How long have these symptoms been present / were they present for?

Describe how these symptoms started

Have you had any treatment for this condition? Please explain.
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Have you had any investigations for this condition? Please explain.

PART I: Inclusion criteria

1. Tenderness on palpation:

d. Adductor tendon

e. Adductor insertion to pubic bone

f. Pubic symphysis

d. liopsoas muscle

2. Presence of groin pain during active hip adduction against resistance at
the time of assessment

3. Presence of groin pain during active hip flexion against resistance at
the time of assessment

4. Presence of groin pain during passive hip abduction (stretch)

5. Presence of groin pain during passive hip extension (stretch)
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6. Squeeze test positive (0°, 60° or 90° of flexion)

7. Proven muscular pathology on imaging tests

PART IlI: Exclusion criteria

1. Groin pain that commenced as a result of the articular pathology

2. Surgery to the lower abdominal, hip or groin region

3. Frank inguinal hernia

4. Lumbar pain that predominates on physical examination

5. Neurological symptoms

6. Systemic disease

8. Labral grind test positive

9. Flexion adduction (FAbER) test positive

7. Significant psychological condition
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Appendix 10

Inclusion and exclusion criteriaform for the longitudinal study: subsequent testing

occasions.

FORM A (subsequent testing)

Code:

1. Tenderness on palpation:

g. Adductor tendon

h. Adductor insertion to pubic bone

i. Pubic symphysis

d. lliopsoas muscle

2. Presence of groin pain during active hip adduction against resistance at
the time of assessment

3. Presence of groin pain during active hip flexion against resistance at
the time of assessment

4. Presence of groin pain during passive hip abduction (stretch)
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5. Presence of groin pain during passive hip extension (stretch)

6. Squeeze test positive (0°, 60° or 90° of flexion)
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Appendix 11

Inclusion and exclusion criteriaform for the control participants in observational and

longitudinal studies.

FORM B

Code:

Age:

Height:
Weight:
Dominant leg:

Level of competition now played:

1. History of groin pain

2. Surgery to their lower abdominal, hip, or groin region, or a frank
inguinal hernia

3. History of lumbar pain in the past year

4. Neurological symptoms
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5. Systemic disease
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Appendix 12

Combine stats GUI — a custom-made MatLab program to statistically analyse the dataforthe

observational and longitudinal studies.

function varargout = CombineStatsGUI (varargin)

Beginning of the GUI initialization code

gui Singleton = 1;
gui State = struct('gui Name', mfilename,
'gui Singleton', gui Singleton,
'gui OpeningFcn', @CombineStatsGUI OpeningFcn,
'gui OutputFcn', @CombineStatsGUI OutputFcn,
'gui_ LayoutFcn', 1,
'gui_ Callback', (1)
if nargin && ischar (varargin)
gui State.gui Callback = str2func(varargin);
end

if nargout

[varargoutl:nargout] = gui mainfcn(gui_ State, varargin{:});
else

gui mainfcn(gui State, varargin{:});
end

End of the GUI initialization code
Opening the interface

function CombineStatsGUI OpeningFcn (hObject, eventdata, handles,
varargin)

handles.output = hObject;

guidata (hObject, handles);

function varargout = CombineStatsGUI OutputFcn (hObject, eventdata,
handles)
varargout{l} = handles.output;

Choosing the desired comparisons from a drop-down
menu available in the GUI

function Subjectl Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Movementl Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Legl Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Segmentl Callback (hObject, eventdata, handles)
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MakeSet (hObject, handles)

function Time Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Sitel Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Subject2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Movement2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Leg2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Site2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Site3 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Leg3 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Movement3 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Subject3 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Musclel Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Muscle2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function IsSubtract Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Sourcel Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Source2 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Source3 Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function IsRatio_ Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function IsLog Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function Contra Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

function AvSub_ Callback (hObject, eventdata, handles)
function AvMov_ Callback (hObject, eventdata, handles)
function AvLeg Callback (hObject, eventdata, handles)
function AvSite Callback (hObject, eventdata, handles)
function AvTim Callback (hObject, eventdata, handles)
function AvSource Callback (hObject, eventdata, handles)
function Participant Callback (hObject, eventdata, handles)
function ReportFile Callback (hObject, eventdata, handles)

Reading the data

function SourceA Callback (hObject, eventdata, handles)
sourcefileA=get (handles.SourceA, 'String'):;

[XLNum XLtxt] = xlsread(sourcefileA, 'AllData', 'A1l0:W3000"');
Logic=XLNum(:,1:20); rrlg=length (Logic) ;

XLNum = xlsread(sourcefileA, 'AllData', 'D10:FD3000");
XLNum=XLNum(:,21:end) ;
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[rr,cc]l=size (XLNum); Data=NaN*ones(rrlg,200); Data(l:rr,l:cc)=XLNum;
Data=reshape (Data, [rrlg 20 10]);

data=Data(:,14:15,:);

disp(length (find(data<5E-5)))

data (data<5E-5)=NaN; Data(:,14:15, :)=data;

disp(length (find(data<5E-5)))

XLNum = xlsread(sourcefileA, 'AllData', 'D10:NV3000");
XLNum=XLNum(:, 284 :end) ;

[rr,ccl=size (XLNum); DataK=NaN*ones (rrlg,100); DataK(l:rr,l:cc)=XLNum;

DataK=reshape (DatakK, [rrlg 20 5]);
DataK(:,:,1:2:9)=DataK(:,:,:);
DataK(:,:,2:2:8)=DataK(:,:,3:2:9)-DataK(:,:,1:2:7);
handles.SegDat=Datak;
handles.EMGDat=Data(:,4:20,:);
handles.FileNames=XLtxt (:,2);
SportsGroup=XLtxt(:,1);
handles.isPat=strcmp ('Pat', SportsGroup) ;
handles.isAm =strcmp ('Am', SportsGroup):;
handles.isPro=strcmp ('Pro', SportsGroup) ;
handles.isUf =strcmp ('Uf', SportsGroup)
handles.isRb =strcmp ('Rb', SportsGroup)
handles.isFh =strcmp('Fh', SportsGroup)
handles.SportsGroup=SportsGroup;
handles.isinj =Logic(:,1);
handles.isinjL =Logic(:,2);
handles.isinjR =Logic(:,3):;
handles.pantnum=Logic(:,4);

’

~ e~~~

’

’

handles.isleft =Logic(:,5);
handles.isright =Logic(:,6);
handles.isone =Logic(:,7);
handles.israis =Logic(:,8);
handles.isbent =Logic(: 9),
handles.isquick=Logic(:,10);
handles.isstand —Loglc( 11);
handles.isdom =Logic(: 2),
handles.isinjipsi —Loglc( )
(:

handles.isinjcontra =Logic

disp('Data loaded')
guidata (hObject, handles);

Setting the statistical analysis package

function MakeSet (hObject, handles)

set (handles.AnovaTableE, 'Visible', 'off'); set (handles.AnovaTablekK,
'Visible', 'off'")
set (handles.BonFerr, 'Visible', 'off'); set (handles.BonFerrkK,

'Visible', 'off')

set (handles.text35, 'Visible', 'off'); set(handles.textll3, 'Visible',

'off")

set (handles.text38, 'Visible', 'off'); set(handles.textll4, 'Visible',
'off")

hhE=handles.axesl; hhEp=handles.axes2; hhK=handles.axes3;

hhKp=handles.axes4;
hhCor=handles.axes5; hhCor2=handles.axes6; hhCor3=handles.axes7;
hhCor4=handles.axes8;
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cla (hhK, 'reset'); cla (hhE, 'reset'); cla (hhKp, 'reset');
cla (hhEp, 'reset');

cla(hhCor, 'reset'); cla(hhCor2, 'reset'); cla(hhCor3, 'reset');
cla(hhCor4, 'reset');

hhCorList=[hhCor hhCor2 hhCor3 hhCor4];

Reading the settings from the data chosen for
further comparisons

Source (1)=get (handles.Sourcel, 'Value');
Source (2)=get (handles.Source2, 'Value');
Source (3)=get (handles.Source3, 'Value');
Subject (1)=get (handles.Subjectl, 'Value');
Subject (2)=get (handles.Subject2, 'Value');
Subject (3)=get (handles.Subject3, 'Value');

MoveMent (1) =get (handles.Movementl,

'Value') ;MoveMent (2)=get (handles.Movement2, 'Value');
MoveMent (3) =get (handles.Movement3, 'Value');
Leg(l)=get (handles.Legl, 'Value');

Leg (2)=get (handles.Leg2, 'Value'); Leg (3)=get (handles.Leg3,
'Value');

Site(l)=get (handles.Sitel, 'Value'):; Site(2)=get (handles.Site2,
'Value'); Site (3)=get (handles.Site3, 'Value');

Muscle (1)=get (handles.Musclel, 'Value'):;
Muscle (2)=get (handles.Muscle2, 'Value'):;
Angle=get (handles.Segmentl, 'Value');
Contra=get (handles.Contra, 'Value');
Time=get (handles.Time, 'Value');

if Time==1; TT=1; end

if Time==2; TT=2; end

if Time==3; TT=[1 3]; end

if Time==4; TT=[2 4]; end

if Time==5; TT=[1 3 5]; end

if Time==6; TT=[2 4 6]; end

if Time==7; TT=[1 3 5 7]; end
kk=length (TT) ;

cols={'b' 'r' 'g'};
if Source(3)==14; jj=2; else jj=3; end; handles.jj=jj;

Y4davE=[]; Y4avK=[]; Pantdav=][]

Sjdav=1[]
Mdav=[];L4dav=[];Stdav=[];Tdav =

[1; Sodav

[1;

Collecting the relevant sEMG data from the data
set in the interface

p=0;

ReportE(1:4,1:15)={[]};ReportK(1:4,1:15)={1[1};
TtestsE(1:4,1:15)={[]1}; TtestsK(1:4,1:15)={[]};

for k=1:4; SubDatE{k}=[]; SubDatK{k}=[]; GList{k}=[]; end;
handles.XLTab=[];handles.XLTab{kk, jj}=NaN;

for j=1:33

Choosing the source of the data (groups of
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participants)

if Source (j)==1; SoUse= handles.isAm | handles.isPro |
handles.isUf | handles.isRb | handles.isFh;end % AllData
if Source(j)==2; SoUse= handles.isAm ; end % Amateurs only
if Source (j)==3; SoUse= handles.isPro ; end % Professionals only
if Source(j)==4; SoUse= handles.isRb ; end % Rugby
if Source(j)==5; SoUse= handles.isUf ; end $ Frisbee
if Source(j)==6; SoUse= handles.isFh ; end % Field hockey
if Source(j)==7; SoUse= handles.isPro| handles.isRb |
handles.isFh;end % H P R
if Source(j)==8; SoUse= handles.isAm | handles.isUf ;end % A F
if Source(j)==9; SoUse= handles.isAm | handles.isPro ;end $ A P
if Source(j)==10; SoUse= handles.isAm | handles.isPro |
handles.isRb ;end % A P R
if Source(j)==11; SoUse= handles.isRb | handles.isFh;end % H R
if Source(j)==12; SoUse= handles.isAm | handles.isPro |
handles.isUf ;end %$ A P F
only
if Subject(j)==1; SjUse= handles.isinj | ~handles.isinj ; end %
All
if Subject(j)==2; SjUse= handles.isinj; end % Injured
if Subject(j)==3; SjUse=~handles.isinj; end % Un-injured
if Source (3)==14
if Subject (l)==Subject(2) && Source (l)==Source (2)
Paired=1;
else
Paired=0;
end
else
if Subject(l)==Subject(2) && Source(l)==Source(2) && .....
Subject (3)==Subject (1) && Source(3)==Source(l) ;
Paired=1;
else
Paired=0;
end
end

Choosing the source of the data (movement
manoeuvre to be further analysed)

if MoveMent (j)==1; MvUse=handles.isone | handles.isbent |
handles.israis| handles.isstand | handles.isquick;end % Any

if MoveMent (j)==2; MvUse=handles.isone; end % One Leg Bend

if MoveMent (j)==5; MvUse=handles.isstand; end % Hip Flexion

Choosing the source of the data (leg to be further
analysed)

if Leg(j)==1; LgUse=handles.isleft | handles.isright; end % Either
if Leg(j)==2; LgUse=handles.isleft; end % Left

if Leg(j)==3; LgUse=handles.isright; end % Right

if Leg(j)==4; LgUse=handles.isdom; end % Dominant
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if Leg(j)==5; LgUse=~handles.isdom; end % Non-Dominant
if Leg(j)==6; LgUse=handles.isinjipsi; end % Injured
if Leg(j)==7; LgUse=~handles.isinjipsi; end % Uninjured

Choosing the source of the data (movement phase to
be further analysed)

for k=1:kk handles.XLTab{k,j}=[1;
TmUse=TT (k) ;
Use=SoUse & SjUse & MvUse & LgUse;

Choosing the source of the data (what is the leg
status to be further analysed)

if Site(j)==2; ALorR=Use (Use); end % Right;
if Site(j)==3; ALorR=handles.isinjR(Use); end % Injured;
if Site(j)==4; ALorR=handles.isinjL(Use); end % Uninjured;
if Site(j)==5; ALorR=handles.isright (Use); end % Moving;
if Site(j)==6; ALorR=handles.isleft (Use); end % Not moving;

sEMG data processing for the formerly selected
analysis combination(filtering, rectifying,
smoothing and log transforming)

EMGUse=squeeze (handles.EMGDat (Use, :, TmUse) ) ;
SegDatUse=squeeze (handles.SegDat (Use, : , TmUse) ) ;
PantUse{j, k}=handles.pantnum(Use) ;

handles.SGUse{j, k}=handles.SportsGroup (Use) ;

if Site(j)==1; ALorR=~Use (Use); end

clear SetE RawSet

Ratio=get (handles.IsRatio, 'Value'); 1if Ratio; gg=2; else

gg=1l; end
for g=1l:qg
if g==2 && Contra; ALorR=~ALorR; end
MMuse=ones (size (EMGUse, 1) ,1) *2*Muscle (q) -1;
MMuse=MMuse+ALOrR;
if isempty (EMGUse); disp('No Data Available'); return; end
RawSet (:,q)=EMGUse (sub2ind(size (EMGUse), 1l:length (MMuse),
MMuse') ) ;
End

if Ratio; SetE=RawSet(:,1l)./RawSet(:,2); else SetE=
RawSet (:,1); end

if get (handles.IsLog, 'Value') ; SetE=log(SetE); end

MusNames=get (handles.Musclel, 'String');

lab2=MusNames (Muscle (1)); labl='"'; lab3='"';

if Ratio; lab3=MusNames (Muscle(2)); end

if get (handles.IsLog, 'Value'); labl='Log:'; end
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handles.MusName=[char (labl) char(lab2) '/' char (lab3)];

Reading and setting the kinematic data: joints and
rotations for the formerly chosen data combination
to be analysed

Ause= (mod (Angle-1,3)+1) + (ceil (Angle/3)-1)*6 + ALOrR*3;
SetK = (SegDatUse (sub2ind(size (SegDatUse), 1l:length (Ause),
Ause')))';

if kk>1 && k==1; StartSet=SetK; end
if kk>1 && get(handles.IsSubtract, 'Value'); SetK=SetK-
StartSet; end

AngNames=get (handles.Segmentl, 'String');

lab2=AngNames (Angle); labl='"'; 1lab3='"'; handles.AngName=lab2;
if get (handles.IsLog, 'Value'); labl='Log of '; end
handles.AngName=[char (lab2) char(lab3)];

Sets{j, k}=SetK;

p=ptl; Tab(l:length(SetK),p)=SetK; count (p)=length (SetK);

Basic Set statistics - performing the statistical
analysis

SetEMean (k) ={Mynanmean (SetE) }; SetESD=Mynanstd (SetE) ;
SetEN (k)={sum(~isnan (SetE)) };

SetEMiss (k)={length (SetE)-SetEN{k}};
SetESEM (k) ={SetESD/sqrt (SetEN{k}) };

SetKMean (k) ={Mynanmean (SetK) }; SetKSD=Mynanstd (SetK) ;
SetKN (k)={sum(~isnan (SetK)) };

SetKMiss (k)={length (SetK)-SetKN{k}};
SetKSEM (k) ={SetKSD/sqgrt (SetKN{k}) };
=Ps=PantUse{j, k}; PList=unique (Ps); clear PSetK PSetk;
PN=length (PList) ;

for p=1:PN;
Obs4p=Ps==PList (p);
PSetK (p)=nanmean (SetK(Obs4p)); PDatK{p}=SetK (Obs4p)
PSetE (p) =nanmean (SetE (Obs4p)); PDatE{p}=SetE (Obs4p)
GList{k}=[GList{k}; Ps(Ps==PList(p))];

end

SubDatE{k}=[SubDatE{k} PSetE]; SubDatK{k}=[SubDatK{k} PSetK];

PairDatE{k, j}=PSetE; PairDatK{k, j}=PSetK;

SetENL (k) ={nanN (PSetE) }; SetKNL (k) ={nanN (PSetK) };

SetEMeanl (k) ={nanmean (PSetE) };

SetKMeanl (k) ={nanmean (PSetK) };
SetESEML (k) ={nansem (PSetE) }; SetKSEML (k) ={nansem (PSetK) };

handles.GList=GList;
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Accumulating data for ANOVA

Z272=zeros (size (PSetK)) ;

Y4davK=[Y4avK; PSetK']; Y4davE=[Y4avE; PSetE'];
Pantd4av=[Pantd4av; PList];
Sjdav= [Sjdav; ZZ'+Subject(j)]:
M4av=[Mdav; ZZ'+MoveMent (J) ]
Ldav=[L4av; ZZ'+Leg(j)]1;
Stdav=[Stdav; Zz'+Site(j)1;
T4av=[T4dav,; ZZ'+k];
Sodav=[Sodav; ZZ'+Source(j)];

’

Plotting the data

plot (hhE, SetE*0+k+3/5, SetE, [cols{j} '"*']); xlim(hhE, [0.5
kk+11); hold(hhE, 'on"'")

errorbar (hhE, k+j/5-0.1, SetEMean{k}, SetESEM{k}, [cols{j} 'd'])

plot (hhK, SetK*0+k+73/5, SetK, [cols{j} '*']); xlim(hhK, [0.5
kk+11); hold(hhK, 'on"')

errorbar (hhK, k+3/5-0.1, SetKMean{k}, SetKSEM{k}, [cols{j} 'd'])

for p=1:PN

Spider (hhCorList (k) ,PDatK{p}, PDatE{p}, cols{j}):;
hold (hhCorList (k), 'on');

xx=PDatK{p}; yy=PDatE{p}; MeanX=nanmean (xx) ;
MeanY=nanmean (yy) ;

pad=NaN*zeros (length (xx)-1,1);

disp(lk j pl)

handles.XLTab{k, j}=[handles.XLTab{k,j} ;[[PList(p); padl,
vy, [MeanY; pad], xx, [MeanX; pad]lll:;

end
if 3==33
[Rval,Pval] = corr ([SubDatE{k}"' SubDatK{k}'], 'type',
'Pearson', 'rows', 'complete', 'tail', 'both');
label=['R= ' num2str (Rval(l,2),3), ' p="

num2str (Pval(1,2),3)]1;
text (0.5,0.9, label, 'units', 'normalized', 'Parent',
hhCorList (k))

end

clear ReOrdered

for g=l:size(SegDatUse, 1)
for a=[1:3 7:9];
ReOrdered (g, atALorR(qg) *3)=SegDatUse (g, a) ;
end
for a=[4:6 10:12];
ReOrdered (g, a-ALorR(q) *3) =SegDatUse (g, a) ;
end
end

handles.SegDatUse{j, k}=ReOrdered;
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end

Setting the output

end

Col=(j-1) *5+

ReportK(l, Col)
ReportK (2, Col)
ReportK (3, Col)
ReportK (4, Col)
ReportK (5, Col)
ReportK (6, Col)
ReportK(7, Col)

=SetKN;
=SetKMiss;
=SetKMean;
=SetKSEM;
=SetKNL;

report of the statistics

(l:1length (SetKN)) ;

=SetKMeanL;

=SetKSEML;

ReportE (1
ReportE (2
ReportE (3,
ReportkE (4,
(5
(6
(7

4

14

ReportE
ReportE

4

ReportE

4

handles.FileNamesUse{j}=handles.FileNames (Use) ;

, Co

Col)
ol)

Col)
Col)
Col)

Col)

=SetEN;
=SetEMiss;
=SetEMean;
=SetESEM;
=SetENL;
=SetEMeanL;
=SetESEML;

Preparing the data for the t-test and performing
the t-test

compare=
if jj==3;ncomp=3;

for

DFE=ReportE{1l,5*Gl+k}+ReportE{1l,5*G2+k}-1
5*Gl+k}+ReportK{1l,5*G2+k} -1

j=1l:ncomp

[2 3 3;

112]1;

Gl=compare (1, 7)

for k=1:kk

DFK=ReportK{l,

else ncomp=1;

-1; G2=compare(2,7)

end

_1;

MeanDE=ReportE{3,5*Gl+k}-ReportE{3,5*G2+k};

MeanDK=ReportK{3,

5*Gl+k}-ReportK{3,5*G2+k};

SEDE=sqrt (ReportE{4,5*Gl+k}"2+ReportE{4,5*G2+k}"2)

SEDK=sqgrt (ReportK{4,
StudE=abs (MeanDE/SEDE) ;
(

StudK=abs (MeanDK/SEDK) ;

try

PnullE=2* (1-tcdf (StudE,DFE)) ;
PnullK=2* (1-tcdf (StudK, DFK)) ;

catch

PnullE=1;
PnullK=1;

end

DFEL=ReportE{5,

DFKL=ReportK{5,5*Gl+k}+ReportK{5,5*G2+k} -1

MeanDEL=ReportE{6,5*Gl+k}-ReportE{6,5*G2+k};
MeanDKL=ReportK{6,5*Gl+k}-ReportK{6,5*G2+k};
SEDEL=sqgrt (ReportE{7,5*Gl+k}"2+ReportE{7,5*G2+k}"2) ;
SEDKL=sqgrt (ReportK{7,5*Gl+k}"2+ReportK{7,5*G2+k}"2);
MeanDEL/SEDEL) ;
StudKL=abs (MeanDKL/SEDKL) ;

StudEL=

try

PnullEL=2* (1-tcdf (StudEL,DFEL) ) ;
PnullKL=2* (1-tcdf (StudKL,DFKL) ) ;

catch

abs

PnullEL=1;
PnullKL=1;

end
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TtestsE(1:6, (j-1) *5+k)={MeanDE; SEDE; StudE;
]

num2str (PnullE, '$7.2g"'); StudEL; num2str (PnullEL,'$7.2g9'")};
TtestsK(1l:6, (j-1) *5+k)={MeanDK; SEDK; StudK;
num2str (PnullK, '$7.2g"); StudKL; num2str (PnullKL, '$7.2g9'")};
end
end
set (handles.Results, 'data', ReportkE)

(
set (handles.ResultsK, 'data', ReportkK)
set (handles.Ttests, 'data', TtestsE)

set (handles.TtestsK, 'data', TtestsK)

handles.Y4avE = Y4avE; handles.Y4avK = Y4avkK;
handles.Sjdav = Sjdav ; handles.M4av = Mdav ;
handles.L4av = L4av; handles.St4av = Std4av; handles.T4av =

Tdav

handles.Pant4av=Pant4av; handles.Sets=Sets; handles.PantUse=PantUse;

handles.Subjects=Subject; handles.MoveMent=MoveMent; handles.Tab=Tab;

handles.Leg=Leg; handles.Site=Site; handles.Source=Source;
handles.count=count;
handles.So4av=So4av;

Performing paired comparisons

if Paired

set (handles.axes2, 'Visible', 'on')

axes (handles.axes?2);cla;hold on

set (handles.PairedTests, 'Visible', 'on');
lincol={"'-k"' '":m' '-c'};

for j=l:ncomp
Gl=compare (1l,]j); G2=compare(2,73):;
for k=1:kk
yyl=PairDatE{k,Gl};
plot ((k+G1/5)+yyl1*0, yyl, 'dr', 'MarkerFacecolor',
yy2=PairDatE{k,G2};
plot ((k+G2/5)+yy2*0, yy2, 'db', 'MarkerFacecolor',

lrl)

'b')

for p=l:length(yyl); plot(k+[Gl G21/5, [yyl(p) yvy2(p)]l,

lincol{j}); end

DF=2*length (find(~isnan(yyl)))-1; Ydiff=yyl-yy2;
MeanD=nanmean (Ydiff) ;

SKD=nanstd (Ydiff) /sqrt (DF) ;

Stud=abs (MeanD/SKD) ;

try Pnull=2*(l-tcdf(Stud,DF)) ;catch; Pnull=1l;end

PairedTests (1:5, (j-1) *3+k)={ (DF+1) /2; MeanD; SKD;
Pnull};

end
set (handles.PairedTests, 'data', PairedTests);

end

axes (handles.axes4);cla;hold on

for j=l:ncomp
Gl=compare (1l,]j); G2=compare(2,73):;
for k=1:kk
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yyl=PairDatK{k,Gl};
plot ( (k+G1/5)+yyl*0, yyl, 'dr', 'MarkerFacecolor', 'r')
yy2=PairDatK{k,G2};
plot ((k+G2/5)+yy2*0, yy2, 'db', 'MarkerFacecolor', 'b')
for p=l:length(yyl); plot (k+[Gl G21/5, [yyl(p) yy2(p)]l,
lincol{j}); end
DF=2*length (find(~isnan(yyl)))-1; Ydiff=yyl-yy2;
MeanD=nanmean (Ydiff) ;
SKD=nanstd (Ydiff) /sqrt (DF) ;
Stud=abs (MeanD/SKD) ;
try Pnull=2*(l-tcdf(Stud,DF)) ;catch; Pnull=1l;end
PairedTests (1:5, (j-1) *3+k)={ (DF+1) /2; MeanD; SKD; Stud;
Pnull};
end
set (handles.PairedTestsK, 'data', PairedTests);
end

else
set (handles.PairedTests, 'Visible', 'off');
axes (handles.axes?2);cla;hold on
set (handles.axes?2, 'Visible', 'off')

end

guidata (hObject, handles);

Plotting the kinematic data
function KinemPlot Callback (hObject, eventdata, handles)

Labels={'Pelvis Moving' 'Pelvis Not Moving' 'Hip Moving' 'Hip Not
Moving'};
YLabels={'Coronal' 'Sagittal' 'Horizontal'};
figure (4);
cols="brg';
for j=l:handles.jj
if j==1; clf; end
for k=1l:size (handles.SegDatUse, 2)

SDU=handles.SegDatUse{]j, k}; SegDatMean=nanmean (SDU) ;
SegbatSem=nanstd (SDU) /sqrt (size (SDU, 1)) ;
sp=0;
for pp=1:3
for s=1:4
sp=sp+l;

yy=SegDatMean (sp); ee=SegDatSem(sp)
subplot (3,4, sp)
errorbar(k, yy, ee, cols(j)); hold on;
plot(k, yy, [ 'o' cols(j)] )
if pp==1; title(Labels(s)); end
if s==1; ylabel (YLabels (pp)); end
if j==2; axis tight; ylm=ylim; while yIlm(2)-ylm(1)<20;

ylm=ylm+[-5 5]; end; ylim(ylm); end; x1lim([0.7 3.31);

end
end
end
end
axes (handles.axesl)
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function IndPlot Callback (hObject, eventdata, handles)

Performing the ANOVA

function ANOVA Callback (hObject, eventdata, handles)
MakeSet (hObject, handles)

set (handles.AnovaTablek, 'Visible', 'on'); set (handles.AnovaTableK,
'Visible', 'on')

set (handles.BonFerr, 'Visible', 'on'); set (handles.BonFerrkK,
'Visible', 'on')

set (handles.text35, 'Visible', 'on'); set(handles.textl113, 'Visible',
'on')

set (handles.text38, 'Visible', 'on'); set(handles.textll4, 'Visible',
'on')

Y4avK=handles.Y4avK; Y4avE=handles.Y4avE;

Sjd4av =handles.Sjd4av ; Mdav = handles.Mdav ;

L4av=handles.L4av; Std4av = handles.Std4av; T4av = handles.T4av ;
Pantd4av=(handles.Pantd4av)'; Sod4av =handles.Sodav ;

group={}; names={};
if get (handles.Participant, 'Value'); group=[group, Pantdav];

names=[names 'Ppt']; end

if get (handles.AvSource, 'Value'); group=[group, Sodav]; names=[names
'Srce']; end

if get (handles.AvSub, 'Value'); group=[group, Sj4av]; names=[names
'Subj']; end

if get (handles.AvMov, 'Value'); group=[group, M4dav]; names=[names
'Movt']; end

if get (handles.AvLeg, 'Value'); group=[group, L4av]; names=[names
'Leg']; end

if get (handles.AvSite, 'Value'); group=[group, Std4av]; names=[names
'Site']; end

if get (handles.AvTim, 'Value'); group=[group, T4av]; names=[names

'Time']; end
Dim=1:length (names) ;

try
[~, tableE, statsE]=anovan(Y4avE, group, 'varnames',6 names,
'display', 'off', 'model', 'interaction', 'sstype',2 );
[~, tableK, statsK]=anovan(Y4avK, group, 'varnames', names,
'display', 'off', 'model', 'interaction', 'sstype',2 );
catch
disp('Stats Not Available .. Cuss Now & Try Again Later');
return
end

[CEINININ] =

multcompare (statsEk, 'display', 'off', 'ctype', 'bonferroni', 'dimension',Di
m );

[cK,~,~,Nms] =

multcompare (statsK, 'display', 'off', 'ctype', '"bonferroni', 'dimension',Di
m) ;

set (handles.AnovaTableK, 'data', tableK)

set (handles.AnovaTableE, 'data', tableE)

Switches={....

'Leg=1' 'MovAny'; 'Leg=2"' 'MovL';'Leg=3'"' 'MovR';'Leg=4"
'MovInj'; 'Leg=5' 'MovUn';....
'Time=1' 'Point 1'; 'Time=2' 'Point 2';'Time=3' 'Point 3';.....
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'Site=1"' 'Left' ;'Site=2' 'Right';'Site=3' 'Inj' ;'Site=4' 'Uninj'
;'Site=5"'" 'Moving' ;'Site=6' ' NotMov';......
'Movt=1"' 'Std&Lie' ; 'Movt=2' 'Stand'; 'Movt=3' 'Lie';.....
'Srce=1"' 'Ag&B'; 'Srce=2' 'GrpA';'Srce=3' 'GrpB';....
'Subj=1' 'All'; 'Subj=2' 'Inj'; 'Subj=3' 'UnInj'};
for g=l:length (Switches)
Nms=regexprep (Nms, Switches{qg,1}, Switches{qg,2});
end
for EK=1:2;

Post hoc testing

if EK==1; c=cE; else c=cK; end
R=size(c,1);
BonTable={};

g=0;
for r=1:R
if sign(c(r,3))==sign(c(r,5));
g=qg+1;
BonTable (g, 1)=Nms (c(q,1));
BonTable( gq,2)=Nms (c(q,2));
BonTable (g, 3)={num2str(c(qg,4)) };
if sign(c ( 3))==sign(c(g,5)); Sig='Yes'; else Sig='No'
end
BonTable (g, 4)={Sig};
end
if g==0; BonTable(l,1:4)={" No' 'significantly'
'different' 'pairs'}; end
end

if EK==1; set (handles.BonFerr, 'data', BonTable); else
set (handles.BonFerrK, 'data', BonTable); end
end

Performing the file output - writing to Excel file

function pushbutton2 Callback (hObject, eventdata, handles)
FileName=get (handles.ReportFile, 'String');
Subjects=handles.Subjects; MoveMent=handles.MoveMent;
Leg=handles.Leg; Site=handles.Site; Source=handles.Source;

TG=get (handles.Time, 'Value');

GroupNames={'Blue' 'Red' 'Green'};

SjLabs={'All' 'Injured' 'Uninjured'};

MvLabs={'Any' 'One Leg Bend' 'Bent Knee Fall Out' 'Straight Leg Raise'
'Hip Flexion' 'QuickHipFlexion'};

LgLabs={'Either' 'Left' 'Right' 'Dominant' 'Non-Dominant' 'Injured’
'Un-injured’'};

StLabs={"'Left' 'Right' 'Injured' 'Un-injured' 'Moving' 'Not Moving'};
TmLabs=cell (7,4);

TmLabs (1, 1)={'Point 1'};

TmLabs (2 :1)={"'Range 1>2'};

TmLabs(3,1 2)={"Point 1' 'Point 2'};

TmLabs (4,1:2)={"'Range 1>2' 'Range 2>3'};

TmLabs (5,1:3)={'Point 1' 'Point 2' 'Point 3'};

TmLabs (6,1:3)={'Range 1>2' 'Range 2>3' 'Range 3>4'};
TmLabs (7,1:4)={"'Point 1' 'Point 2' 'Point 3' 'Point 4'};
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SrcelLabs={'All data' 'AmFootball' 'ProFootball' 'Rugby' 'Frisbee'
'Hockey' 'H+P+R' 'A+F' 'A+P' 'A+P+R' 'H+R' 'A+P+F' 'Patient'};
ReportE =get (handles.Results, 'data'):;

ReportK =get (handles.ResultsK, 'data'):;

col=0;
RowHeads={'Time'; 'Graph Colour';'Source'; 'Subject
group'; 'Movement'; '"Moving leg is';

'Position of leg';'EMG
Source/Angle'; 'N'; 'Mean'; 'SEM';'';'Data Listing'};
OutTabGrouped (1l:1length (RowHeads),1l)= RowHeads;

AA=handles.XLTab;
[kk jjl=size(AA);
for j=1:33
Group=GroupNames{j};
if ~(Subjects(j)==4)
for k=1:kk

col=col+6;

OutTabGrouped (9:11, col)=ReportE([1 3 4],k+(j-1)*5);

OutTabGrouped (9:11, col+l)=ReportE(5:7,k+(j-1)*5);

OutTabGrouped (9:11, col+2)=ReportK([1l 3 4],k+(j-1)*5);

OutTabGrouped(9:11, col+3)=ReportK(5:7,k+(j-1)*5);

aa=AA{k,Jj}; [rr ccl=size(aa);

OutTabGrouped (13+(l:rr), col-2+(l:cc))=num2cell (aa):;
Labs={TmLabs{TG, k}; Group; Srcelabs{Source(j)};
SjLabs{Subjects(j)};.........

MvLabs{MoveMent (j) }; LgLabs{Leg(j) };
StLabs{Site(j)}; char (handles.MusName) };
OutTabGrouped (1:8, col)=Labs;
OutTabGrouped (8, col+2)={char (handles.AngName) };
end
end
end
a=1;
xlswrite (FileName, OutTabGrouped, 'Grouped data', 'C5"'")

Collecting all of the used functions in one place

function radiobutton3 Callback (hObject, eventdata, handles)

function Subjectl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Movementl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function Legl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
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function Segmentl CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor"', 'white');
end
function Time CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function Sitel CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function SourceA CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Subject2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Movement2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function Leg2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Site2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function Muscle2 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Subject3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function Movement3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function Leg3 CreateFcn (hObject, eventdata, handles)

if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
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set (hObject, 'BackgroundColor', 'white') ;
end
function Site3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function ReportFile CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
function LastRec CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function SourceB CreateFcn (hObject, eventdata, handles)
function Sourcel CreateFcn (hObject, eventdata, handles)
function Source2 CreateFcn (hObject, eventdata, handles)
)
)

~ e~~~

function Source3 CreateFcn (hObject, eventdata, handles
function Musclel CreateFcn (hObject, eventdata, handles
function Names CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white') ;
end

function axes6 ButtonDownFcn (hObject, eventdata, handles)
cases=handles.GList (Vlasic et al.) ;
gname (cases)

function GroupStatsVis Callback (hObject, eventdata, handles)
ON=get (hObject, 'Value'):;
if ON
set (handles.Results, 'Visible', 'on')
set (handles.ResultsK, 'Visible', 'on')
set (handles.text32, 'Visible', 'on')
else
set (handles.Results, 'Visible', 'off')
set (handles.ResultsK, 'Visible', 'off')
set (handles.text32, 'Visible', 'off')
end

function UnpTVis Callback (hObject, eventdata, handles)
ON=get (hObject, 'Value'):;
if ON
set (handles.Ttests, 'Visible', 'on')
set (handles.TtestsK, 'Visible', 'on')
set (handles.text33, 'Visible', 'on')
else
set (handles.Ttests, 'Visible', 'off')
set (handles.TtestsK, 'Visible', 'off')
set (handles.text33, 'Visible', 'off')
end

function PaiTVis Callback (hObject, eventdata, handles)
ON=get (hObject, 'Value');
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if ON
set (handles.PairedTests, 'Visible', 'on')
set (handles.PairedTestsK, 'Visible', 'on')
set (handles.text34, 'Visible', 'on')

else
set (handles.PairedTests, 'Visible', 'off')
set (handles.PairedTestsK, 'Visible', 'off')
set (handles.text34, 'Visible', 'off')

end

function AnoVis_ Callback (hObject, eventdata, handles)
ON=get (hObject, 'Value');

if ON
set (handles.AnovaTablek, 'Visible', 'on')
set (handles.AnovaTableK, 'Visible', 'on')
set (handles.BonFerr, 'Visible', 'on')
set (handles.BonFerrK, 'Visible', 'on')

set (handles.text35, 'Visible', 'on')
set (handles.text38, 'Visible', 'on')
set (handles.text113, 'Visible', 'on')
set (handles.textl114, 'Visible', 'on')
else
set
set
set
set

handles.AnovaTableE, 'Visible', 'off')
handles.AnovaTableK, 'Visible', 'off')
handles.BonFerr, 'Visible', 'off')
handles.BonFerrK, 'Visible', 'off')
set (handles.text35, 'Visible', 'off')
set (handles.text38, 'Visible', 'off')

set (handles.text113, 'Visible', 'off')
set (handles.textl114, 'Visible', 'off')

(
(
(
(

end
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Appendix 13

oo

This function processed EMG: filtered, rectified and smoothed.

oe

Filtering: needs two functions: NotchFilter and PassFilter
Rectifying: Prof's idea of rectifying the negative wvalues according
o

the mean of de- and re-polarisation, rather than according to zero.

oe

o+

oo

% Smoothing: according to the window size depending on the sample
% frequenct, but being always 0.1 sec (also following Prof - but maybe
needs to be checked)

function proEMG = EMGprocessing (rawkEMG, SF)
% for TMSI following Prof

% windowSize is 0.1 sec (depending on the smapling frequency of the
input data)

windowSize=0.1*SF;

[FiltDatal]=NotchFilter (rawkMG,50,SF);% 50 here - what frequency is
desired to be filtered out

[FiltData2]=PassFilter (FiltDatal, [10 400],SF);

bls=mean (FiltData2 (1000:1length(FiltData2),:),1);

rectEMG=abs (FiltData2-repmat (bls, length (FiltData2),1));

proEMG=filter (ones (1,windowSize) /windowSize, 1, rectEMG) ;
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Functions called by this programme

1. NotchFilter

oo

% Notch filter

input DirtyData = dirty data,
cutoo = target cutting frequency,
fs= sampling rate

o o oo

oe

function [FiltData]=NotchFilter (DirtyData,cutoff,Fs)

Time=((l:length (DirtyData))-1)/Fs;

Raw=timeseries (DirtyData, Time) ;

Ints=[cutoff-2 cutoff+2]; % the frequency intervals,
hertz, for filtering the data:

Filt = idealfilter (Raw, Ints, 'notch');

FiltData=Filt.Data;

figure

plot (Time, DirtyData);

hold on

plot (Time, FiltData, 'r');

2. PassFilter

oe

% Band-Pass filter

input DirtyData = dirty data,
pass = target cutting frequency,
fs= sampling rate

o oe oe

o©

function [FiltData]=PassFilter (DirtyData,pass,Fs)

Time=((l:length (DirtyData))-1)/Fs;

Raw=timeseries (DirtyData, Time) ;

Ints=pass; % the frequency intervals, in hertz, for
filtering the data:

Filt = idealfilter (Raw,Ints, 'pass’');

FiltData=Filt.Data;

figure

plot (Time, DirtyData);

hold on

plot (Time, FiltData, 'r');
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