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Abstract

Context: Lateral ankle sprains are one of the most common musculoskeletal injuries in
the general and sporting population and as suchresent high-cost implicationsand time
lost to sport and employment Following an initial lateral ankle sprain, a high percentage
of people develop chronic ankle instability with symptoms such as reduced range of
motion, strength and proprioceptive deficits, episodes of giving way and instances of-re
injury. Research investigating full body with multisegmental foot kinematics and
electromyography is limited thus impacting the development of successful rehabilitation
and injury prevention strategies. Aim: The purpose of this research was to perform
exploratory kinematic and surface electromyographic (SEMG) data analysis of the trunk,
hip, knee, forefoottibia, forefoot-hindfoot and hindfoot-tibia between individuals with
chronic ankle instability and healthy controls duringwalking, landing and cutting three
movements commonly associated with lateral ankle sprainParticipants: Eighteen (14
males, 4 females) healthy controls (age 22.4 + 3.6 years, height 177.8 £ 7.6 cm, mass 70.4
+ 11.9 kg) and 18 (13 males, 5 females) participants with chronic ankle instability (age
22.0 + 2.7 years, height 176.8 + 7.9 cm, mass 74.1 + 9.6.Rgrticipantsédata were split
into the healthy control andchronic ankle instability groups based on the results of the
Identification of Functional Ankle Instability questionnaire.Methods: Participants were
tested during walking (Chapter 6.0, single leg landing Chapter 7.Q and cutting (Chapter
8.0). Three-dimensional kinematics were collected using the comhbed Helen Hayes and
Oxford Foot Model and sEMG recorded for the peroneus longus, tibialis anterior and
gluteus medius. Statistical parametric mapping, discrete variable analysis and regression
analysis were subsequently performedResults: Significantly modified kinematics were

observed in each of the movements performedh the chronic ankle instability group.



Decreased forefoottibia internal rotation angular displacement was found to occur prior
to initial contact in all three of the observed movements Wen comparing the affected
limb to the healthy matched control prior to initial contact. Significantly modified
electromyography was observedn the chronic ankle instability groupduring the cutting
manoeuvre but not during the walking and landing manoeuve. Conclusions: Key
differences have been observethetween groupsspecific to movements but also across
movements. These differences are identified in not just foot and ankle kinematics but also
higher up the kinetic chainin the knee, hip and trunk Deceasedforefoot-tibia internal
rotation may be a variable ofinterest for future research due to its presence in each of
the observed movements. Differences are also highlighted in the contralateral lindlh the
chronic ankle instability. These findings may therefore be used in the development of
injury prevention and rehabiitation programmesand in the development of screening
strategies. This could help to aid in theeduction in incidenceof chronic ankle instability

and improve the quality of life for those withchronic ankle instability.
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Chapter 1.0 Introduction



Ankle sprains are one of the most common musculoskeletal injuries in a sporting
population and the general population(Fong, Hong, Chan, Yung, & Chan, 2007; Gréobt
al., 2016) Lateral ankle sprains are thought to occur with inversioror inversion and
plantarflexion (Seah & ManiBabu, 2011; Waterman, Belmont, Cameron, Deberardino, &
Owens, 2010)and it has been reported that ankle sprains account for 60&dmissionsto
Accident And Emergency Departments in the United Kingdomn every 10,000 persons
each year (Bridgman et al., 2003) Following an acute ankle sprainup to 74% of
individuals report chronic residual symptoms such as recurrent sprains, episodes of
giving way and/or perceived instability, this is often referred to aschronic ankle
instability (CAI)(Gribble et al., 2013) It is suggested that abnormal kinematic movement
patterns adopted by those vith CAl may increase repetitive cartilage damage to the
medial ankle, thus long termlinks have been established between the development of

osteoarthritis and history of CAl(Valderrabano, Hintermann, Horisberger, & Fung, 2006)

A number of rehabilitation and preventative strategies are adopted in an attempt to
reduce the incidene of lateral ankle sprains from strengthening programmegCalatayud
et al., 2014; Wilkerson, Pinerola, & Caturano, 1997)balance and coordination
training/unstable surface training (for example sand training or balance boards)-
(Alghadir, Zafar, & Igbal, 2015; McKeon & Mattacola, 2008; Ringhof, Leibold, Hellmann, &
Stein, 2015) movement reeducation (Caulfield & Garrett, 2004)and external supports
in the form of rigid taping or kinesiology taping or bracing(McKeon & Mattacola, 2008;
Shima, Maeda, & Hirohashi, 2005However, despite these strategies, the rate of ankle
sprains in individuals with ankle instability remains high. Increasing knowledge of
biomechanical quantities is thought to be etxemely important in the development of
injury prevention strategies and protective equipment(Bahr & Krosshaug, 2005; Fong,

Ha,Mok, Chan, & Chan, 2012)Jnderstanding the differences in biomechanics may help



to identify the risk for lateral ankle sprains in this susceptible population. Existig
methods may be enhanced with increased knowledge of mechanisms and biomechanical

guantities (Fong et al., 2012; Kristianslund, Bahr, & Krosshaug, 2011)

The kinetic chain principle states that a combination of successively arranged joints
constitutes a complex unit and as such movement of one joint affects the movement of
another (Karandikar & Vargas, 201). Movement of the trunk (which accounts for 35.5%
body mass) will also have an impact on the motion of the hip and therefore knee and
ankle (Kulas, Zalewski, Hortobagyi, & DeVita, 2008)Research ha suggested that
individuals utilise either an ankle or hip strategy(Horak & Nashner, 1986; Kuo & Zajac,
1993; Runge, Shupert, Horak, & Zajac, 1999)he ankle strategy involves moving the
body about the ankle joint whilst the hip strategy utilisesmovement of the hipin order

to maintain the centre of gravity within the base of support(Horak & Nashner, 1986)
Individuals with CAl have been reported to adopt &p-downdor hip strategy to maintain
balance(Hubbard, Kramer, Denegar, & Hertel, 2007; Tropp, Odenrick, & Gillquist, 1985)
To produce the most effective intervention strategy for individuals with ankle instability

it is esential to have knowledge of the full kinetic chain so it is clear the benefit an
intervention will have on other surrounding joints. Research to date has already
documented the implications of proximal adaptations that exist with simple taping and
bracing interventions (Cordova, Takahashi, Kress, Bcker, & Finch, 2010; DiStefano,
Padua, Brown, & Guskiewicz, 2008; Santos, Mclintire, Foecking, & Liu, 2004; Stoffel et al.,
2010). No current research investigates full body kinematics and muscle activation

patterns during dynamic movements prone to injury.

This thesis will adopt anexploratory study design to further understand full body

kinematics across fulitime series and at discrete time points during human movemerto



better understandthe biomechanics adopted byhose individuals with CAl that are prone
to recurrent sprains and episodes of giving way. It will also adopt an electromyographic
analysis of key muscles to identify differences in patterns of muscle activatioA.deeper
understanding of muscle activation and kinematics may inform more appropriate

preventative measures to be adopted in future research.

1.1 Contributions to the Literature

Research from within this thesis has been presented in the following formats:

Peer-reviewed publications

Northeast, L., Gautrey, C. N., Bottoms, L., Hughes, G., Mitchell, & Greenhalgh, A.
(2018). Full gait cycle analysis of lower limb and trunk kinematics and muscle activations
during walking in participants with and without ankle instability. Gait & Posture, 641),

114-118.

Conference Communications

Northeast, L., Gautrey, C., Mitchell, A., Bottoms, L. & Greenhalgh, A. (2018). A comparison
of lower limb kinematics and electromyography during walking between athletes with
chronic ankle instability and healthy controls. World Congress of Biomechanics, Dublin,

Ireland, 812 July 2018.

Northeast, L., Gautrey, C., Mitchell, A., Bottoms, L. & Greenhalgh, A. (2018). A comparison
of lower limb angular displacements, velocities and accelerations during walking
between athletes with chronic ankle instability and healthy catrols. World Congress of

Biomechanics, Dublin, Ireland, 8.2 July 2018.

Several other papers are also in the process of being submitted fpeer-reviewed

publication in the near future.



Chapter 2.0 Review of Liter ature



2.1  Anatomy of the Ankle

The human foot is avery complex structure consisting of 26 bones and 33 joints
(Tomassoni, Traini, & Amenta, 2014)Within research and clinical settings, the foot is
normally divided into three parts; the forefoot (phalanges and metatarsals), hindfoot
(calcaneus) and midfoot (cuneiforms, cuboid and navicular) which forms the arch of the

foot (Tomassoni et al., 2014)

The ankle consists of three main articulations the talocrural joint, the subtalar joint and
the distal tibiofibular syndesmosis (Hertel, 2002). The talocrural joint allows for
plantarflexion and dorsiflexion, around its articulations (the dome of the talus, the tibial
plafond and the medial and lateral malleolus)Fong et al., 2009a) The subtalar joint
articulations are the plantar surface of the talus and the calcaneus allowing inversion and
eversion to take place(Dubin, Comeau, McClelland, Dubin, & Ferrel, 2011)he distal
tibiofibu lar joint articulations are the distal tibia and fibula which allow for slight
accessory gliding(Hertel, 2002). The fibula glides superiorly and rotates laterally with
dorsiflexion in order to allow the anterior aspect of the talus to move into the mortisg
with plantarflexion, the opposite must occur with the fibula gliding inferiorly and

internally rotating (Loudon & Bell, 1996)

The ligaments surrounding the ankle include théateral collateral ligaments Figure 2.1)
(anterior talofibular ligament (ATFL), calcaneofibular ligament (CFL) and the posterior
talofibular ligament (PTFL)), the medial collateral ligaments also referred to as the
deltoid ligament (Figure 2.2) (tibionavicular, tibiocalcaneal and the tibiotalar ligaments)
and the syndesmotic ligaments (anterior inferior tibiofibular ligament, interosseous
ligament, posterior inferior tibiofibular ligament and the transverse ligament)(Dubin et

al., 2011)
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The ATFL originates from the anterior margin of the fibular malleolus and inserts onto

the lateral aspect of the neck of the talugDubin et al., 2011) The role of the ATFL igo



limit anterior displacement of the talus and excessive plantarflexion of the ankigolano

et al., 2010) TheCFLoriginates from the lateral malleolus and inserts onto a tubercle on
the lateral calcanealsurfacej 9 a1 Ag U O .9Thel rdle df khe GFinp to Gmit

excessive inversion and motion in the fromal plane (Brown, Padua, Marshall, &
Guskiewicz 2008). ThePTFLoriginates from the posterior aspect of the lateral malleolus
and inserts into the posterolateral aspect of the talugand it helps to restrict excessive
inversion and internal rotation of the loaded talocrural joint(Hertel, 2002). The PTFL is
the strongest of the lateral ligamentsand works to stabilise the talus when the ankle is in

maximal dorsiflexion (Woodman, Berghorn, Underhill, & Wolanin, 2013)

The tibionavicular ligament is the most superficial part of the delta ligament originating
at the anterior colliculus of the tibia and inserting to the dorsomedial surface of the
navicular (B. R. Williams, Ellis, Yu, & Deland, 2010The tibiocalcanealigament again
originates from the anterior colliculus and attaches to the sustentaculum tajBeals, Crim,
& Nickisch, 2010) The deep portion of the deltoid ligament is made up of the anterior and
posterior tibiotalar ligaments (Chhabra, Subhawong, & Carrino, 2010Yhe deep portion
originates from the intercollicular groove and inserts on the medial talus, the posterior
ligament is the thickest portion of the medial ligament compleXB. R. Williams et al.,
2010). The deltoid ligaments work together to resist excessive external rotation and

eversion of the ankle joint(Dubin et al., 2011)

The ankle musculature is extremely important in the protection of lateral ankle sprains
particularly the peroneus longus and brevis muscle¢Delahunt, Monaghan, & Caulfield,
2006a). The anterior compartment consisting of the tibiéis anterior, extensor digitorum

longus and brevis and peroneus tertius also contribute to dynamic stability by slowing

plantarflexion and inversion (Hertel, 2002).



2.2  Mechanisms of Lateral Ankle Sprains

The commonly accepted mechanism for lateral ankle sprains is inversion and
plantarflexion whilst medial ankle sprains involve eversion and dorsiflexion(Seah &
Mani-Babu, 2011; Waterman et al., 2010)In contrast, some research suggests that
internal rotation along with inversion and not the previously suspected plantarflexion

may be the mechanism for lateral ankle sprain@Mok et al., 2011)

Lateral ankle sprains commonly occur when the centre of gravity is shifted laterally over
the lateral border of the weight bearing 6ot causing highvelocity inversion to occur
(Dubin et al., 2011) They generally occur in activities such as cutting arjdmp landing,

in sports involving jumping the player may land on another playes foot or catch the
lateral edge of the foot causing excessive ankle inversion to occ{Robbins & Waked,
1998). It has also been suggested that inversion sprains may occur due to poor
positioning of the foot before and at foot contact due to a loss of proprioceptive input

from mechanoreceptors(Willems, Witvrouw, Verstuyft, Vaes, & De Clercq, 2002)

The ATFLis the weakest of the ankle ligaments with an ultimate load of 138.9 N + 23.5 N
in comparison to 3457 N + 55.2 N displayed for the CF[Attarian, Mccrackin, Dewt,
Mcelhaney, & Garrett, 1985) The ATFL is the most commonly injured ligament in the
ankle complex with research showing damage to have occurred in 82.8% of ankle injuries
(Fallat, Grimm, & Saracco, 1998)n more severe ankle sprains, damage to the CFL may
also ke present(Dubin et al., 2011) This is found to be the case in 66.9% of ankle injuries
(Fallat et al., 1998) Anterior talofibular ligament sprains occur with plantarflexion and
inversion whilst the CFL is sprained with dorsiflexion and inversionor just inversion
(Konradsen & Voigt, 2002) Previous links have been made with ruptured ATFL and CFL

suggesting the mechanism stagwith a plantarflexion and inversion position but when



being forced into further inversion, rupture of the ATFL occus, i this continues the foot
is forced into dorsiflexion with further inversion before eventual rupture of the CFL

occurs(Konradsen & Voigt, 2002)

Other structures can be injured duringankle sprainssuch asthe lateral joint capsule,
proprioceptive nerve endings and the peroneal tendons(Dubin et al., 2011) To
effectively reduce the risk of ankle sprains a full understanding of the injury mechanism

and kinematic and kinetic injury mechanisms is crucial.
2.3  Epidemiology of Ankle Sprains

A study surveying UKAccidentand Emergency Departmentsn Dudley, Sandvell, Walsall
and Wolverhampton hospitals found ankle sprains to account for 60.& every 10,000
persons (Bridgman et al., 2003) If this is applied tothe populations of England and Wales
it is estimated this will accountfor 302,000 sprains annually. Injuries to the ankle are
reported to account for 20-40% of all athletic injuries (Dubin et al., 2011) Further to this

a study investigating attendance atAccident and Emergency Departments in the UK
assessed 15 sport injury cases between $ January 2005 and 3% December 2005
finding 240 ankle injuries of which 81.3% were ligamentous spraingFong, Man, Yung,
Cheung, & Chan, 2008A study investigating ankle spraisin an Emergency Department
in the south of England overl seven month period found the causes of ankle sprains to
be tripping (29%), non-specific injury (26.4%), playing sport (26%), walking (12.2%)
and other accidental causes (6%JAl Bimani et al., 2018) It has been stated that up to
one-sixth of the time lost from sporting activities is caused by ankle sprain®&ein, Fabian,
Zwipp, Heineck, & Weindel, 201Q)This injury rate could be significantly underestimated
as it has been reported that 55% of people suffering from lateral ankle sprains do not

seek care from health cag professionals(Wikstrom, Tillman, & Borsa, 2005) A highcost
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implication has been observed from those that do seek help with an Americatudy
showing direct medical costs incurred following ankle sprains accounted for a total of $70
billion and indirect costs amounted to $1.1 billion in 2003 alongMcGuine & Keene,
2006). In the UK it has been calculated that if all severe ankle sprains were treated with
a boot this would equate to an expenditure of £3 million, for a b £1.5 million and for
just a tubigrip £0.1 million per year(Bridgman et al., 2003) Ankle sprains are evidently

a widespread issue therefore even a small decrease in occurrence will result in a
significant decrease in time lost from sport and everyday activitiesas well as a

substantial economic saving.

Medial ankle sprains andsyndesmotic orhigh ankle sprainshave been found taaccount
for 11.8% of all ankle sprains in a young, athletic populatioWaterman et al., 2011)In
comparison, lateral ankle sprains have been found to account for 77% of ankle sprains
and in 73% of cases damage to th&TFLis involved (Fong et al., 2007) Ligament sprains
are graded for severity with grade 1 being a mild stretch of the ligament without
accompanying joint instability, grade 2 a partial rupture with mild instability whilst a

grade 3 is a complete rupture with joint instability (Seah & ManiBabu, 2011)

Fong et al(2008) investigated sport related ankle sprains in théAccident andEmergency
Department of the Prince of Wales Hospital in Hong Kond.hey observed highest
incidence rates in basketball and football - sports that require sudden cutting
manoeuvres, jumping, landig and sudden stopsThe next highest incidence rate was in
hiking, potentially due to unstable surfaces. During activities like basketball arfdotball,
the athlete is at risk of catching the lateral edge of the foot or landing on another player
foot and causing the ankle to roll into combined inversion and plantarflexior{Knight &

Weimar, 2011b; McGuine & Keene, 2006)Bahr and Krosshaug(2005) used a

11



multifactorial approach to analysing ankle sprains This included intrinsic and extrinsic
risk factors, details of the event leading to the injury and a biomechanical description of
the whole body and joint at thepoint of injury. They found ankle sprains in volleyball to
mainly occur at the net when a player is blocking or attacking, they then landed on
AT T OEAO DIl AUA OBoweverhdsegurios mostEbmMmOmyddcirred in late
tackles due to a mediatontact from an opponent to the leg before or at foot strikéFS).

A systematic review performed by Fong et al2007) reported injury trends from 227
studies including 70 sports from 38 countries. The results obtained showed the ankle to
be the most commonly injured site in 24 of the 70 sports. They analysed the incidence of
ankle sprains per 1000 persorhours. Rugby wasfound to have the highest incidence
(4.20) followed by football (2.52) and volleyball (1.99). In basketball, ankle sprains have
been found to account for up to 45% of all injuries sustaine@Anandacoomarasamy &
Barnsley, 2005) Each of these sports is intermittent in natureand involves ahigh

incidenceof cutting and changes of direction as well as jump landings.
2.4  Risk Factors for Ankle Sprains

A number of intrinsic and extrinsic factors are thought to predispose an athlete to ankle
sprains (Kerkhoffs et al., 2012) Extrinsic factors are thought to include competition level,
shoe type and playing surfacéRamanathan et al., 2011)Intrinsic factors include height,
body mass index, age, sex, weight, previous injury, flexibility, muscle strength,
proprioception, reaction time, anatomical alignment and postural stability\Waterman et

al., 2010)

Intercollegiate athletes have been found to be twice as likely to sustain an aaképrain
than intramural athletes potentially due to increased competition intensity, increased

aggression of contact, increased match exposure, limited rest periods and increased fisk
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taking (Waterman et al., 2011) More injuries have been found to occur in matches when
compared to training sessiors possibly due to the increased speed of play and increased

contact(Wong & Hong, 2005)

There is speculation as to whether the type of shoe and shbeight affects the risk of
ankle sprain, however, no significant effects have been identified: it has therefore been
suggested that the age of the footwear has more of an impadterhagen & Bay, 2010)
Increasing shoe sole thickness has been found to increase the protective eversion
response of the peroneus longusin order to counter the increasing moment of the
subtalar joint during sudden inversion (Ramanathan et al., 2011which signifies an
increased risk with an increased sole thicknes¥Vhen a grass pitch is warmer, harder and
drier there is increased risk of ankle sprain due to an increased sheirface friction and
an increased rate of increase in ground reaction forc@Orchard & Powell, 2003). Shoe
surface friction has also been hypothesised to be higher on synthetic materials than on
natural materials, therefore, increasing the risk of ankle sprains. An example of this is
artificial turf in comparison to grass. Ekstrand, Tinpka, & Hagglund(2006) compared
injury rates over a season for 290 football players from 10 elite European clubs
competing on a third-generation artificial turf to 202 players from the Swedish premier
league. They reported an increased risk of ankle sprains on artificial tytiowever, the
overall incidence rate was very lowand that further study would be required to draw
conclusions from this. Another football based study by Steffen, Andersen and B&2007)
analysed injuries for 2020 female players over a season their results showed a trend
towards an increase in ankle sprains on artificial turf when empared to grass but found

no significant differences.
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Increased height of the athlete has also been suggested to be an intrinsic risk fagibrs
hypothesised to cause an increased moment of inertia acting about the ankle joint
therefore predisposing the athlete to an ankle spraifWaterman et al., 2010) Moment of

ET AOOEA EO AAlI AOI AGAA OOET ¢ OEA & Oi 61 Ag Ol
distance to the axisgd6 OEAOA &£ OA OEA OAI 1 A0 OEA AOEI AOA
away from the axis leading to an increased moment of inerti@Vaterman et al., 2010)

Faude, Junge, Kindermann andv@rak (2006) acquired baseline data, injury data and
exposure times from 8 elite ladies football teams in the German national leaguéhey

found a risk factor of 9.64 for athletes greater than $D above the mean height in contrast

to 1.70 for athletes 1 SD below the mean heightowever, their results show a high 95%
confidence interval suggesting low precision of the odds ratio. Willems et g2005)

collected the same data for 159 physical edutian students across 3 years and no

OA1 AOET 1T OEEDP xAO &I O A AAOxAAT AOEI AOCAOGS EA
could be due to a difference in experience level the increased sample size

It has been proposed that athletes with an increased bgdmnass index are at greater risk

of ankle sprains as they must generate greater forces to change momentum (momentum=

mass x velocity)(Tyler, McHugh, Mirabella, Mullaney, & Nicholas, 2006{reater forces

are thought to be produced withheavier weights which must then be absorbed by the

joints and soft tissue(Caine, Maffulli, & Caine, 2008)Thisis also thought to increase the

risk of injury. McHugh, Tyler, Tetro, Mullaney, and Nicholg2006) using 169 high school

athletes (101 male and 68 female) found injury incidnce to increase from 0.8 per 1000
exposures for male athletes to 3.0 per 1000 exposures with overweight males. This was
however only seen with males and not females. The sample populaticonsisted of 18

overweight and 19 at risk of overweight males in camparison to just 1 overweight and 6
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at risk of overweight females which may indicate why no correlation was seen in the

female population.

Young athletes have been found to be prone to ankle sprains due to a decreased skill level
and poorer risk evaluation (Cameron, Owens, & DeBardino, 2010; Kofotolis & Kellis,
2007). Older athletes hae however been found to have a worse recovery in terms of
speed and quality following ankle sprains due to the ageelated loss of strength and
musclemass 38 28 /6#1 111 0h "1 AAEI.AURh 4011 Uh
Females have been found to have a 25% greater risk of ankle sprain than males
basketball (Hosea, Carey, & Harrer, 200Q)possibly due to increased joint laxity, limb
alignment, differences in total response time, ability to rapidly develop a lower extremity
joint moment and decreased active muscle stiffness compromising joint stalyl.
However Beynnon, Vacek, Murphy, Alosa, and Pallg005) between 1999 and 2003
evaluated first time ankle sprains in high school and collegiate athletes ifootball,

basketball, lacrosse and field hockey found that the risk was associated with the type of

sport finding an increased risk only in basketball.

Athletes who have previously sustained an ankle sprain are twice as likely to suffer
another than those who have not sprained their ankles previouslySteffen, Myklebust,
Andersen, Holme, & Bahr, 2008)This has been propsed to be due to physiological and
anatomical deficits such as reduced strength(Willems et al.,, 2002) decreased
neuromuscular control (Gutierrez, Kamirski, & Douex, 2009)and increased joint laxity
(Lentell et al., 1995) It is unclear whether an increased jointlaxity results in late
detection followed by a standard peroneal reaction, or if the movement sensed at the
normal time and a delayedperoneal reaction time occurs (Hoch & McKeon, 2014)

Athletes who were found to have a decreased joint position sense atdifversion and 50
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from maximal inversion position were thought to be more at sk of ankle sprains
(Willems et al., 2005) This was thought to be the case due to a lateral shift in the centre

of pressure and poor foot positioning.

Limited dorsiflexion range of motion has been observed within individuals with ankle
instability (Drewes, McKeon, Casey, & Hertel, 2009bpecreased dorsiflexion has also
been found to be a strong predictor of ankle spraiiPope, Herbert, & Kirwan, 1998) A
dorsiflexion range of 349was found to have a fivefold greater risk of ankle sprain than
an ankle of average flexibility(mean dorsiflexion 45 + 4) (Pope et al., 1998) It is
proposed that this may be de to altered talocrural joint arthrokinematics where the
talus is unable to glide posteriorly on the tibia and therefore incredag the risk of ankle
sprains due to an inability to reach a stable closefdacked position(Drewes et al., 2009b)
The knee to wall test is often used to test functional talocrural joint dordéxion range in
a weight-bearing lunge position(Vicenzino, Branjerdporn, Teys, & Jordan, 2006Yhis is
performed in standing with the heel in direct contact with the groundwith the knee
passing in line with the second toe Participants then lunge forward until their knee
touches the wall The foot is then gradually moved back until the point when the knee
cannot touch the wall whilst still maintaining heel contact with the groundVicenzino et

al., 2006)

Extrinsic risk factors associated with injury can often be easily modified. For example,
ensuring athletes are competing at a suitable level or by changing the surface they are
playing on. However, it is the ifrinsic factors that are of particular concern as these
cannot be modified(for example height, age and s@xWith recurrent ankle sprains being
reported in as high as74% of individuals (Gribble et al., 2013)the costs of these in terms

of time lost from sport and work and the costs to the local health care system are high.
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This risk therefore needs to be addressed with more research so that suitable

preventative strategies can bemplemented.
2.5  Ankle Instability

Following an acute ankle spraimas high as 74% of individuals report residual symptoms

such as recurrent sprains, episodes of giving way and/or perceived instabilifyGribble et

al., 2013) Chronic ankle instability is defined by Tanen et al(2014) AO OA EEOOT Ol
recurrent ankle sprains and theOAT OAOET 1T 1T &£ CEOEI ¢C xAUm8 4EA

a number of studies though variation exists in thelefinition used. A position statement

released by the International Ankle Consortiun{lIAC) outlined the definition that should

AA OOAA ET ~ZOOOOA OAOAAOAE AO OAT AT ATIPBAOC
i AAEAT EAAT AT A £O1 AOGET 1 AGribiteleta, 204481 EOU 1T £ OEA
Chronic ankle instability can be split into two categories: mechanical ankle instdiby

(MAI) or functional ankle inability (FAI) (Wikstrom et al., 2005). These arenot mutually

exclusive and can occur individually and in combinatiorfBrown et al., 2008; Wikstrom

et al., 2005) Mechanical instability refers to an anatomical loss of mechanical restraint

from tissues leading to anincrease in joint laxity (Munn, Sullivan, & Schneiders, 2010;

Wikstrom et al., 2005) This loss of restraint could be due to increased pathologic laxity,
degenerative changes, synovial inflammation, impaired arthrokinematics and
impingement (Hertel, 2002). It has been postulated, though neither theory has been
confirmed, that mechanical instability may be caused by the increased motion of the

talocrural joint or rotation of the talus within the ankle mortise leading to a rotary

instability (Monaghan, Delahunt, & Caulfield, 2006)

Functional ankle instability was first proposed by Freeman, Dean and Hanhafh965).

The term is used to describe a perception of weakness, pain, decreased functionality or
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giving way at the ankle joint(Hiller, Refshauge, Bundy, Herbert, & Kilbreath, 2006)The
OAOI OCEOETI ¢ xAUAJACPAOEAEADEGBADAERT OEAO
of uncontrolled and unpredictable episodes of inversion of the rear foot (usually
experienced during initial contact(IC) during walking or running), which do not result in
acute ankle sprains(Gribble et al., 2014) The exact cause ofFAl is poorly understood
(Caulfield & Garrett, 2004) It has been hypothesised that it may be due to failure of a
dynamic restraint mechanism due to deficits in proprioceptive awareness,
neuromuscular control, postural control and weakness of associated musculature
(Hertel, 2002; Konradsen, Voigt, & Hojsgaard, 1997; Rein, Fabian, Zwipp, Rammelt, &
Weindel, 2011; Rosen et al., 2013)The dynamic restraintmechanism is the speed at
which support is provided to the joint complex by the contractile elementg¢Linford et al.,
2006). Nyska et al(2003) suggested that a leading cause of FAI is nerve injury either
within or proximal to the ligament. Freeman (1965) proposed the deafferentiation
theory, which stated that the afferent nerve fibres within the joint capsule and the
ligaments of the foot and ankle stimulate reflexes which help to stabilise the foot during
locomotion. These nerve fibres have loer tensile strength than collagen fibres and
therefore, if the foot or ankle is sprained, partial deafferentiation of the injured joint
occurs. Reflex stabilisation of the joint is then impaired which causes the joint to give way.
Research following this heory has tended to focus most on proprioception, reflex and
muscle response particularly of the evertors (peroneals)(Delahunt et al., 2006a;

Eechaute, Vaes, Duquet, & Van Gheluwe, 2009; Monaghan et al., 2006)

Ankle instability has also been linked to the development of osteoarthritiévalderrabano
et al., 2006) Hip and knee osteoarthritis often affec older individuals, however, ankle
arthritis in approximately 70-80% of cases is posttraumatic and as such is often prevalent

in younger populations (Valderrabano et al., 2006) Research has found ligamentous
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lesions to be the cause of 13% of posttraumatic cases of osteoarthritis, with 85% being
lateral ligament lesions (Valderrabano et al.,, 2006) One study used arthroscopic
examination to investigate 148 patients with symptomaic CAIl and reported cartilage
lesions in 55% of cases and 62% of those to the medial aspect of the taldentermann,
Boss, & Schafer, 2002)It is suggested thatabnormal kinematic movement patterns
adopted by individuals with CAl may increase repetitive cartilage damage to the medial
ankle (Valderrabano et al., 2006) Financially, osteoarthritis is associated with a number
of direct (medication and health care) and indirect (days lost from work and benefits)
costs (Chen, Gupte, Akhtar, Smith, & Cobb, 2012Yhe development of enhanced
rehabilitation and preventative measures for lateral ankle sprains will have a knoeckn
effect to the prevalence and expenditure associated with posttraum@at ankle

osteoarthritis.

2.5.1 Assessing Ankle Instability

Diagnosis of CAIl is controversial in clinical practice and in academic literature.
Traditionally pathologies are diagnosed with the use of clinical skills, imaging and
guestionnaires (Simon, Donahue, & Docherty, 2014)There is however no gold standard

for diagnosing CAIl(Tanen et al., 2014) Some studies have used clinical tests to define
MAI and FAIFunctional ankle instability was described as having a negative talar tilt and
anterior drawer tests along with the reported feeling of giving way. However this has
been critiqued for not assessing within a weighbearing position and due to the variation

in assessment between cliniciangMonaghan et al., 2006)

Seltreported outcome instruments are used in most research studies to collect subjective
information from individuals to determine the presence of ankle instability (Carcia,

Martin, & Drouin, 2008). These have been used in a clinicah@ research setting(Hiller
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et al., 2006) These seHlreported instruments can be either evaluative or discriminative.
Evaluative instruments assess th effectiveness of the treatment and the injury outcome
by measuring the change in injury status against time. In contrastiscriminative

instrumentation is used to identify whether individuals present with FAI (Carcia et al.,

2008).

There are currently a number of questionnaires in use in research and by clinicians to
diagnose CAlhowever, there is no consensus as to which is the gold standafd/ikstrom

et al., 2009) Commonly used questionnaires include thénkle Instability Instrument
(All), Chronic Ankle Instability Scale(CAIS),Ankle Joint Functioral Assessment Tool
(AJFAT), Cumberland Ankle Instability Tool (CAIT), Foot and Ankle Instability
Questionnaire (FAIQ),Foot and Ankle Ability Measure(FAAM), Foot and Ankle Outcome
Score(FAOS) and most recently thédentification of Functional Ankle Instability (IdFAI)

guestionnaire (Donahue, Simon, & Docherty, 2011; Tanen et al., 2014)

TheAll is a discriminative questionnaire(Carcia et al., 2008}hat consists of nine yes/no
guestions, six multiple choice questions and an opeended question(Donahue et al.,
2011). These questions can be divided into 3 categorieghe severity of the initial sprain,

history of ankle instability and instability in activities of daily life (Donahue et al., 2011)

The guidelines set out in thelAC position statement stated CAI is indicated when

ET AEOQEAOAT O AT OxAO OUAOGSE O1 AO 1 AAOGO EEOA
(Gribble et al., 2014) A recent study found good reliability of theAll when used in
conjunction with the CAIT (Donahue et al., 2011) This questionnaire gathers darge
amount ofinformation on the severity of the sprain and also the levelfdunctionality and

the perception of giving way However, within the definition of CAl perceptions of
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weakness and pain are also thought to be important which this questionnaire does not

cover. It also lacks definitions fothe termsOCE OET ¢ x@QANAl Ad & OO1 O

The CAISis a 14item questionnaire which covers disability, impairment, emotion and
issues with participation (Donahue et al., 2011) Items are scored on a foupoint Likert
scale between 0 (worst score) and 4kest score) higher scores indicate higher ankle
stability (Donahue et al., 2011; Eechaute, Vaes, & Duquet, 20d8)comparison to theAll,

this questionnaire does not provide as much information on the sprain severity.

The AJFATIis a 12 item questionnaire with 5 responses on a84point scale where higher
scores indicate fewer symptoms and greater functiofHiller et al., 2006; Wikstrom et al.,
2009). The responses involve comparing between ankles therefore not distinguishing
bilateral from unilateral instability (Donahue et al., 2011; Ross, Guskiewicz, Gross, & Yu,
2008). For this reason, it may be an unsuitable method for determining whether CAI is

present.

The CAITis another example of a discriminative too(Carcia et al., 2008) It was created

to determine whether an individual has FAI and also to grade the sverity of the
instability (Hiller et al., 2006). Unlike the AJFAT and FAIQ this questionnaire asks
individuals to individually grade both ankles instead of comparing to the contralateral
ankle thus allowing to identify whether the individual has unilateral or bilateral
instability (Donahue et al., 2011; Hiller et al.2006; Tanen et al., 2014)The CAIT is a 9
item questionnaire, each answer is assigned a point value between 0 and 5 with a
maximum score of 30 indicating the highest stabilityDonahue et al., 2011; Marshall,
McKee, & Murphy, 2009) The initial study suggested that individuals scoring 27 dower
were likely to haveFAI (Hiller et al., 2006), however, this cut-off score was thought to be

too high as athletes who had suffered from ankle sprains but had no residual symptoms
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were classified as suffering from CA(Wright, Arnold, Ross, & Linens, 2014)This cutoff
score was therefore revised and the IAC position statement now recommends a score of
24 or lower (Gribble et al., 2014) The CAIT has been found to have an 82.9% sensitivity

and 74.7% specificity along with 0.96 intraclass correlatiorfMarshall et al., 2009)

The FAIQis composed of yes/no questionsherefore making it insensitive to the severity

of instability (Hiller et al., 2006). These questions cover sensations of weakness, giving
way during daily activity and injury (within past 3 months). Individuals must answer yes
to certain questions and no to others. No studies have been carried out for reliability with
this questionnaire (Donahue et al., 2011)Again, his questionnaire requires comparison

to the other ankle sprain therefore not allowing for the possibility of bilateral CAI.

The FAAMis an evaluative questionnaire which was designed based on a previously used
guestionnaire called the foot and ankle didaility index (Carcia et al., 2008; Donahue et
al., 2011) There are two parts to this questionnaire: activities of daily living and sport
(Wright et al., 2013a) The IAC recommends the use of this questionnaire for describing
the level of disability with a cutoff score of 42 with less than 90% on the ADL scale and
less than 80% on the sport scal€Gribble et al., 2014) It is, however, not suitable for
determining the presence of CAl and the frequency of ankle sprains and severity of ankle

sprains.

The FAOSSs a 42 item questionnaire covering 5 areaspain, other symptoms, sport and
recreational function, foot and ankle related quality of life and activities of daily living
(Donahue et al., 2011) This has been criticised for not including questions on the feeling
of giving way and the recurrence of ankle sprains and for including items such as pain at
night which are not specific to ankle instability therefore potentially jeopardizing the

validity of this questionnaire (Eechaute et al., 2008) The IAC position statement
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recommended the FAOS for describing the level of disability with a score of less than 75%

in three or more categoresindicating instability (Gribble et al., 2013)

The IdFAI was most recently devised specifically to detect CAl in a clear and concise
manner and be quick to administer(Simon et al., 2014) This was designed bagkon the
CAIT and the All(Simon, Donahue, & Docherty, 2012)This has been found to have an
89.6% accuracy and intraclass correlation of 0.92Simon et al.,, 2014) A study
investigating the reliability of the IdFAI in 120 adults between the ages &0-60 years
found excellent levels of testretest reliability using ICC of 0.978, 0.975, 0.961 and 0.922
for the 20-30 years, 3040 years, 4050 years and 5060 years respectively(Gurav, Ganu,

& Panhale, 2014) The IAC recommends its use with a cuaff score of 11 or more
indicating CAI(Gribble et al., 2014) This questionnaire effectively combines the All and
the CAIT to produce a succinct questionnaire which covers the severity and the level of

instability.

The IAC sugests predominately the use of the All, CAIT or IdFAI for discriminative
purposes and the FAAM or the FAOS for evaluative purposes where relevant to the
research question(Gribble et al., 2013) This study will aim to distinguish between
individuals with and without ankle instability. The IdFAI seems to be a valid and reliable
measure to use combining the best elements of the All and the CAIT and therefore will be

used for classification purposes within this research.

2.5.2 Kinetic Chain

The initial kinetic chain concept is proposed by Franz Reuleaux and was initially related
to engineering however, this concept was translated across to human movement by Hans

von Baeyer in 1933 at the International Orthopedic Congress and is now often applied

within a rehabilitation context (Karandikar & Vargas, 2011) The kinetic chain principle
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states that a combination of successivelgrranged joints constitutes a complex unit and
as such movement of one joint affects the movement of anoth@farandikar & Vargas,
2011). It suggests thatthe body is a multilinked system with for example the rectus
femoris, hamstrings and gastrocnemius muscles crossing thephiknee and ankles. It is
suggested that movement of the trunk (which accounts for 35.5% body mass) will also
have an impact on the motion of the hip and therefore knee and anklKulas et al., 2008)
With foot placement, small erras are thought to becorrected by the subtalar joint and
larger errors are thought to be corrected at the hip joint, therefore, analysis of the full
kinetic chain when analysing movement may provide greater detail of the whole

movement pattern (Friel, McLean, Myers, & Caceres, 20Q6)

2.5.3 Feedforward and Feedback Strategies

Individuals with CAl have been reported to have insufficiencies in the feedforward and
feedback strategies of motor control(Yen, Corkery, Donohoe, Grogan, & Wu, 2016)
Feedforward control is suggested to describe actions occurring on identification of the
beginning, and also includes the impending ewvés or stimulus, whilst feedback control
describes actions occurring in response to sensory detection of effects from the arrival of
the event or stimulus to the systen{Riemann & Lephart, 2002)

2.5.3.1 Feedforward Motor Control

Feedforward can be termed predictive or proactive it is pre-planned and unchanged by
peripheral feedback(Bastian, 20068 & AAA £ OxAOA 1101 0 AT T 0011 A
Al OEAEDPAOT OU AAQOEI 1O OEAO T AAOO DPOET O O1 OA
(Riemann & Lephart, 2002) It is suggested that fat movements cannot exclusively utilise

feedback control since biological feedback loops are inherently slow, thus the brain
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predicts sensory consequences based on efference copies of previously issued motor

commands(Kawato, 1999).
2.5.3.2 Feedback Motor Control

Feedback motor control can be describedd O OOEA Al OOAAOEOA OAOD
AT OOAODPI T AET ¢ OUOOAI (RigA@M@ Lephalt, 2002) FeedbdcO AA OET
strategies can be termed reactive whereby corrections are made to tineovement based

on information received (Bastian, 2006) This information is obtained via proprioceptive
feedback(Brooks, 1983). Feedback is suggested to come from sensory afferents that are

activated during the movement itself(Zewdie, Roy, Okuma, Yang, & Gorassini, 2014he

central nervous system receives information from three subsystemsthe visual system,

the vestibular system and the somatosensory syste(hephart, Pincivero, & Rozzi, 1998)

The somatosensory system receives information from peripheral articular and
musculotendinous receptors regarding changes in length and tension of the muscles and

also information on joint position and motion. Mechanoreceptors detect when range of

motion nears its limit and senses joint compressionlt also provides protection at

extreme range of motion Mechanoreceptors are located within the skin, the
musculotendinous unit, within the bone, the joint ligaments and the joint capsule

(Lephart et al., 1998) There are four classifications of mechanoreceptors (typelV). A

cadaveric study by Michelson & Hutchingl995) found the ankle to contain a low number

of type | mechanoreceptors (slowadapting receptors with a low threshold), type I
mechanoreceptors (dynamic, quick adapting receptors with a low threshold) were found

in large quantities in all ligaments of the ankle along with type Ill (slowadapting,

dynamic receptors with a high threshold). Typd mechanoreceptors are thought to help

facilitate postural sense, whereas type Il, on the other hand, are postulated to sense
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initiation in joint movement. Type Il mechanoreceptors are thought to be active during
extremes of motion, therefore alerting the central nervous systemto joint danger. Type
IV mechanoreceptors are responsible for nociceptive sensation however none were

found during the cadaveric study.

Two common examples of mechanorecaprs are Golgi tendon organs and muscle
spindles (Martini, Nath, & Bartholomew, 2011) Golgi tendon organs are responsible for
monitoring variations in muscle contractile forces (Stefanini & Marks, 2003) Golgi
tendon organsare stimulated by tension within the tendon, excessive stimulation causes
the contraction strength to be decreasedMartini et al., 2011). Muscle spindles are
responsible for monitoring changes in muscle length and the rate that these changes
occur (Needle et al., 2013) When rapid inversion occurs the muscle spindles in the
peroneals are activated andh reflex contraction of the peroneus longus and brevis occurs
to counteract this (Knight & Weimar, 2011b). Damage to these receptors is thought to
decrease proprioceptive control of the ankle joint and pedispose the ankle toFAl

(Freeman et al., 1965)

Following injury, it is suggested that the normal raction pattern of muscles is insufficient
to protect the ankle joint from injury and as such a centralised feedforward neural
adaption is implemented in order to help protect the joint using proximal and distal
strategies(K. A. Webster, Pietrosimone, & Gribble, 2016t is suggested that the damage
to proprioceptors that occurs with the initial injury may also disrupt the proprioceptive
feedback tothe central nervous systemand may be the reasoning for altered movement

patterns following IC(Yen et al., 2016)
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2.5.4 Ankle and Hip Strategy

Research has suggested thandividuals utilise either an ankle or hip strategy(Horak &
Nashner, 1986; Kuo & Zajac, 1993; Runge et al., 1998)is suggested that for smaller
perturbations or external stimuli an ankle strategy is utilised but for larger disturbances,
a hip strategy is utilised(Kuo, 1995). The ankle strategy involves correction of the centre
of gravity (to maintain above the base of support) by moving the body abouhe ankle
joint. In comparison, the hip strategy utilises hip flexion and extension in order to
maintain the centre of gravity within the base of suppori{Horak & Nashner, 1986) The
hip strategy utilises more trunk rotation through the use of hip movementqHorak,
Nashner, &iener, 1990). The ankle strategy utilises an ankkknee-hip muscle activation
strategy whilst the hip strategy uses a primarily proximal hip muscle activation strategy

(Horak et al., 1990)

Some research investigating kinematics and kinetics in individuals with CAl has reported
A ORI T 6 1T O EtE Bain@id Gafafcd (Eubbard et al., 2007; Tropp et al.,
1985). It is suggested that proximal adaptations may enable normal kinetics to be
observed when measuring force plate variablesugh as centre of pressuréAbdelraouf,
Elhafez, & AbdelAziem, 2012). It remains unclear whether this is an attempt to maintain
stability by locking movement of the unstable ankle joint or whether this is a

compensatory strategy that is usedto account for damage to the ankle joint. More

thorough analysis comlining trunk and detailed lower extremity kinematics is called for.

2.5.5 Limb Dominance

An epidemiological study found 48.2% of individuals to suffer from bilateral ankle
sprains and 51.8% unilateral Of the unilateral ankle sprains, injuries to the dominant leg

were 2.4 times more likely(Yeung, Chan, So, & Yuan, 199%4is is proposed to be due to
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increased exposure to inversion forces in jumping and kicking. Comparatively a study of
ankle sprains within English Premier Leagueand Football Leagueclubs observed no
significant differences between the incidence of dominant and nedominant ankle
sprains (Woods, Hawkins, Hulse, & Hodson, 2003Tlinically comparison is drawn to the

non-injured side to determine severity and criteria for return to play.

Inconsistencies exist in comparison studies inMving control groups and instability

groups. Some studies include those with injuries to the dominant and netiominant leg

and match this variable when comparing to the control grougKnight & Weimar, 2012;

Koshino et al., 2014) Others discuss dominance for the control group but doot report

this within the ankle instability group (Knight & Weimar, 2011b). Others simply match

the side and ignore the involvement of dominancéipp & Palmieri-Smith, 2013). There

are severaldifferent definitions of the dominant limb in the literature. It is suggested that

OEA ATTETATO TEIA EO OOEA 1T AC OOkadoEin T OAAC
i T OAT AM. Belers, 1988) A study investigating the link between selfeported limb
AT T ETATAA AT A 1T AOAOOGAA AT T ETAT O 1AC T AOAOOGA!
you would shoot a ball on a targetx EEAE 1 AC x (V@i Melick] MédderO A 8

Hoogeboom, Nipuis-van der Sanden, & van Cingel, 2017)
2.6  Preventative Measures for Ankle Sprains

Due to the high incidence of ankle sprains a number of preventative measures have been
introduced (de Noronha, Franca, Haupenthal, & Nunes, 2013)\dopted intervention
strategies have included eternal support in the form of ankle braces and taping methods,
balance and coordination training, orthotics, footwearccharacteristics,strengthening and

stretching (McKeon & Mattacola, 2008)
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2.6.1 Taping and Bracing

Ankle taping and bracing arecommonly usedto prevent ankle sprains from occurring
These provide external support to the ankle, therefore, resisting active and passive
inversion of the ankle (Shima et al., 2005) External supports have been reported to
decrease ankle sprain ranjury rates by 50-70% (McKeon & Mattacola, 2008) A meta
analysis performed byCordova, Ingersoll and LeBland2000a) examined a totd of 253
cases across 19 studies comparing basketweave taping, lage braces and semtigid
braces before and after exercise. Semgid braces have been found to provide the
greatest restriction in inversion followed by laceup braces and then ankle tapig. Ankle
braces are often used due to their ease of application, -tesability and their cost
effectiveness when compared to ankle tapingCordova, Dorrough, Kious, Ingersoll, &
Merrick, 2007; Shima et al., 2005)Braces haveghowever, only been proven to reduce the
incidence of recurrent ankle spraingVerhagen & By, 2010)there is therefore doubt as
to whether this method is a suitable preventative measure for all individuals who have
not previously suffered an ankle sprain. Research hgasowever, observed more proximal
adaptation to ankle bracing during two maements- turning sideways to catch a ball on
one leg and turning to touch a target with their shoulder(Santos et al., 2004) They
observed decreasd trunk rotation and increased axial rotation of the knee in the braced
condition therefore placing the ligaments and connective tissue under ineased stress
increasing the risk of knee injury. However, the study only observed 10 healthy

participants.

Ankle taping is one of the most commonly used preventative measures for ankle sprains
and has been found to decrease ankle sprains between two and fourfold when compared

to other preventative measures (Cordova, Cardona, Ingersoll, & Sandrey, 2000b;
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Verhagen & Bay, 201Q)Its effectiveness, however, has been questioned as its level of
support has been shown to decrease with timghima et al., 2005) One study found ankle
taping to produce no significant differences in scores from a hopping test and the
modified Star Excurson Balance Tat, however, participantsdperceptions of stability,
confidence and reassurance were improved with a real and a placebo taping technique

(Sawkins, Refshauge, Kilbreath, & Raymond, 2007)

Although taping and bracing has been found to have similar preventative effects in
individuals with a history of ankle sprains taping is thought to cost béween 3-25 times
the costs of bracing(McKeon & Mattacola, 2008) It has been postulated that the use of
external ankle supports can lead to individuals developing weakness of surrounding
ankle musculature and decreased neuromuscular function, therefer leading to
increased risk of injury (Cordova et al., 2000b) Cordova et al.(2000b) analysed
electromyographic latency of the peroneus longus after sudden inversion without a
brace, with a semirigid brace and a laceup brace and found no diférence in peroneal
latency. Eachparticipant was then assigned to a condition (control, active ankle or
McDavidbrace) and were required to wear the brace a minimum of 8 hours a day, 5 days
a week for an 8week period. Following this period, they found nachanges in peroneal
latency. However, another study byShima et al(2005) again analysed peroneal latency
using surface electromyography in athletes with and without a history of ankle sprains.
This was measured during a 25inversion perturbation and found ankle taping and

bracing to delay the peroneal reflex latency in hypermobile, injured and intact ankles.

It has been proposed that changes in ankle kinematics due to taping and bracing may
cause changes in kinematics and energy abgaion of the hip and knee joints(Cordova

et al., 2010) Contrary to expected results a study analysing straight line runs, 46
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sidesteps and &ocrossover cuts found ankle taping to provide a level of protection to the
knee joint by decreasing internal rotation, varus momats and varus impulsegStoffel et
al., 2010) Another study analysed knee and ankle kinematics and ground reaction forces
during a standardised drop landing with and withoutthe use of a brace and found
significantly increased knee flexion at initial ground contact which they associated with

decreased anterior cruciate ligament loadingDiStefano et al., 2008)

2.6.2 Balance and Co-ordination Training

Some rehabilitation programmes implemented following ankle sprains tend to focus on
addressing this proprioceptive deficit with balance and coordination training. Balance
training is performed in weight bearing and is thought to improve mechanoreceptor
function, re-establish the normal neuromuscular feedback loop and improve functional
ability (V. M. Clark & Burden, 2005; Rozzi, Lephart, Sterner, & Kuligowski, 199Bplance
and coordination training often involves a singlelimb stance and activities that challenge
OEA ET AEOEAOAI 60 1 AOGAI 1T &£ OOAAEI EOU8 4EAU
boards or foam pads to create an unstable surface to further challenge the individual
(McKeon & Mattacola, 2008) McKeon et al(2009) analysed kinematic measures for
rearfoot inversion and eversion, shank rotation and the relationship between these
during walking and running in participants with CAL Participants were divided into a
balance training group and a control group. The balance training group undertook 4
weeks of supervised training focusing on single limb stance exercises. They observed a
significant decrease in shank (internal/external rotation)/rear foot (inversion/ev ersion)
coupling variability in walking following the balance training suggesting improved

stability (McKeon et al., 2009) Mohammadi (2007) analysed reinjury rates across a

season in 80first division male football players who had sustained ankle spraia They
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were split into four groups; the first group followed a balance training programre using
an ankle disk for 30 minutes each day, the second group followed a strength training
programme for the evertors, the third group used an ankle brace and the fourth group
were the control group. They found the incidence of ankle sprains in the bale@ training
group to be significantly lower than the control group however no other significant
differences were observed between groups. Although this looks promisintateral ankle
sprains were still sustained therefore further understanding of differenes present in

those with recurrent sprains may further strengthen this intervention.

2.6.3 Strength ening Within Rehabilitation P rogrammes

Strengthening has long been an important aspect of rehabilitation programmes for ankle
inversion sprains (Wilkerson et al., 1997) Strengthening exercises performed within
rehabilitation programmes often focus on the evertors (peroneals and extensor
digitorum longus) and the dorsiflexors (tibialis anterior and extensor digitorum longus)
(Holmes & Delahunt, 2009; Mohammadi, 2007)Eccentric contraction of the evertor
muscles is known to resist ankle inversion and also support the lateral ligaments of the
ankle, weakness of these musclemay contribute to recurrent ankle sprains (Caulfield,
2000). Increased muscle activation levels brought about durg rehabilitation have been
found to contribute to decreased ankle joint stiffnesgLin, Chen, & Lin, 2011) Muscular
contraction has also been postulated to acutely affect the sensitivity of
mechanoreceptors, therefore, linking strength and proprioception. One study found that
performing strengthening exercises for the ahkle improved joint position sense in
inversion and plantarflexion in participants with FAI which they believed was due to

increased gammaefferent activity (Docherty, Moore, & Arnold, 1998)
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2.6.4 Lack of Consensus

Although severd preventative measures are proposed within the literature a lack of
consensus anda high epidemiology of lateral ankle sprains still exists resulting in a large
cost implication and impacts on quality of life(Kerkhoffs et al., 2012; McGuine & Keene,
2006). A clear understanding of the injury mechanism along with biomechanical
guantities is thought to be extremely important in the development of injury prevention
strategies and protective equipment(Bahr & Krosshaug, 2005; Fong et al., 2012Yhis
suggests that existing methods may be enhanced with increased knowledge of the

mechanism and biomechanical quantitiegFong et al., 2012; Kristianslund et al., 2011)
2.7  Motion Analysis

Motion analysis can be two or threedimensional (R. Li, Tian, Sclaroff, & Yang, 2010)
Three-dimensional is considered to be the gold standar@Munro, Herrington, & Carolan,
2012). Optical 3dimensional systems use ifrared cameras to track the motion of
markers creating a 3D trajectory of the path of each markdCarse, Meadows, Bowers, &

Rowe, 2013)

Three-dimensional motion analysis is widely used in research and also for clinical
assessment to assist with clinical decision making and to evaluate the outcome of
therapeutic interventions in those with disabilities (Groen, Geurts, Nienhuis, & Duysens,
2012). Positional data is recorded against timeenabling calculation of kinematic
measures for example displacement, velocity and acceleratiofMelton, Mullineaux,
Mattacola, Mair, & Uhl, 2011) Motion analysis has also been used to identify potential

risk factors for injury (K. E. Webster, McClelland, Wittwer, Tecklenburg, & Feller, 2010)

Human movement tracking can be either visual or nowisual (Zhou & Hu, 2008) Non

visual involves sensors being attached to the body to collect information on the
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movement that is occurring these sensors can be magnetic, mechanical, microwave,
inertial, acoustic or radio basedZhou & Hu, 2008) Magnetic tracking technology reports
the location of sensors within a magnetic field which is generated by a transmitter source
These can, however, be significantly affected by interference from metal or magnetic
fields in the environment and electrical devicegAminian & Najafi, 2004) Visual tracking
uses markers which are attached to bony landmarkso model the movement of the

underlying skeleton.

2.7.1 Markers

Intracortical bone pins with markers on top are the gold standard for analysing bone
motion however these are highly invasive therefore skirmounted markers tend to be
favoured (Deschamps et al.,, 2011) These minimally affect the movement of the
participant being tested and provide no discomfort to the participan{Deschamps et al.,
2011). Skin-mounted markers used in motion analysis can be either active markers which
consist of lightemitting diodes or passive retroreflective markers (Aminian & Najafi,
2004). Active markers use strobing light emitters to uniquely identify each marker. These
avoid marker occlusion but must be wired to a power unit(Culmer, Levesley, Mon
Williams, & Williams, 2009). The wires are therefore restricting to the participant and
limit the degree of dynamic testing that can be performed. Passive retroreflective
markers reflect infrared light from the camera system to calculate thre€limensional
joint rotations (Janura et al., 1998; Poppe, 2007; K. E. Webster et al., 20I®ese markers
are not limited by rotation like active markers are, however these markers must be
labelled using computer software which can be time consuming and is a common source
of error (Allard, Stokes, & Blanchi, 1995)Passive markers aravireless and therefore are

very sensitive to marker occlusion which iswhere a marker is hidden. This occurs when
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a marker, object or limb obscures another marker causing the system to mistakenly

interchange the two(Culmer et al., 2009)

Marker size is an important consideration when analysing threglimensional movement

it is important to ensure that the markers are large enough to be seen by the cameras and
cover a suitable number of pixels but small enough for the area it is analysing so that they
do not overlap or interfere with movement (Milner, 2008). Camera resolutions have
improved significantly since the initial camera systems were introducegdthis has meant
that smaller markers can be used and placed closer together than had previously been
possible, thus seeing the introduction of more detailed analysis of moveme(Rankine,
Long, Canseco, & Harris, 2008Markers must be seen at all times by at least two cameras
in order to identify its three-dimensional coordinates, if the marker is not visible to at

least two cameras marker dropout will @cur (Milner, 2008).

2.7.2 Camera Set Up

There are a number of things that should be considered prior to data capture wiregard

to camera set upwhich include capture volume, the sampling frequency and the lens
options (Milner, 2008). The capture volume must be considered with reference to the
activity that is being recorded the volume must be large enough to capture the motion
but not too large that the camera resolution is compromisedMilner, 2008). It is
important to ensure that there are a suitable number of cameras for the capture volume
and that these need to be spaced appropriatelp limit dead space(part of the camera
view that does not provide information for the data captur@. This decreass camera
resolution due to a decreased number of pixels covering the capture ar@dilner, 2008).
The correct samping frequency must also be chosen to ensure that the data is suitably

digitised and the Nyquist theorem states that the sampling frequency should be at least
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twice that of the highest signal frequencyAllard et al., 1995) The focal length (distance
between focus and centre of a lens) andstop (amount of light that is allowed to pass
through the lens) are often the modified settings when changing the lens optiolislilner,

2008).

2.7.3 Calibration of Camera Systems

Calibration of motion analysis systems is a crucial step prior to beginning testirand this
ensures that the coordinates of an image are correctly scaled and the tanensional
image produced by each camera converted into thregimensional coordinates(Milner,
2008; Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2013)he accurate calibration
of the point of origin and the global coordinate system is extremely important as camera
orientations and positions are defined from ths information. Additionally, if additional
items such as force plates are used, these too rely on this calibratiand if these are

inaccurate there will be an increase in joint moment erro{Passmore & Sangeux, 2014)

Previously, a threedimensional calibration cage has been used to calibrate camera
systems this used a single image to calibrate the system with known miar positions
j 0OOEAAT Ech 0AEAOAHoweved this Adildd Wab beentsuperspded by
wand calibration due to the ability to change the calibration volume size, the ease of
storage and the decreased cot 0 OE A AT E ¢ . Baédcalibrat®rhnow used s @ twe
stage processthe first stage is a static calibration this uses markers attached to a fixed
structure, the coordinates of which are known(Robertson et al., 2013) This is often a
rigid L-frame consisting of 4 markes and this frame defines the origin and orientation of
the testing area(Ford, Myer, & Hewett, 2007; Milner, 2008) The second stage is a
dynamic calibration, which calculates the lens focal length, the lens distortion maps and

refines the camera positions on the softwar¢Ford et al., 2007) The calibration wand has
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markers at known distances apart. The investigator is then required to walk through the
calibration volume capturing the wand in as many oriatations as possiblg 0 OEAAT E¢ A
al., 2009) They must ensure that the whole volume is covered in a variety of wand
orientations to ensure the three cardinal planes are calibrated to a high degree of

accuracy (Milner, 2008). The dynamic calibration lasts between 60 and 120 seconds

j 0OEAAT E¢ .A®enshre diphquality daid] it is advised that thesystem is

recalibrated each day prior to data capturdPassmore & Sangeux, 2014)
2.7.4 Marker Placement
Two commonly usedvalidated marker sets are the HelerHayes marker set Figure 2.3)

(Davis, Ounpuu, Tyburski, & Gage, 1991; Manal, McClay, Stanhope, Richards, & Galinat,

2000) and the Clevelanddinic marker set (Figure 2.4) (Manal et al., 2000)

L.Shouider

L.Knee

L.Medial Ankle
R.Medial Ankle

Figure 2.3 Helen Hayes Marker Se(Gallagher et al., 2009)
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Figure 2.4 ClevelandClinic Marker Set(MotionAnalysis, 2010)

Murali Kadaba developed the Helen Hayes marker set in 1985 whilst working in the
Helen Hayes Hospital as a research scientishilst the rivalling Cleveland Clinic marker
set was later created by Kevin Campbell of the Cleveland Clinic Foundati@utherland,
2002). The Helen Hayesnarker set is an anthropometric model whilst the Cleveland
Clinic marker set is a clustetbased modelLong, Wang, & Harris, 2011)The Helen Hayes
model involves the accurate placement of markers on bony landmarks and axes; this
enables the bone and joint geometry to be calculate@Charlton, Tate, Smyth, & Roren,
2004). The Helen Hayes model can also utilise a waibéised marker set using wand
markers on each segment to define the joint centres and segmental coordinate systems
(Manal et al., 2000; Sutherland, 2002)The Clevelanddinic marker set uses clusters

placed on e&h segment to define the joint centre with medial and lateral markers for a
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static trial defining the flexion-extension axis, the medial and lateral markers are then
removed and a dynamic trial is performedCharlton et al., 2004; Radler et al., 2010)he
Helen Hayes marker set is more simple to use than the Cleveland Clinic marker set and
has been found to be more applicable to gait analysis in childrgfSutherland, 2002).
Radler et al.(2010), however, found less variability in kinematics of the transverse plane
with the Cleweland Clinic marker set, thought to be due to less marker movement with
three markers fixed to a rigid frame. Each of these marker sets provides a rigid foot to
enable calculation of ankle kinematics, along with hip, kneeupper body and trunk

kinematics.

The Calibrated Anatomical System Techniqu€éCAST) has been implemented in recent
studies (Sinclair & Bottoms, 2013) In this method, anatomical landmarks are located,
calibration then occurs with the use of more technical markers on thearticipant's limbs
(Cutti, Paolini, Troncossi, Cappello, & Dallia 2005). This is thought to reduce movement
artefact seen with other marker setgCollins, Ghoussayni, Ewins, & Kent, 2009; Sinalai
& Bottoms, 2013) This technique uses a static calibration of all anatomical landmarks
and a dynamic calibration through full range of motion(Leardini, Chiari, Della Croce, &
Cappozzo, 2005) The optimised lower limbgait analysis technique (RGA) uses the same
method with static and dynamic trials, however, uses an anthropometric model as

opposed to the cluster based mod€lGroen et al., 2012)

When modelling the trunk the simplest method is to consider this as one rigid segment.
Plug in models adopt this methodologyPreuss & Popovic, 2010) Practically this is the
easiest method to adopt due to the number of markers required though this may cause
intersegmental movement to be missedPreuss & Popovic, 2010) The trunk has 33

vertebrae however modelling this has proven to be chahging due to the size of each
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vertebrae not allowing for multiple marker placement on each segmentkonz et al.,
2006). As such many models group vertebrae together to produce segments for analysis
(Konz et al., 2006) Although some research suggests that this may produce a more
accurate representation of trunk kinematics(Preuss & Popovic, 2010)this is at the
expense of time both in terms of data collection and data analysis and clinically this may

prove to be more challenging to implement.

2.7.5 Multi-Segmental Foot Models

Traditionally, research analysing the motion of the foot and the ankle has considered the
foot as one single rigid segmentBishop, Paul, & Thewlis, 2012; Kidder et al., 1996The
foot is composed of multiple bones and joints with a number of complex interactions
(Okita, Meyers, Challis, & Sharkey, 2009herefore this excludes motion between and
within the different segments providing inadequate information on the biomechanics of
the foot (Stebbins et al., 2006) More recently, the use of multtsegmental foot models
which divide the foot into several segments which are treated as separate rigid bodies
have been introduced and utilised (Carson, Harrington, Thompson, O'Connor, &
Theologis, 2001; Deschamps et al., 2011; Okita et al., 2009his development has
allowed for a greater understanding of the function of the foot and ankl@ishop et al.,
2012). A number of marker sets have beae created to analyse the biomechanics of the
foot, which demonstrate substantial variations in the number of segments, marker
placement, axes definitions and the mathematical interpretation of motion, thus limiting
the comparability of results(Carson et al., 2001; Seo et al., 2014; Simon et al., 20068)e
most commonly used markers setsfor analysis of clinical populationsinclude the
Heidelberg Foot Measurement Method (HFMM}he Milwaukee Foot Model (MFM), the

Oxford Foot Model (OFM)the Leardini Foot Model (LFM) andthe Ghent Foot Model. Each
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of these marker sets has had some degree of validation and each varies in comparison to
the others. For example, the number of markers different in each of the models. The
HFMM consists ofL.2 markers, theMFM 11, the OFM 13he LFM 16(Seo et al., 2014and

the Ghent 25(De Mits et al., 2012) More markers enable more thorough analysis of the
motion of the foot, however, with an increased number of markers, there will be an

increase in the likelihood of marker placement error(Seo et al., 2014)

The foot is often split intothree segments the hindfoot, forefoot and hallux. Euler angles

and the joint coordinate system are most commonly used to define the relationships

between these segments(Baker & Robb, 2006; Rankine et al., 2008; Saraswat,
MacWilliams, & Davis, 2012) Euler angles refer to the rotations about fixed or
intermediate axis of a rigid body in relation to anotherand within the body, these

generally assesshie movement of the distal segment relative to the proximal. The order

of axis selection is critical to determine the magnitude of rotatiorfRankine et al., 2008)

The Heidelberg Foot Measurement Methotowever is named a method as opposed to a

iTAAT AO EO AT AOT 60 OODeserhnps ehal., 2014Fgurddsp A A £E1
instead it uses projection angles between functional ggnents (Rankine et al., 2008)

Projection angles were defined by Simon et 2006) A0d OOEA AT Ci A AAOxAA
ET OEA DPAOOPAAOEOA OEAx AlIT1C¢ OEA AQEO 1T &£ O
several of which are novel angles that they believed to be clinically relevant, such as

medial arch angle which is thought to be impo#nt for several foot deformities(Rankine

et al., 2008; Simon et al., 2006}t also introduced the use of a heel alignent device which

allows for measurement of the differences between loaded and unloaded calcaneal
positions and for biomechanical analysis of foot deformities. The device uses external

manipulation to place the foot into a neutral position(Rankine et al., 2008) The number
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of angles this method reports is extremely useful in foot analysis however the use of the

projection angle method as oposed to Euler angles has seen some critique for use in

). O
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Figure 2.5 Marker placement for the Heidelberg

Foot Measurement Method Simon et al., 2006)

research. As these projection angles are more difficult to interpret by clinicians and since
the derived lines are not constrained to adjoining segments, segmehased models may

be preferable(Baker & Robb, 2006)

The MilwaukeeFoot Model(Figure 2.6) comprises the tibia, hindfoot, forefoot and hallux

in a four-segment model. This model utilises-xays in weight-bearing to ensure accurate
placement over bone anatomy(Long, Eastwood, Graf, Smith, & Harris, 2010)This
improves its use clinically for use with footdeformities however, there are cost and
equipment implications for its use. The Milwaukee FoolModel was designed for use on
the ageing foot but has been used by a number of other studies using different sample
populations (Bishop et al., 2012) It does not have the ability to report movement
between the hindoot and midfoot and midfoot and forefoot segments and as such this
and the requirement for radiographic images are key limitations of its us€Novak,

Mayich, Perry, Daniels, & Brodsky, 2014)
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M1 Medial surface of anterior tibia
M2 Medial malleolus

b M3 Lateral malleolus
M4 Tuberosity of calcaneus
M5 Medial calcaneus
M6 Lateral calcaneus
M7 Tuberosity of 5" metatarsal (lateral)
M8 Medial head of 1% metatarsal
M9 Lateral head of 5" metatarsal
M10 Anteriorly directed hallux
M11 Laterally directed hallux
M12 Superiorly directed hallux

Figure 2.6 Marker placement for the Milwaukee Foot Mode{Kidder,
Abuzzahab, Harris, & Johnson, 1996)

The Oxford Foot Model (Figure 2.7) also consists of 4 segmentghe hindfoot, forefoot,
hallux and shank(Rankine et al., 2008) The initial Oxford Foot Modelwas proposed by
Carson et al(2001) however a paper by Stebbins et a[2006) proposed a number of
changes aiming to increase the repeatability of the marker set which now forms the
accepted model (Wright, Arnold, Coffey, & Pidcoe, 2011) These changes included
redefining the tibial segment using he conventional knee joint centre, altering the
hindfoot segment so that it was independent of neighbouring segments, placement of the
proximal marker on the first metatarsal was also modified to sit medially to the extensor
hallucis longus tendon (Stebbins et al., 2006) This model is thought to illustate some
degree of external validity, however like the Milwaukeeg~oot Model the Oxford Foot
Model has been used for populations other than that it was designed for. The model was
designed specifically for the use with paediatrics but a number of studiesakie used the

model for adult populations (Bishop et al., §12). Some criticism has also been raised
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with the marker set not accounting for motion between the hindfoot and midfoot and

midfoot and forefoot which is a main limitation of this model(Novak et al., 2014)

Figure 2.7 Marker placement for the modified Oxford Foot Model

(Stebbins,Harrington, Thompson, Zavatsky, & Theologis, 2006)
The LFM (Figure 2.8) is a five segment foot model which tracks the shank (tibia and
fibula), the foot (including all bones), the calcaneus, the mifbot (navicular and
cuneiforms), and the metatarsus (five metatarsals)Leardini et al., 2007) The LFM boasts
the inclusion of a midfoot segment allowing for further detailed anaysis of the intricacies
of foot movement (Powell, Williams, & Butler, 2013) It is suggested thatalthough
increasing the number of markers enables more precise analysis of segmental motibn
also increases variability in kinematic datgKim et al., 2018) A study comparing the HFM,
OFM and also two other foot models (duPont and Utah) found high standard deviations

in hindfoot and forefoot plantarflexion anddorsiflexion angles(Nicholson et al., 2018)
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Figure 2.8 Marker placement for theLeardini Foot Model(Leardini et al., 2007).

The GhentFoot Model(Figure 2.9) is a 6segment foot model consisting of the lower leg,
hindfoot, midfoot, medial forefoot, laterd forefoot and hallux segmentgDe Mits et al.,
2012). Angles are referenced to a static reference standing position. This model, although
it has been used in recent research of CAl populations, lacks data on reliability and
validity in foot deformities (Novak et al., 2014) This also has a high number of markers

which may pose an issue in more dynamic movement trials.

Figure 2.9 Marker placement for the Ghent FooModel (De Mits et al., 2012)
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The increased information that isprovided by multi-segmentd foot marker sets is
necessary for the researchinto functional disability, however, there are two main
problems with their use: the difficulty in overcoming skin motion artefact and the
reproducibility of marker placement (Seo et al., 2014)As with full body marker sets the
use of foot models relies on accurate placement of markers over anatomical landmarks.
This is extremely difficult and with foot deformities it can be impossible(Saraswat,
MacWilliams, Davis, & D'Astous, 2013)Theproximity of marker placement on the foot
amplifies errors in angular calculations in comparison with typical spacing over long
bones. The reliability has also come into question due to the impact of skin movement
artefact (Saraswat et al., 2012) One study used roentgen photography to analyse the
movement of foot markers in relation to boneThe largest movements were found with
the more proximally placed markers over the medial malleolus, calcaneus and navicular.
The highest marker movement they reported was 4.8a1m (Tranberg & Karlsson, 1998)
There is a need for further repeatability trials for the use of foot models within research

as this is currently lacking(Deschamps et al., 2012)

2.7.6 Variability and Limitations of Motion Analysis

Variations in motion analysis data can be either intrinsic or extrinsic. Intrinsic factors,
such asnatural variation can only be measured and managed. Natural variability includes
factors such as walking speed, height and the age of tparticipant which cannot be
modified (Schwartz, Trost, & Wervey, 2004) Extrinsic factors on the other hand cover
experimental errors which can be addressed to improve the quality of a studpchwartz
et al., 2004) There are three main sources of experimental error in motion analysis trials;
the participant, the examiner and the measurement systenfGorton Ill, Hebert, &

Gannotti, 2009).
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During testing, participants may naturally alter mechanics creating variability. Other
factors such as locomotion velocity have been found to create variability in daf&orton

[l et al., 2009). Examiner error most often arises from marker placement variation which
has been postulated to account for over 90% of the variability in motion analysis trials
(Gorton 11l et al., 2009) This is due to the inconsistency and inaccuracy of marker
placement on the correct anatomical landmarkK. E. Webster et al., 2010)t is essential
that markers are accurately placed over relevant bony landmarks as these are then used
for calculations of joint centres and the joint axigKainz, Carty, Modenese, Boyd, & Lloyd,
2015). Marker error also arises fromsoft tissue artefact, which can be due to motion of
the skin, muscle and other soft tissue or due to movement over the bo€ollins et al.,
2009; Fedie, Carlstedt, Willson, & Kernozek, 2010Yhe transverse plane is particularly
prone to marker placement errors(K. E. Webster et al., 2010)in order to decrease this
error, it is suggested that standardized protocols be designed and clear descriptions of
marker placement outlined in methodology, where possible using single testers is also
advised (Gorton lll et al., 2009) Errors within the measurement system can arise from
incorrect or inappropriate setup. For example, inappropriate spatial resolution or
sampling speeds. Alternatively, errors may arise from the calculations within the system
such as with regressionrbased joint centres(Schwartz et al., 2004) This error can be

reduced with thorough configuration and calibration(Gorton Il et al., 2009)

Soft tissue artefact efers to an error produced by movement of the skin mounted marker
in relation to the bony prominence it is representing.This artefact is known to affect
estimations of joint centre and rotation axis(Cerveri, Pedotti, & Ferrigno, 2005) This
error varies based on individual characteristics, marker placements and the type of
activity being analysed(A. Peters, Galna, Sangeux, Morris, & Baker, 201@pft tissue

artefact most often occurs in the areas closest to the joints due to muscle contraction,
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inertial effects and skin deformation. It is very difficult to filtersoft tissue artefact due to
the similarities in frequency to bone movemeniLeardini et al., 2005) Another possible
source of error is within the estimations of joint centresusing equations based on
cadaveric specimens, this may result in error in the kinematic variables exportg@ainz
et al., 2015) Plug in gait models have inherent issues with estimation of hip joint centre
positions and also with defining the coronal plane of the femur producingrtefact in hip
rotation therefore caution should be taken in interpretation of these findings(Baker,

Leboeuf, Reay, & Sangeux, 2018)
2.8  Electromyography

Electromyography is the most commonly used method for measuring nsale activation

during exercise clinically and in research studiegRainoldi, Melchiorri, & Caruso, 2004;
Soderberg & Knutson, 2000) It is used to measure the electrical activity of skeletal
musdes and also a representation of motor neuron outflow in the spinal cord to the
muscles(Turker, 1993). It is therefore used in the study of muscle functional anatomy,
motor unit firing and recruitment characteristics, biofeedback, neuron excitability and
can be rdated to muscle force development and reflex connection®erry-Rana, Housh,

Johnson, Bull, & Cramer, 2003; Turker, 1993)

There are 2 types of electrode; intramuscular and surfac€Okubo et al., 2010)

Intramuscular electrodes can be either needle or wirdbased, these are inserted directly
into the deep or smaller musclegHug, 2011; Turker, 1993) Surface electrodes (SEMG)
are active (built-in pre-amplification) or passive- the main difference being that passive
are affected by changes imskin resistance (Turker, 1993). Surface electrodes are
generally favoured due to their availability, ease of application and minimal patient

discomfort (Soderberg & Knutson, 2000) They arehowever, inappropriate for recording
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muscle activity of deep muscleg¢Murley, Menz, Landorf, & Bird, 2010) Surface electrodes
are favoured for isotonic movements as needle electrodes are likely to displadering
muscular contraction causing pain and damage to the muscl¢Soderberg & Knutson,

2000).

Electrodes are most commonly used in bipolar configurations recording the potential
between two electrodes on the muscle. Recordings can also be monopolar using one
electrode to detect SEMG signal, however, this is less common as more noise is picked up
from the vicinity and it is less muscle specifi¢Beck, DeFreitas, & Stock, 2011; Turker,
1993). A ground or reference electrode ialso placed on a bony prominencé minimise

noise within electromyographic recordings(Turker, 1993).

2.8.1 Electrode Placements

The correct placement of electrodes is essential with a displacement of just 1 cm between
two measurements creating variations of up to 200% in estimates of amplitudéainoldi

et a., 2004). SENIAM (2004) (Surface Electromyograply for the Nonlnvasive
Assessment of Muscles) has developed recommendatiotisat are now widely used
within research for the recording of surface EMG outlining the electrode location, its

orientation, the starting position and clinical tests for 30 individual muscles.

The electrical activity picked up from muscles other than that of the muscle under
investigation is called crosstalk(Campanini et al.,, 2007) To reduce crosstalk, it is
recommended that smaller electrodes are used for smaller muscles and a minimal
electrode distanceis implemented as surface electrodes are neselective (O'Sullivan,
Smith, & Sainsbury, 2010; Soderberg & Knutson, 200GYlechanical artefact noise should
also be minimised by using theshortest possible leads and active electrodes if possible

(Tarker, 1993). It is also recommended that the area for electrode placement be shaved
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and cleaned to remove dead skin and decrease electrical resistance between the electrode

and the muscle(Distefano, Backburn, Marshall, & Padua, 2009; Turker, 1993)

2.8.2 Normalisation of Electromyography

Electromyography is influenced by a number of factorstissue characteristics,
physiological crosstalk, location of the electrode, external noise and the electrode and
amplifiers (Konrad, 2005). To reduce signal variation SEMG recordings must be
normalised (Albertus-Kajee, Tucker, Derman, & Lambert, 201Q) It also enables
comparison of data between testsparticipants and studies. Without normalisation the
significance of a study is limited(Boudreau et al., 2009; Ebben et al., 2009\ormalisation

of data normally involves converting frommillivolts to a percentage of a reference task,
this improves absolute reliability (Ball & Scurr, 2010). The reference task used is
generally a maximal voluntary contraction which can be either isometric or dynamic
however recent researchhas introduced submaximal voluntary contractiongD. R. Clark,
Lambert, & Hunter, 2012) The use of dynamic maximum voluntary contractions has been
criticised for not maximally activating all muscles under investigationMaximal voluntary
isometric contractions (MVIC) hae been found to be the most reliable method ér
normalisation of EMG data when compared to meanlynamic and peak dynamic
normalisation methods (Bolgla & Uhl, 2007) The problem with MVICs arises ith
ensuring the contraction that theparticipant performs is as close to maximal as possible.
This is highly dependent uporparticipant motivation levels (Albertus-Kajee et al., 2010)
as a result the use of MVICs often prodes supramaximal SEMG readings for submaximal
dynamic tasks. This is potentially due to changes in muscle lengths during dynamic
movements and motor unit synchronisation and increased superposition of electrical

activity during dynamic movements (Konrad, 2005). There is controversy within
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research regarding the duration and number of repetitions that should bgerformed
with MVICs though the standard procedure is three trials of Second duration
(Soderberg & Knutson, 2000)A limitation of MVICs arises when working with clinical or
unhealthy populations whereby producing a true maximal contraction is not possible

(Konrad, 2005).

Other methods include normalisation of SEMG to the peak or mean of the dynamic
movement under analysis(Burden & Bartlett, 1999). These have been reported to show
good within participant and within day reliability however reliability of testing the same
individual across days has been found to be less reliab(élalaki & Ginn, 2012) This
method of normalisation compares to the task maximunand as suchloses muscle
innervation ratios and muscle activity levels cannot be compared between individuals,
muscles or tasks instead this method would be used to compare patterns of muscle
activation (Halaki & Ginn, 2012) Mean and peak normalisation using the task under
investigation is recommended when using symptomatic populations due to the potential

inability to produce a maximal contraction due to pain or injury(Bolgla & Uhl, 2007)
2.9  Statistical Analysis

2.9.1 Statistical Parametric Mapping

Data is often reported using peaks or means or reported at specific time points.
Biomechanical data is one dimensional (1D) (time and kinematic or force trajectories)
therefore reporting reduced discrete data has the potential to result in focus bias or
missing potential significance or trends during different phases of a movemer{Pataky,
Robinson, & Vanrenterghem, 2013) Statistical parametric mapping (SPM) is a coept
introduced to biomechanics from brain researchFriston et al., 1994)which enables full

curve analysis across the entirety of a mament (Pataky et al., 2013) This is suited to
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biomechanical data as this is temporally smooth in nature and can be temporally bound
(Pataky, 2010) Statistical parametric mapping uses a concept called random field theory
in order to control for the multiple comparisons being performed, this is in the placefa
Bonferroni correction which is deemed to be overly conservative(Pataky, 2010)
Statistical parametric mapping first estimates thesmoothness of the residuals, then uses
random field theory to determine a critical test statistic that retained a familywise error

I /= 0.05, lastly, the probability that suprathreshold clusters could have been produced
by chance is calculatedPataky et al., 2013) Data is time normalised to 10itime nodes
(Pataky et al., 2013) A limitation of SPM is the need foremporal registration of datasets
potentially causing potential significance to not be highlighted appropriatelyPataky,
2010). Although this method raises a potential concern for significant differences to be
missed this method may be a suitable method to analyse differences in movement

patterns between individuals with and without CAI.

2.9.2 Time Series Analysis Using Confidence Intervals

Previously 1D confidence intervals have been used with OD randomness models and as
such have been deemed invaligPataky, Vanrenterghem, & Robinson, 2015However,

1D bootstrap confidence intervals have been used and found to be a viable option for gait
(Duhamel et al., 2004) This method involves complex computation using the mean,
sample size, standard deviation, alpha and Gaussigbuhamel et al, 2004). Although
both methods have been deemed to be suitable for biomechanical analysis, comparison
between SPM and time series analysis using confidence intervals concluded SPM to be
the most suitable method for analysis of 1D data. This is due tacreased generalisability

of probabilistic conclusions (with the use of hypothesis testing techniques) and the ability
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to present results in a more consistent manner aiding interpretation of findinggPataky

et al., 2015)
2.10 Simulated Ankle Sprains

Tilt platforms are often used in research into CAl, they are designed to simulate the ankle
sprain mechanism within injury free range(Fong et al., 2009a) Tilt platforms utilise trap
doors which when released cause theoarticipant to fall into a restricted position
(Hopkins, McLoda, & McCaw, 2007Previously used tilt platforms have facedriticism

for only simulating the eversion/inversion aspect of ankle spraingChan, Fong, Yung,
Fung, & Chan, 2008)Tilt platforms should replicate plantarflexion with inversion to
suitably stress theATFL (Eedchaute, Vaes, Duquet, & Van Gheluwe, 2007; Mitchell, Dyson,

Hale, & Abraham, 2008)

Some questions have been raised as to the vatyof the tilt platform, specifically with
the stationary tilt platform as there is thought to be a large anticipatory response
(Hopkins et al., 2007) Tilt platforms can have one tilting platform which allows a set limb
to be tilted or two tilting platforms where either side could be tilted, decreasing the
participantd O AT OE A E b AMitthélllét aQ 2008 ValididyAs also questimed with
this model as sprains very rarely occur whilst weight is equally distributed across both
limbs and instead occur when landing or runnindKnight & Weimar, 2011a) During gait,
muscle spindle sensitivity is increased due to increased muscle activity prior to and
during the early stance phases of gait. This is thought to result in increased joint stiffness
and a decreased reaction time, suggesting static results to less ecologically valid than

dynamic (Hopkins et al., 2007)

In order to better replicate ankle sprains in landing, the outer sole has been developed

based on a previous studyUbell, Boylan, AshtorMiller, & Wojtys, 2003) which used a
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fulcrum to force the ankle into inversion to measure ankle brace effectiveneg¢knight &
Weimar, 2011a) The outer sole is a detachable fulcrum placed 26m from the medial
border of the outer sole with metal attached to the lateral borderKnight & Weimar,
2011b, 2012). This is thought to produce inversion speeds similar to thoseeported
during actual lateral ankle sprains(Knight & Weimar, 2012). This model has had little
testing for reliability and validity (Knight & Weimar, 2011b). A study analysed the time
to maximal inversion and the mean inversion speed and found high reliability between
healthy and injured participants and greater reliability than tilt platforms for time to
maximal inversion (Knight & Weimar, 2012). The ecological validity of this mechanism is
guestionable due to the height of the fulcrum therafre only replicating landing on
AT T OEAO DPAOOIT 60 A& T O8ovdr whktdedthe highlfulchumivould I OT A A
impact the protective mechanism for ankle sprains and whether the support limb would
respond in the same wayUse of the tilt platform and outersole method may not be the
most suitable for testing the effectiveness or for the design of new preventative measures
for lateral ankle sprains due to the poor of validity and reliability- instead further

biomechanical research is warranted.

2.11 Analysis of Ankle Sprains During Laboratory Testing and Sporting

Competition

In some rare instances, video analysis has been carried out for ankle sprains in the
laboratory or in sporting competition (Fong et al., 2009a; Kristianslund et al., 2011; Mok
et al.,, 2011) One study involvedparticipants running forward for 6 m then making a
rapid left turn; this resulted in an accidental lateral ankle sprain from which
biomechanics were subsequently analysed. However, digitisation was only performed for

the tibial tuberosity, lateral malleolus, posteria shank, distal posterior shank, proximal
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heel, distal heel and toe tipThe ankle reached 48inversion and 10 of internal rotation

at the point of injury, this maximum position was reached at 0.20 seconds froRS(Fong

et al.,, 2009a) Another study askedparticipants to use a sidestep cutting technique to
move around a static defender resultig in aparticipant sustaining an accidental lateral
ankle sprain; markers were placed on the legs, arms and tordmowever, no results were
obtained for these points instead the ankle was again the focus of the studysédden
increase in inversion and inernal rotation was observed between 130 and 180 ms
following ICand an attempt to unload the foot 80ms afterC (Kristianslund et al., 2011)

I OECI EEZEAAT O1I U ET AOAAOGAA ET OAOOET1T OAITAEOU
vs 166 and 221 in the previous control trials(Kristianslund et al., 2011) Two ankle
sprains sustained in the Beijing Olympic Games were analysed from televised video
recordings focusing purely upon the ankle joint kinematic§Mok et al., 2011) The first
lateral ankle sprain was sustainedduring take-off in a high jump event and the second
was sustained during a field hockey match whilst the player was running under pressure.
The maximum inversion angle for both case studies was found to occur 0.08 seconds after
ICand at a velocity of 172 /s for the high jump injury and 1397 /s for the hockey injury
(Mok et al., 2011) Of these ankle sprains, no data has been reported for movement of the
body superior to the tibial tuberosity. Of note again is the higivelocity inversion that is
seen to occur within the injury case studies this may be of value when investigating

potential differences between healthy individuals and those with ankle instability.
2.12 Walking and Ankle Instability

Walking is one of the most basic and most utilised human movemen#m epidemiological
study of ankle sprain admissions intcAccident andEmergency in the United States found

49.3% of ankle sprains occurred within athletic activity(Waterman et al., 2010) This
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leaves over 50% that occtred during activities of daily life. Of these a fall from the stairs
accounted for 26.6%however, a stumble at ground level accounted for 6.7%Naterman

et al.,, 2010) A review of anklesprains in an Emergency Departmentin the south of
England across a 7 month period found ankle sprains during walking to account for

12.2% of the analysed ankle spraingAl Bimani et al., 2018)

Walking is commonly broken down into phases of the gait cycle. The period where the
foot is in contact with the ground is referred to as the stance phase. This begins and ends
with both feet on the ground (doule-limb support). The remainder of the cycle is known
as the swing phase of gait this is from teeff to heel strike (HS) as the limb is swung

forward (single-limb support) (Pirker & Katzenschlager, 2017)Figure 2.10).

Stance Phase Swing Phase ———»

el strike ‘ Loading Mid-stance Terminal stance Pra-swing Toe-off Mid-swing Terminal swing
response

Double

Double |
suppart

support |

—>l4——— Single support ————————————

Single support

Figure 2.10 Phases of gait(Pirker & Katzenschlager, 2017)
Differences in postural control, kinematics, muscular activation and muscle onset times
may predispose individuals to further episodes of giving way and recurrent sprains.
Increased ankle inversion observed when analysing frontal plane kinematics during
walking has also been found to correspond to greater ankle inversion during more spert
specific movements such as jump landingDonovan & Feger, 2017) As previously

suggestedrepetitive loading of abnormal kinematic movement patterns has been linked
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to increased cartilage damage and as such the development of osteoarthritis within the
ankle joint complex (Valderrabano et al., 2006) therefore thorough investigation into

kinematics and muscle activation patterns is prudent.

Some research to date has investigated the kinematic differences in walking gait between
individuals with ankle instability and healthy control participants (Chinn, Dicharry, &
Hertel, 2013; De Ridder et al., 2013; Delahunt et al., 2006a; Drewes et al., 2009erb et

al., 2014; Monaghan et al., 2006; Terada et al., 2015; Wright, Arnold, Ross, & Pidcoe,
2013b). Others have investigated electromyographyDelahunt et al., 2006a; Feger,
Donovan, Hart, & Hertel, 2015; Hopkins, Coglianes€&lasgow, Reese, & Seeley, 2012;
Koldenhoven, Feger, Fraser, Saliba, & Hertel, 2016; Lin et al., 2011; Santilli et al., 2005)
and some kinetics(Hopkins et al., 2012; Koldenhoven et al., 2016; Monaghan et al., 2006;
Nyska et al., 2003) Lateral ankle sprains are not just prominent irsport they also affect
the general population during activities such as walkingAs such it is necessary to have a
good understanding of biomechanicgo better inform preventative and rehabilitation

strategies.

2.12.1 Electromyographic Findings in Walking and CA |

Existing literature has documented SEMG during walking in individuals with CAl and with
healthy controls for the gluteus medius(Feger et al., 2015; Koldenhoven et al., 2016)
tibialis anterior (Delahunt et al., 2006a; Feger et al., 2015; Hopkins et al.,, 2012;
Koldenhoven et al., 2016; Koldenhoven, Feger, Fraser, & Hertel, 20Ifstrocnemius
(Feger et al., 2015; Koldenhoven et al., 2016peroneus longugDelahunt et al., 2006a;
Feger et al., 2015; Hopkins et al., 2012; Koldenhen et al., 2016; Koldenhoven et al.,
2018; Santilli et al., 2005) rectus femoris(Delahunt et al., 2006a; Feger et al., 2015)

biceps femoris(Feger et al., 2015and soleus(Delahunt et al., 2006a) Although several
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studies have investigated sEMG during walkingdiffering methodologies exist with
regard to reported variables, and processing and normalisation methodsAlthough
Koldenhoven et al. (2016)Hopkins et al. (2012)and Delahunt et al. (2006a)all reported
muscle activation during walking, the methods and time periods of reporting varied. With
Koldenhoven et al. (2016)using the area under the SEMG RMS curve for 1685 pre IC
and 200 ms post IC time periodglopkins et al. (2012)RMS the data across a 50 ms time
window and time normalised the data across the stance phase ab@lahunt et al. (2006a)
calculating integral EMG for 200ms pre and 200 ms postHS Different methods for
normalisation were also used with the use of baseline SEMG during standiftgopkins et
al., 2012; Koldenhoven et al., 2016and peak EMG (from the mean of 10 records)
(Delahunt et al., 2006a)used to enable comparison between groups. The use of baseline
standing as a method for normalisation is not a commonly used method within SEM@t
was justified as the most stable and caistent reference value(Hopkins et al., 2012)
Feger et al. (2015Yyeported activation time and duration atHSand also muscle activation
for 100 ms pre and 200 ms post. They again RMS the data and normalised to quiet
standing. Santilli et d. (2005) reported muscle activation time as a percentage of the
stance phase normalised to peak muscle activity during the recorded trial. The different
methodologies implemented have also led to differing findings. When investigating
gluteus medius muscle onset times an earlier but not significantly different onset was
found in the CAI group when compared to the healthy matched contrgFeger et al.,
2015). Koldenhoven et al. (2016)reported significantly increased gluteus medius RMS
area under the curve during the 100 ms préHS and a higher sEMG amplitude during the
final 50% stance and the first 25% of the swing phase curve in the CAI group when

compared to the healthy control.
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When investigating tibialis anterior and peroneus longus muscle sEMG, earlier muscle
onset times werereported in the CAI group when compared to the healthy matched
control. A longer peroneus longus activation duration was also observed in the CAIl group
across the entire stride cyclehowever, no significant differences were observed in SEMG
amplitudes (Feger et al., 2015) In contrast, Hopkins et al. (2012)observed increased
tibialis anterior sEMG amplitudes following HS and during midstance, as well as
increased peroneus longus amplitudes adSand toe off in the ankle instability group
when compared to healthy controls. Significantly increased peroneus longus and lower
tibialis anterior RMS areas in the 100 ms prior tdC are also reported inCAlpopulations
compared to healthy control groups(Koldenhoven et al., 2016) When investigating
soleus activation during treadmill walking no signifcant differences were observed in
muscle activity from 200 ms preHSto 200 ms postHS or in muscle latency atHS

(Delahunt et al., 2006a)

Rectus femoris SEMG has been reported to display increased activity prior Sthough
no differences following HSwere documented(Delahunt et al., 2006a) In contrast, no
significant differences were observed in SEMG amplitudes the rectus femoris between
groups though an earlier muscle onset time was reported in the instability group
however this was not significant (Feger et al., 2015) This was also the case with the

biceps femoris muscle.

Reporting of gastrocnenius SEMG differs in terms of location withFeger et al. (2015)
reporting lateral gastrocnemius and Koldenhoven et al. (2016) reporting medial
gastrocnemius. Earlier muscle onset timevas reported in the lateral gastrocnemius of

the instability group though this was not significant(Feger et al., 2015) Increased medial
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gastrocnemius RMS area in the 100 ms prior téC was reported in the CAI group

compared to the healthy control(Koldenhoven et al., 2016)

The differences in findings within muscles due to differing methodologies enablesrited
conclusions to be drawn by clinicians when implementing rehabilitation and prevention
strategies, therefore, further investigation is needed across the entire gait cycle. Equally
no research to date has compared the muscle activation of the affedtémb to the
unaffected limb or investigated differences in the unaffected limb when compared to the

healthy control group.

2.12.2 Kinematic Findings in Walking and CAI

Existing research into walking in individuals with CAl uses differing methodologies.
Previous literature investigating CAI during walking has modelled the foot as one rigid
segment(Monaghan et al., 2006; Stebbins et al., 200@)e Ridder et al(2013) appears to
be the first studyto analyse walking using a multisegmental foot model, comparing the
use of the Ghent Foot Model to a rigid foot model in participants with CAl, copers (no
symptoms of instability after a recent ankle sprain) and control participants. Results led
the authors to conclude that the multisegmental foot model provided greater details of
the intricacies of the foot, showing differences between segments when comparing
groups. Research by Monaghan et #2006) reports movement of the hip, knee and ankle
with use of a single segment foot model, however, ®E A A Od&lédgetnOredearch
combines a full body marker set with anulti-segmental foot model. Similarlyto date,no

research documents trunk kinematics during gaitThis may provide further insight into

kinematic differences present in those with instability.

Differing kinematic variables have been reported in the existing literature with some

reporting displacement at various time points(Chinn et al., 2013; Delahunt et al., 2006a,;
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Drewes et al., 2009a; Wright et al., 2013b)whilst others document stride to stide
variability within gait (Herb et al.,, 2014; Terada et al., 2015and minimal research
looking at angular velocity (Monaghan et al., 2006) Differing methodologies are
implemented within these studies and as with SEMG, this produces different outcomes.
Few studies compared differences in displacement of the hip and knédonaghan et al.
(2006) reported no significant differences in hip and knee kinematics in any of the three
planes of motion. Similar findings were observed when comparing the CAl gro@p
affected limb and the contrd group& left limb when walking on a treadmill Again, no
significant differences were observed in hip or knee kinematicfelahunt et al., 2006a)
however, both studies only compared the CAI affected limb with the left leg of the control

group - no comparison was made to the unaffected limb of the CAI group.

In sagittal plane motion an increased ankle plantarflexion has previously been reported
from 42 to 51% of the gait cycle in individuals with CAl when compared to healthy
controls (mean diffeOAT AA ¢ 8 (@hinn pet air 2@18) @nflicting research has
observed no significant difference in sagittal plane rearfoot kinematics between groups
(Wright et al., 2013b). Though these both use differing methodologies witlChinn et al.
(2013) reporting shod treadmill walking and Wright et al. (2013b) reporting barefoot

overground walking.

Increased ankle inversion in the CAI affected limb compared to the healthy control limb
has been documented in multiple studies at 100 ms prior tBiSto 200 ms postHS(ankle
inversion increased gproximately 6-79 (Monaghan et al., 2006) throughout the gait
cycle (rearfoot inversion 2.07° £ 0.29°)Drewes et al., 2009a) atHS (forefoot inversion
mean difference2.86° SE = 0.93 (Wright et al., 2013b), (ankle inversion 2.10° vg1.43°),

50 ms prior to (ankle inversion 1.69° vsz1.43°) and 50 ms postHS (ankle inversion z
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0.09° vs 72.78°) (Delahunt et al., 2006a) In contrast a greater ankle eversion was
reported in the CAIl group at 1173% stance @verage difference2.17°) (De Ridder et al.,
2013), and no significant differenceswere observed in rearfoot frontal plane motion
(Wright et al., 2013b). Althoughthe majority of these studies appear to be in agreement,
many utilise a single segment foot modelDelahunt et al., 2006a; Drewes et al., 2009a,;
Monaghan et al., 2006) potentially making inadequate conclusions of movement of the
intersegmental motion of the foot. This was confirmed bye Ridder et al. (2013)who
compared the useof the Ghentmulti-segmental foot model and a rigid foot model for
comparing walking in individuals with CAl and healthy controls They observel a more
everted foot position with the rigid foot model but a more inverted position for the medial
forefoot within the CAIl group. Results led the authors to conclude that the muki
segmental foot model may provide greater details of the intricacies of tHeot by showing

differences between segments.

Significantly increased inversion velocity was also observed at 5 ms prior to and pds$t
and between 150195 ms postHS(Monaghan et al., 2006) No other research seems to
investigate velocities during walking. These may provide greater information into injury

related variables.

De Ridder et al. (2013used SPM to compare foot kinematics between participants with
CAl, copers and controls, identifying exact time periods of significantly increased forefoot
inversion in the CAI group compared to the control group from 87% to 98% of stance
phase (averad AEEAEAOAT AA 1T £ w8t1¢dq AT A OECT EZEAAI
group when compared to the control from 10% to 83% of the stance phase (average

AEAEAOCAT AA T A x8tc¢cd8 OOET O OAOGAAOAE OADI
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characteristics at digrete time points during walking (Koldenhoven et al., 2016;

Monaghan et al., 2006)rather than whole kinematic timeseries curves.

No comparisonhas been maddo date between the affected and the unaffected limb of
the CAI group to determine if a compensatory strategy is adopdeor to compare the
unaffected limb of the CAI group to a healthy matched control. Knowledge of this would
provide increased information to clinicians on rehabilitation and injury prevention
strategies. No research currently investigates trunk kinematics wing walking in

individuals with CAl.

2.12.3 Testing Protocols in Walking and CAI

Research investigating walking kinematics uses differing protocols with some literature
observing walking barefoot(Monaghan et al., 2006; Wright et al., 2013byhilst others
observe shod (Chinn et al., 2013; Herb et al.,, 2014)Significantly different muscle
activation strategies have been observed when comparing shod and barefosalking.
(Scott, Murley, & Wickham, 2012)A study comparing muscle activation during walking

in a flexible sole running shoe, a stability running shoe and barefoot observed a
significantly increased tibialis anterior EMG amplitude in both the flexible sole shoe (21%
increase) and stability shoe (24% increase) when compared to barefoot walkin(@cott et
al., 2012). A decreased peroneus longus muscle activation was observed when shod
(flexible sole z 20% decrease; stability sole 16% decrease) compared to barefoot.
Additionally, time to peak activation was earlier in both muscles within both shod
conditions comparedto barefoot (Scott et al., 2012) The use of shoes has also been found
to impact ankle, knee and hip kinematics though agreement of changes is inconsistent
with differing shoe types being adoptedMorio, Lake, Gueguen, Rao, & Baly, 2009; Scott

et al., 2012) There appears to be no set guidelines for the prescription of footwear with
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differing footwear being proven to have differing effects on kinematics. Analysis of
barefoot movement may prove a more valid representation of movement in individuals
with CAI. Although ecological validity will reduce this may provide more useful

information for subsequent intervention strategies.

Some studies analysed gait kinematics and muscle activation during walking over ground
(De Ridder et al., 2013; Monaghan et al., 2006; Wright et al., 2013khilst others used
treadmills for gait analysis (Chinn et al.,, 2013; Herb et al., 2014)Again these
methodological differences have been associated with differing outcomes with less
dorsiflexor, knee extensor and hip extensor moments observed during treadmill walking
when compared to walking over ground Along with lower muscle activity of the tibialis
anterior during stance, and lower hamstrings, vastus medialis and adductor longus
during early and mid-swing phase and higher activity for terminal swing(S. J. Lee &
Hidler, 2008). Results of walking over ground may prove a more valid representation of

everyday walking in individuals with CAL.
2.13 Landing and Ankle Instability

A systematic review reportedthat during a typical basketball game males performed 41
ve EOI PO AT A3 jupdpé (Rdyldr ONrighp Bischiavi, Townsend, & Marmon,
2017). Following a jump is the impactphase oflanding within which the downwards
momentum of the body must be reduced to zerdqLees, 1981) Jump and lanthg
strategies have been reported in volleyball for offensive and defensive movements
(Taylor et al., 20T7). Offensively 84% of jumps are performed from 2 feet whilst 55% of
landings are two-footed. Defensively99% of jumps are 2 footed and 57% of landings are

bilateral. Landing is commonly reported as a mechanism for lateral ankle sprains. Of the
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39% of noncontact ankle prains incurred in the English Premier League landing was

described as the mechanism of 36% of ankle sprairfg§/oods et al., 2003)

Landing can be split into three phases; the prianding (the period of time beforelC), the
impact absorption phase and the balance phaggéees, 1981) The prelanding phase of
landing is thought to be feedforward motor control where individuals use pre
programmed mechanisms to anticipate joint loading and control their centre of gravity
to maintain joint stability with the approaching ground contact(Delahunt, Monaghan, &
Caulfield, 2007) Literature suggests that prelC muscle activity occurs at approximately
200 ms pre-ground contact (pre-landing) - this response is thought to be modulated by
vision (Santello, 2005) therefore, this period of the movement may play a particular role
in injury prevention. This phase is referred to aghe reactive phase of landingDoherty
et al., 2014) Landing from a jump takes place ovapproximately 1 secondhowever,the
impact absorption phase is known to last for 15200 ms. Beyond this point downwards
momentum is reduced and the rest of the action is concerned with the maintenance of
balance(Lees, 1981) It has been summarised that an ankle sprain can occas early as

40 ms afterIC (Fong, Chan, Mok, Yung, & Chan, 2009b)

Some research to date has investigated the differences in landing kinemat{@&rown et

al., 2008; Brown, Bowser, & Simpson, 2012; Caulfield & Garrett, 2002; De Ridder, Willems,
Vanrenterghem, Robinson, & Roosen, 2015a; Delahunt, Monaghan, & Caulfield, 2006b;
Doherty et al., 2016c¢; Gribble & Robinson, 2009, 2010; Kipp & PalmiSmith, 2012;
Wright, Arnold, & Ross, 2016) kinetics and GRF datéBrown et al., 2008; Brown et al.,
2012; Caulfield & Garrett, 2002; De Ridder et al., 2015a; De Ridder et al., 2015b; Delahunt
et al., 2006b, 2007; Doherty et al., 2014; Doherty et al., 2016c; Gribble & Rwnn, 2009,

2010; Kipp & PalmiertSmith, 2012; Kunugi, Masunari, Yoshida, & Miyakawa, 2017; Ross
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& Guskiewicz, 2004; Wright et al., 2016petween individuals with and without ankle

instability. Limited research has investigated the differences in muscle activation
between groups during landing(Brown, Ross, Mynark, & Guskiewicz, 2004; Caulfield,
#OAT T TTAh /63011 EOGATh 2AUTTT1AORh O 7AO0AN
al., 2017) It is necessary to ha® a good understanding of the possible biomechanical

differences that may exist between individuals with instability and healthy controlso

better inform preventative and rehabilitation strategies.

2.13.1 Electromyographic Findings in Landing and CAI

Limited research to date has compared muscle activation during landir@rown et al.,
2004; Caulfield et al., 2004; Delahunt et al., 2006b, 2007; Kunugi et al., 201K)any
studies have investigated the tibialis anterior ad the peroneus longus(Brown et al.,
2004; Caulfield et al., 2004; Delahunt et al., 2006b, 2007; Kunugi et al., 2013pme
studies have investigated the soleuéBrown et al., 2004; Caulfield et al., 2004; Delahunt
et al., 2006b, 2007) some the lateral gastrocnemiugBrown et al., 2004; Kunugi et al.,
2017). Delahunt et al.(2006b, 2007) appear to be the only authos to investigate the

rectus femoris. Kunugi et al(2017) also investigated the peroneus brevis and the medial

gastrocnemius muscle activations. No studies appear to investigate any muscles more

proximal than the rectus femoris. Given that proximal adaptations have been suggested
to occur in individuals with ankle instability (Hubbard et al., 2007; Tropp et al., 1983his

may provide valuable information to guide preventative and rehabilitative strategies.

Different methods have been implemented in each of these studies with Brown et al
(2004) investigating muscle onset imes and muscle activation. Whilst other studies
simply investigate muscle activation(Brown et al., 2004; Caulfield et al., 2004; Delahunt

et al., 2006b, 2007; Kunugi et al., 2017)Normalisation strategies also differ between
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studies with Brown et al. (2004) and Kunugi et al. (2017) comparing to maximal
voluntary contractions whilst others compare to peak activity muscle activation from the

jump landing trials (Caulfield et al., 2004; Delahunt et al., 2006b, 2007)

Caulfield et al.(2004) observed no significant differences for soleus or tibialis anterior
activity pre or post-IC, however peroneus longus activation was significantly reduced
pre-IC. Similarly, Delahunt et al(2006b) also observed a significant decrease in peroneus
longus muscle activation prelC and no significant differences were observed posiC or

in the other muscles investigated (rectus femoris, tibialis anterior or s@us). This is
contrary to future research by the same authoiDelahunt et al., 2007)who observed
significantly increasedrectus femoris, tibialis anterior and soleus muscle activation prior
to and following IC, but observed no significant differences in peroneus longus activation.
The later study investigated a lateral hopping movement rather than a single leg drop
which may explain the differences between studiesKunugi et al.(2017) also observed a
significantly decreased peroneus longus muscle activatigmowever, they reported this
from 75 ms prior to ICto 60 ms postIC. Alongside this, they also reported a significant
reduction in peroneus brevis muscle activation from 151 ms préCto 116 ms post. This
is the only study to date to report the peroneus brevis muscle activatioduring landing.

In contrast to other literature, a reduction in tibialis anterior muscle activity was
observed from 69 ms to 203 ms followindC. Another studywith different findings is that

of Brown et al. (2004) who observed no significant differences in tibialis anterior,
peroneus longus or soleus muscle activation prior to landing. Following landing
significantly increased soleus muscle activation was observed in the stable group when
compared to the instability group during the 1000 ms post landing. Existing EMG data
shows little agreement between studies. This may again be due to different time points

under analysis and differences in single leg landing protocols.
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2.13.2 Kinematic Findings in Landing and CAI

A number of studies document ankle kinematics using a rigid segment foot modgrown

et al., 2008;Brown et al., 2012; Caulfield & Garrett, 2002; De Ridder et al., 2015a;
Delahunt et al., 2006b, 2007; Doherty et al., 2014; Gribble & Robinson, 2009, 2010; Kipp
& Palmieri-Smith, 2012; Wright et al.,, 2016) When investigating rigid model ankle
kinematics some authors have observed no significant differences between individuals
with ankle instability and healthy controls (Brown et al., 2008; Brown et al., 2012; De
Ridder et al., 2015a; Doherty et al., 2016c; Gribble & Robinson, 2009, 201I0) contrast,
one study observed increased invergin from 200 ms to 95 ms prior toIC, less
dorsiflexion from 90 ms to 200 ms postiC and decreased dorsiflexion velocity from 50
ms to 125 ms postiC (Delahunt et al., 2006b) A further study also observed increased
inversion from 200 ms to 95 ms prior tolC (Delahunt et al., 2007)this was postulated to
increase lateral ankle sprain risk in individuals with instability. Caulfield & Garrett(2002)
observed increased anle dorsiflexion from 10 ms prelanding to 20 ms postlanding
which was proposed as a learned adaptation to improve protection to the lateral ligament
complex.Wright et al. (2016) used the OxfordFoot Model(a multi-segmental foot model)
and also observed an increased hindfoot dorsiflexion position when compared to the
healthy control group at IC. They, however, proposed that this position may in fact
increase instability by decreasing the time available fothe joint to absorb impact forces
and suggested landing with increased plantarflexion allows increased range of motion for
force attenuation to occur. The use of a mulsegmental foot model is thought to provide

increased detail of intricacies between thgoints of the foot (De Ridder et al., 2015b)

When investgating knee kinematics agairseveralauthors have observed no significant

differences between groupgBrown et al., 2008; De Ridder et al., 2015a; Delahunt et al.,
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2006b, 2007; Doherty et al., 2016c)Caulfield & Garrett(2002) observed an increased
knee flexion in the instability group when compared to controls from 20 ms prdanding

to 60 ms post-landing which was again suggested to be a learned adaptation.
Comparatively, decreased knee flexion has also been observed jimgact (Gribble &
Robinson, 2010)and when impacting the ground (Gribble & Robinson, 2009)this will
increase the height of the centre of mass from the ground anmiay be contributory

towards increased instability.

Higher up the kinetic chain, analysis of the hip has observed less external rotation from
200 ms to 55 ms prior tolC, although authors were unsure as to the reason for this, it
does confirm that proximal adaptations may exist in those with ankle instability
(Delahunt & al., 2006b) Doherty et al (2016c) observed increased hip flexion from 148
ms prior to ICto 4 ms following ICwhich was speculated as a potential method to reduce
impact on contact. Further research is needed to combine EMG higher up the kinetic chain
with kinematics to further investigate the proximal adaptations that may be present in

individuals with ankle instability.

2.13.3 Testing Protocols in Landing and CAI

Severalmethodological differences exist between studies investigating singleg landing
which may help to explain the differences that exist between findings. Some studies have
performed a single leg drop task off a set height box. However the height of the box
changes between studies with 40 cnfCaulfield & Garrett,2002; Caulfield et al., 2004;
Caulfield & Garrett, 2004; De Ridder et al., 2015b; Doherty et al., 2014; Doherty et al.,
2016c; Wright et al., 2016) 35 cm(Delahunt et al., 2006b) 32 cm(Brown et al., 2008)
and 30 cm(Kunugi et al., 2017)all being used in the literature. No justification of selected

height is given. Some methods differ between the instructed jump or step off the box.
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Some studies ask the participant to stand with the teskeg relaxed and norweight
bearing (Caulfield & Garrett, 2002; Caulfield et al., 2004; Caulfield & Garrett, 2004hilst
others perform jumps from test leg to test legKunugi et al., 2017) Other studies first
perform maximal jump heights and then ask participants to jump forward from 2 feet and
land on one foot reaching 50% of jump heigh{Brown et al., 2004; Gribble & Robinson,
2010). Again there is some deviation with this methogdvith some authors specifying 40%
of maximal jump height(De Ridder et al., 2015apand others between 50 and 55%Ross

& Guskiewicz, 2004; Wikstrom, Tillman, Chmielewski, Cauraugh, & Borsa, 2007)

The duration of balance following the single leg land also differs between studies. With
some asking participants to balance for just 2 seconds on landifigipp & Palmieri-Smith,
2012) and others asking participants to balance as long as 20 seconds following landing
(Ross & Guskiewicz, 2004) Others do not specify the duration of balance following
landing (Brown et al., 2004; Brown et al., 2012; Caulfield &arrett, 2002, 2004; Delahunt

et al., 2006b, 2007) reducing study repeatability and posdily impacting results.

Some studies asked participants to jump barefodCaulfield & Garrett, 2002; Caulfield et
al., 2004; Caulfield & Garrett, 2004; De Ridder et al., 2015a; De Ridder et al., 2015b;
Doherty et al.,, 2014; Doherty et al., 2016c; Wright et al., 2016)whilst others asked
participants to jump shod however the shoes worn were not specified and it is unclear as
to whether these were standardised between participantgGribble & Robinson, 2010;
Ross & Gakiewicz, 2004). Others do not spcify whether jumps were performed barefoot

or in shoes(Brown et al., 2004; Brown et al., 2008; Brown et al., 2012; Delahunt et al.,
2006b, 2007; Gribble & Robinson, 2009; Wikstrom et al., 2007Clear differences have
been documented between kinematics, kinetics and muscle activation during landing

shod or barefoot(Hong, Yoon, Kim, & Shin, 2014; Yeow, Lee, & Goh, 204d this must
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be reported to aid the reproduction of study results and make interpretation of findings

clearer.

Some papers instruct participants on hand positioning with some instructing hands on
hips during landing (De Ridder et al., 2015a; DRidder et al., 2015b; Gribble & Robinson,
2009, 2010; Kunugi et al., 2017; Wikstrom et al., 2007)Although this may improve

repeatability, this position lacks external validity, and very rarely will athletes adopt this

position during landing in sport. These studies are sumarised in Table2.1.
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Table2.1 Summary of landing studies comparing those with ankle instability

Authors Outcome variable Protocol
Brown et al.(2004) - EMGz Tibialis anterior, Peroneus - Shoes/barefoot not specified
longus, Lateral gastrocnemius, - Maximum jump height recorded
Soleus - Forward jump to 50% of the maximum jump height 2 foot to 1-foot jump
- Time to stabilisation - Hold not specified
Brown et al, (2008) - Force platez GRF - Shoes/barefoot not specified
- Kinematicsz Ankle and knee - Single leg drop jump from 32 cm box instructedn® O1 EOIi b 000ODP6 | £& OE.
(sagittal and frontal plane) - Approximately 3-second hold at the end of drop jump
- No instructions were provided other than to make contact with the force plate
Brown et al, (2012) - Kinematics- Ankle, knee and hip - Shoes/bargoot not specified
(sagittal, frontal and transverse - Maximum jump height recorded
plane) - Single leg landings from a 50% maximum vertical jump in the anterior, lateral, and medial direction:

- 2 foot to 1-foot jump
- Hold not specified
Caulfield & Garrett - Kinematics- Ankle and knee - Barefoot
(sagittal plane) - Single leg jump from 40 cm box
(2002) - Test leg relaxed and nofweight bearing z use contralateral limb to propel from box and land on test
limb
- Duration of hold and arm position not specified
Caulfield & Garrett - Force plate- GRF - Barefoot
- Single leg drop jump from 40 cm box
(2004) - Test leg relaxed and norweight bearing z use contralateral limb to propel from box and land on test
limb
- Duration of hold and arm position not specified
Caulfield et al.(2004) - EMGz Tibialis anterior, Peroneus - Barefoot
longus, Soleus - Single leg drop jump from 40 cm box and jump for distance
- SL Box drop-Test leg relaxed and nofweight bearing z use contralateral limb to propel from box
and land on test limb (free to select owrtanding technique)
- Jump for distance- Test leg relaxed used opposite limb to propel themselves forwards to land on the
test leg (seltselected their landing technique)
- 3-second duration of hold
De Ridder et al(2015a) - Kinematics- Ankle, knee and hip - Barefoot

(sagittal, frontal and transverse - Forward jump - 2 footed forward jump to 40% of subjects height jumping over a 30 cm hurdle-
plane) land on test leg
- SPM analysis - Lateral jump z 2 footed lateral jump to 33% of subjects height jumping over a 15 cm hurdle- land
on test leg

- Hands free in flight but on hipsin landing
- Maintain balance for 5 seconds
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De Ridder et al(2015b) - Kinematicsz rigid foot vs Ghent - Barefoot

foot model - Single leg drop jump from 40 cm box and maximal sideward jump
- Force platez GRF - Single leg drop jumpz starting on opposite legz step down onto test limb
- SPM analysis - Maximal sideward jumpgz starting on opposite footz max sideward jump landing on test limb

- Maintain balance for 3 seconds
- Hands on hips throughout trial

Delahuntet al.(2006b) - EMGz Tibialis anterior, Peroneus - Shoes/barefoot not specified
longus, Soleus, Rectus femoris - Single leg drop jump from 35 cm box
- Kinematics- Ankle, knee and hip - Test leg relaxed and nofweight bearing
angular displacements and - Test leg relaxed and nofweight bearing z use contralateral limb to propel from box and land on test
velocities limb
- Forceplate 7 GRF - Duration of hold and armposition not specified
Delahuntet al.(2007) - EMGz Tibialis anterior, Peroneus - Shoes/barefoot not specified
longus, Soleus, Rectus femoris - Lateral hopgz starting 30cm from force plate hop laterally onto and medially off the centre of the
- Kinematics- Ankle, knee and hip force plate at a seHselected velocity
angular displacements and - Duration of hold and arm position not specified
velocities
- Force platez GRF
Doherty et al.(2014) - Kinematics - Ankle, knee and hip - Barefoot
(sagittal, frontal and transverse - Single leg drop jump from 40 cm box
plane) - Test leg nonweight bearingz drop forward onto test leg (free to select own landing technique)
- Force platez GRF - Maintain balance for 46 seconds
Doherty et al.(2016c¢) - Kinematics- Ankle, knee and hip - Barefoot
(sagittal, frontal and transverse - Single leg drop jump from 40 cm box
plane) - Test leg nonweight bearing z drop forward onto test leg (free to select own landing technique)
- Kinetics z sagittal plane ankle, - Maintain balance for 46 seconds
knee and hip moments and joint
stiffness
- Force platez GRF
Gribble & Robinson - Kinematics- Ankle, knee and hip - Shoes/barefoot not specified
(sagittal plane) - Maximum jump height recorded
(2009) - Time to stabilisation - Forward jump to 50% of the maximum jump height 2 foot to 1-foot jump
- Assumed hands on hips position on landing and maintained balance for 5 seconds
Gribble & Robinson - Kinematics- Ankle, knee and hip - Shoes make/model not specified
(sagittal plane) - Maximum jump height recorded
(2010) - Time to stabilisation - Forward jump to 50% of the maximum jump height 2 foot to 1-foot jump

- Assumed hands on hips position ofanding and maintained balance for 5 seconds
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Kipp & Palmieri-Smith - Kinematics- Ankle, knee and hip - Shoes/barefoot not specified

(sagittal plane) - Participants initiated a forward jump off 2 feet over a 15 cm box to land on a single leg. Distance wz
(2012) - Kinetics- sagittal plane ankle, normalised to leg length from greater trochanter to lateral malleolus

knee and hip moments and joint - Maintain balance for 2 seconds

stiffness
Kunugi et al.(2017) - EMGgz Tibialis anterior, Peroneus - Barefoot

longus, Peroneus brevis, Medial - Diagonal single leg drop jump from 30 cm box

and Lateral gastrocnemius - Test leg to test leg

- Force platez GRF - Balanced for 20 seconds with hands on their hips

Ross & Guskiewicz - Force platez GRF, sway, time to - Shoes make/model not specified

stabilisation - Maximum jump height recorded
(2004) - Forward jump to between 50% and 55% of the maximum jump height2 foot to 1-foot jump

- Balanced for 20 seconds
- Did not control for arm position, trunk flexion, or lower extremity flexion during
Wikstrom et al.(2007) - Force platez GRF - Shoes/barefoot not specified
- Maximum jump height recorded
- Forward jump to between 50% and 55% of the maximum jumeight - 2 foot to 1-foot jump
- Balanced for 10 seconds
- Hands on hips

Wright et al. (2016) - Kinematicsz Forefoot and - Barefoot
hindfoot (frontal and sagittal - Single leg drop jump from 40 cm box
plane) - Balanced for 10 seconds
- Force platez GRFand time to - Arm position not specified
stabilisation
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2.13.4 Accidental Sprains During Laboratory Testing - Landing

Few studies have analysed ankle sprains or episodes of giving way that have occurred
during laboratory testing in order to gain a greater understanding of the mechanism of
lateral ankle sprains(Y. Li, Ko, Zhang, Brown, & Simpson, 2018; Terada & Gribble, 2015)
Y. Li et al. (2018)eported two ankle sprains in young female participants performing a
EOI D TATAET ¢ 1T1TO01T A ¢ud 1 AOAOATT U OEI OAA A& C
and muscle activity of the lower extremity. No pain omjury was reported following these
episodes of giving way. They reported increased ankle inversion (1&27° vs 10712°),
increased ankle internal rotation (~10° vs 2%7°) and less hip abduction (325° vs 6%7°)
pre-landing and atlC when compared to theprevious successful trials. In participant 2
OEAU T AOGAOOGAA ET AOAAOAA EEDP AAAOAOQEIT j wd 00
(927°/s vs. 528°/s) and delayed peroneus longus activation prior to landing.
Comparatively, Terada and Gribble (2015)reported an accidental lateral ankle sprain
during a bilateral stop-jump task. The participant suffered a mild lateral ankle sprain in
the 3 of 5 trials the participant reported that this mimicked the usual recurrent ankle
sprains that they experienced as a CAIl sufferer. Prior to injury a 33% greater knee
adduction, 22% greater hip abduction, 11% less ankle plantarflexion and 43% less peak
knee flexion were observed when compad to the previous 2 noninjury trials. The COM
was also 2 cm higher and 2 cm shifted towards the neinjured side. During the injury
period they observed 35% greater peak ankle inversion, 30% higher peak knee
adduction, 22% higher peak hip abduction, 19%ower peak knee flexion and 25% lower
peak hip flexion. Along with a 7 cm higher and 3 cm lateral shift towards the nenjured
side in COM location. Both studies report significant differences in joint angular

displacements and angular velocities in digtl but also in proximal joint kinematics
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suggesting differences in both may result in episodes of giving way or contribute to

recurrent ankle sprains.
2.14 Cutting and Ankle Instability

Cutting manoeuvres are often used during sport to evade markers and react to
I DPbT OEOET 1T §RBnonhfield) RBolmAr, & O'Donoghue, 2007)An audit of injuries
in football in the English Premier Leaguefound 39% of ankle sprains to occur in non
contact situations. Twisting and turning &counted for 21% of these injuries(Woods et
al., 2003) Changing direction involves braking in the original direction (forward)
followed by translation and reorientation into the new direction (Havens & Sigward,
2015). For this to occur ground reaction forces and ground reaction force impulse and
position of the centre of mass must be positioned posteriorly to the centre of pressure
and similar adjustments made in the medialateral direction to move away from the
original direction (Havens & Sigward, 2015)When observing movements of 5®remier
Leagueplayersduring a match, a total of 727 + 203 turns were reported, with midfieldes
performing fewer than defenders and strikerg(Bloomfield et al., 2007) These turns were
further broken down into 0-909 90-1809 180-2700and 270-3600 The most common
category was 0900(left side 303.2 + 99.3; right side 305.8 + 104.7) followed by 92800

(left side 49.3 + 20.1; 45.2 + 19.4Bloomfield et al., 2007)

Limited research has investigated cutting mechanics in individuals with ankle instability.
Where research has been conducted, differences in protocols and variables under
investigation exist. Some studies have investigated electromyography variabl@suerst,
Gollhofer, Lohrer, & Gehring, 2018; Koshino et al., 2016; Son, Kim, Seeleyagkins,
2017; Suda & Sacco, 2011ysome kinematics(Fuerst et al., 2018; Koshino et al., 2014;

Koshino et al., 2016; Son et al., 201,73ome joint kinetics and GRF datéDayakidis &
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Boudolos, 2006; Fuerst et al., 2018; Koshino et al., 2014; Koshino et al., 2016; Son et al.,

2017; Suda & Sacco, 2018nd one foot pressuregHuang, Lin, Kuo, & iao, 2011).

2.14.1 Electromyographic Findings in Cutting and CAl

When investigating electromyographyseveral muscles have been investigated. These
include the tibialis anterior (Fuerst et al., 2018; Koshino et al., 2016; Son et al., 2017; Suda
& Sacco, 2011)peroneus longugFuerst et al., 2018; Koshino et al., 201&on et al., 2017;
Suda & Sacco, 2011)ateral gastrocnemius (Fuerst et al., 2018; Suda &acco, 2011)
medial gastrocnemius (Koshino et al., 2016; Son et al., 2017)gluteus medius and
maximus (Koshino et al., 2016; Son et al., 201/7yoleus(Fuerst et al., 2018) rectus
femoris (Koshino et al., 2016) vastus lateralis(Son et al., 2017) medial hamstring(Son

et al., 2017)and semitendinosugKoshino et al., 2016) Suda et a2011) reported muscle
onset times. They reported differences in motor strategies with the control group
activating the lateral gatrocnemius significantly earlier followed by the peroneus longus
and tibialis anterior whilst the instability group activated the lateral gastrocnemius and
the peroneus longus at the same time followed by the tibialis anterior significantly later
this was attributed to greater individual variance in the instability group. When
comparing muscle activation a number of different methods are used to normalise data
with Suda & Sacc(011) and Koshino et al(2016) using a maximal voluntary isometric
contraction, Son et al(2017) normalising to the mean three seconds of an isometric
double legged squat and Fuerst et gR018) normalising to mean RMS value of five stride
cycles during straight line running. During a side turn movement Koshino et g2016)
observed no significant differences in mean EMG activity between groups, however,
during the side cutting movement observed increased mean activity of the medial

gastrocnemius in the instability group when compared to the control group during 10
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30% stance.Fuerst et al.(2018) observed no significant differences in muscle activation
between groups for the 45degree cut, during the 186degree turn they observed
significantly higher values for peroneus longus activation prioto IC in the FAI group
when compared to the control group. No other significant differences were observed for
muscle activation. Comparatively, Suda & Sac(011) observed lower peroneus longus
activation in the instability group in the 50 ms prior to IC. Lastly, Son et al(2017)
observedseveralsignificant differences during the stance phase of the cutting movement.
Decreased tibialis anterior activation was observed at 3@00%, decreased peroneus
longus activation at 066%, decreased medial gastrocnemius activation at 285%,
increased vastus lateralis activation at 21% and decreased activation during 4460%,
increased gluteus medius activation during 3l4% and decreased etivation during 35-

45% and lastly decreased gluteus maximus activation during 241%.

2.14.2 Kinematic Findings in Cutting and CAI

Research investigating kinematics during change of direction manoeuvres has used a
rigid foot model and reported movement of the ankle, knee and hi@Koshino et al., 2014;
Koshino et al, 2016; Son et al., 2017)Fuerst et al.(2018) used hip and knee markers
however did not document movement above the ankle. They reported maximum
inversion angles between groups but observed no significant differences between groups
(p = 0.059) though did report post hoc comparisons between groups. In contrast, Son et
al. (2017) observed several differences in ankle kinematics; less plantarflexion was
observed at 624% and 83100% stance and less dorsiflexion was observed during 34
69% stance. They also observed less inversion during3% stance. These differences
were suggested to place increa stress on the tibiotalar articular cartilage and result in

a loss of mechanical advantage. Koshino et @016) reported increased ankle inversion
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from pre-IC 200 ms to prelC 165 ms and from 78100% stance which they suggested
may be a predisposing factor to leral ankle sprains. Previous research comparing a
multi -segmental foot model to a rigid foot model has suggested that these findings may
not be representative of the different segments of the foofDe Ridder et al., 2013; De

Ridder et al., 2015b)

Severaldifferences have been noted between individuals with ankle instability during
cutting in the knee and hip. Kokino et al.(2016) observed increased hip lexion during
the crosscutting motion from 11-18% stance which was suggested as a means of
lowering the centre of masgo improve dynamic stability. Son et al(2017) also observed
increased hip flexion during 3100% stance in the instability group, along with increased
knee flexion (536% and 7288% stance), increased knee abduction g%, 18-42% and
84-97% stance) and éss hip abduction (1620% stance). They suggested that the
decreased hip abduction was an attempt to adopt a more vertical femoral positicio
maintain a close distance between the centre of mass and the centre of pressure. They
also proposed that the inceased hip and knee flexion may be an attempt to help attenuate
OEA Ei PAAO &£ OAAO AT A AEOPAOOA AxAU £OI I
al. (2014) also observed increased hip flexion from 6%0% stance phase, increased hip
abduction from the pre-IC 200 ms to 45% stance phase and increased knee flexion from
35%-64% and 69%87% stance in the instability group. These findings suggest more
proximal adaptations are madeto either improve stability or help to distribute impact
forces. However, no research seems to document movement superior to the hip. The
kinetic chain principle would suggest that the trunk may also experience some proximal

adaptations during movement.
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2.14.3 Testing Protocols in Cutting and CAl

The movement under investigation differs in each study. A few studies have investigated
a lateral shuffle movement whereby participants performed 23 shuffles one way before
hitting the force plate and moving back in the opposite directiorfDayakidis & Boudolos,
2006; Huang et al., 2011; Suda & Sacco, 201Kpshino et al(2014; 2016) investigated a
cross turn and crosscut movement. The crosirn movement required participants to
walk straight ahead at their natural walking speedthey then planted their foot on the
force plate and changed direction to the side of the supporting leg at a4egree angle
before proceeding 2.5 m. The crosscut movement required partgants to jump forward
onto the force plate (on hearing an audio cue) and land on the test limb they then
performed a 45degree crossover cut and proceeded to run for 2.5 nfigure 2.11).
Dayakidis & Boudolos(2006) investigated a wvcut movement (7 m forward run at a
controlled approach speed of 5.0 £ 0.2 m/s, planting either left or right foot and cutting
at a 45degree angle). Within a study by Son et 4d2017) participants were asked to jump
as high as they could and land on the force plate with their test leg only and side cuti®0
to the contralateral side as quickly as possible. They were then asked to perform a 2
footed maximal vertical forward jump before performing a 90 degree cut to the
contralateral side. Fuerst et al(2018) controlled the straight line approach speed at a
velocity of 4 + 0.3 m/s and asked participants to perform a 45 degree, a 25 degreedaa
180 degree cut. Differences in the cutting protocol from a straight line or jump approach
and differences in cutting angle and technique may help to explain the differences in

findings evident between studies. These studies asummarised inTable 2.2.
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Figure 2.11 Cutting manoeuvress performed in Koshino et al(2014)



Table2.2 Summary of cutting studies comparing those with ankle instability

Authors Outcome variable Protocol
Dayakidis & - Force plate GRF - Barefoot/ shoes not defined

- V-cut - 45 ° wcut movement (7 m forward run at a controlled approach speed of 5.0 £ 0.2 m/s,
Boudolos(2006) planting either left or right foot and cutting at a 45degree angle)

Fuerst et al.(2018)

Huang et al(2011)

Koshino et al.

(2016)

Koshino et al.

(2014)

Son et al(2017)

Suda & Sacco,

(2011)

- Lateral shufflez starting in a crouched position shuffle one side twice then immedtely change
direction back along the same line

- Kinematics- Ankle (frontal plane) - Shoes (Adidas Spezial, ADIDAS AG, Herzogenaurach, Germany)
- Kinetics z Ankle moments (frontal - Straight approach run (velocity of 4 + 0.3 m/s) followed by a 45 ° sidesteputting movement
plane) - Straight approach run (velocity of 4 + 0.3 m/s) followed by a 25 ° crossovegutting movement

- EMGz tibialis anterior, soleus, Lateral Straight approach run (velocity of 4 £ 0.3 m/s) followed by a 180 ° turning movement
gastrocnemius, Rroneus Longus

- Foot pressures - Shoes (JUMP, LTiung Corporation, Taipei, Taiwan)
- Subjects were asked to run with a comfortable speed and perform the lateral sliirfig as fast as
possible
- Kinematics- Hip flexion, adduction, - Shoes (Artic Mesh M, Adidas, Heogenaurach, Germany)

and internal rotation, knee flexion, and - Cross turn- Participants instructed to walk straight ahead at their natural walking speeq they then
ankle dorsiflexion and inversion angles planted foot on the force plate and changed direction to the side of the supporting leg at a 45 ° ang|

- EMG- Gluteus maximum, Gluteus before proceeding 2.5 m.
medius, Rectus femoris, - Crosscut- participants instructed to jump forward onto the force plate (on hearing an audio cue) anc
Semitendinosus, Peroneus longus, land on their test limb they then performed a 45 ° crossover cut and proceeded to run for 2.5 m

Tibialis anterior, Medial gastrocnemius
- Force plate GRF
- Kinematics- Hip flexion, adduction, - Shoes (Artic Mesh M, Adidas, Herzogenaurach, Germany)
and internal rotation, knee flexion, and - Cross turn- Participants instructed to walk straight ahead at their natural walking speeq they then
ankle dorsiflexion and inversion angles planted foot on the force plate and changed direction to the side of the supporting leg at a 45 ° ang|
before proceeding 2.5 m.
- Crosscut- participants instructed to jump forward onto the force plate (n hearing an audio cue) and
land on their test limb they then performed a 45 ° crossover cut and proceeded to run for 2.5 m

- Kinematics- Ankle, knee and hip - Barefoot/ shoes not defined

(sagittal, frontal and transverse plane) - Participants were asked to jump as high as they could and land on the force plate with their test leg
- Force plate GRF only and side cut 9®to the contralateral side as quickly as possible. They were then asked to
- EMGz Tibialis anterior, Peroneus perform a 2 footed maximal vertical forward jump before performing a 90 degree cut to the

longus, Medialgastrocnemius, Vastus contralateral side.
lateralis, Medial hamstring, Gluteus
maximum, Gluteus medius

- Force plate GRF - Own volleyball shoes wornz not specified
- EMGgz Tibialis anterior, Peroneus - Lateral shufflez subjeds shuffled to the side twice, hitting the force platform and returning the other
longus, Lateral gastrocnemius direction

- Subjects were instructed to perform the movement as quickly as possible

82



2.15 Determining Initial Contact Using Kinematics

When the use of dorce plate is not suitable for the test movement or where unavailable
for testing, severalmethods have been proposed to determine the point € and toe-off.
Within this thesis access to a force plate is not possible therefore it will be necessary to
use a rule to ensure a consistent and repeatable approach to be implementétiese use

a range of variable for example, angular displacements, marker cordinates, marker

displacements, angular velocities and angular accelerations (as detailedTiable 2.3).
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Table 2.3 Summary of methods for determining foot strike and toe off using kinematic data (as defined in the literature)

Method Foot strike Toe off Reference
Peak knee First peak in knee extension Second peak in kneextension Dingwell, Cusumano,
extension Cavanagh, and Sternad

Foot vertical
position
Foot-sacrum

displacement

Foot vertical
velocity
Angular

acceleration

Coordinate-
Based
Treadmill

Algorithm

Minimum vertical position of the distal heel

Maximum positive displacement in the

direction of progression between the sacrum

and distal heel

Change in vertical velocity from negative to
positive of the distal heel
Time of the local minimum of foot angular

acceleration inthe sagittal plane

Maximum of Xeel 7 Xsacrum

Minimum vertical position of the 2nd
metatarsal head

Maximum negative displacement, along
anterior -posterior axis, between the 2nd
metatarsal head and sacrum

Change in vertical velocity from negative to
positive of the 2nd metatarsal head

Time of the local minimum of the shank

angular acceleration in the sagittal plane

Minimum of Xwoe Z Xsacrum

(2001); Fellin, Rose, Royer,
and Davis (2010)
Fellin et al. (2010)

Fellin et al. (2010)

Fellin et al. (2010)

Fellin et al. (2010); Hreljac
and Stergiou (2000)

DeWitt (2010); Zeni,
Richards, and Higginson
(2008)
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Velocity based
treadmill
algorithm
Vertical
component of
toe marker
acceleration

and jerk

Foot velocity

algorithm

Foot marker

kinematics

Point when X component of the velocity
vector for the heel marker changes from
positive to negative

Local maximum in vertical toe marker
acceleration (between previous HS and the
next maximum local vertical heel marker

position)

Point when X component of the velocity
vector for the toe or heel markers changes

from negative to positive

De Witt (2010)

Toe marker jerk equal to zero using equation De Witt (2010)

for linear interpolation:

Time of event =1 + (J(t)/(JI(t 1)-(I(t2))*t int

t1 = time of the sample with the last positive
vertical jerk value

t2 = time at which the first negative jerk
occurred

tint = time between samples (1/60 Hz), J()

and J(t) = jerk values at f and t..

A new signal, representing the foot centre, is Peak of virtual marker vertical velocity

created by calculating the midpoint of the heel

and toe marker locations. Minimum of virtual

marker vertical velocity

The second of the W shaped minima of the fool The minimum position of the toemarkers in

vertical velocity curve in the Z (vertical) axis

the Z axis

¢
N

C.M/ #1111 O0O
/ 8- Al 1T AUh AT A

(2007)

Mickelborough, van der
Linden, Richards, and Ennos
(2000); Sinclair,
Edmundson, Brooks, and
Hobbs (2011)
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Malleolus

position

Vertical

velocity and
displacement of
the foot

markers

Minimum position of the lateral malleolus in The minimum position of the toemarkers in
the Z axis the Z axis (as ilMickelborough et al. (2000)
Time of the downward spike of the vertical Onset of the rise in vertical displacement

velocity of the 1st metatarsal and the plateau in and velocity of the 1st metatarsal marker.
the displacement of thelateral malleoli marker

in the Z axes

Alton, Baldey, Caplan, and
Morrissey (1998); Sinclair
et al. (2011)

Schache et al. (2001);
Sinclair et al. (2011)
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A number d studies have compared the different methodologies-ellin et al. (2010)
compared the use of peak knee extension, foot vertical position, fesaicrum
displacement, foot velocity and angular acceleration to determinelSand toe off during
overground and treadmill running. They concluded that foot vertical velocity was the

most accurate method for determining=Sin overground running followed by foot vertical

position. In treadmill running however the foot vertical position was found to be most

accurate followed by the foot vertical velocity. Both tasks found peak knee extension to

be the best algorithm for determining toe off(Fellin et al., 2010) De Witt (2010)

compared the use of the coordinate based treadmill algorithm and the velocHyased

treadmill algorithm as proposed by Zeni et al. (2008)to vertical toe position (using
acceleration and jerk). They concluded that the vertical toe position was the most
accurate method(De Witt, 2010).# 8 - 8 [ & ¥ [2007) codparkdxheAoot velocity

algorithm (FVA) to the method proposed byHreljac and Stergiou (2000)and observed

more accurate results with the FVA method when compared to force plate readings and

also noted increased ase of application. Following from these, one study compared the
methods proposed byMickelborough et al. (2000)# 8 -8 [/ 6#1 1 1 JA@ndiO Al 8
al. (1998), Hreljac and Stergiou (2000) Zeni et al. (2008)and Dingwell et al. (2001)

(detailed in Table 2.3) but also incorporated a force plate in order to validate their use

against the recognised gold standargSinclair et al., 2011) They observed significantly

lower average and absolute errors in the methods oflton et al. (1998),# 8 -8 [/ 0 #1 1 11
et al. (2007)and Dingwell et al. (2001)for HSand in the methods oDingwell et al. (2001)

at toe-off (Sinclair et al., 2011)

Several different methods have been proposed in the literature. Differing tasks of
observation seem to require different methods for determiningIC, therefore, this

suggests that algorithms for determininglC may be taskspecific which may explain why
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the literature proposes no clear recommendations for this. Although the gold standard
for determining IC remains the force platform, kinematics have been found to be a
repeatable method when force plates are not available @ppropriate for the nature of
testing (Fellin et al., 2010; Handsaker, Forrester, Folland, Black, & Allen, 2016; Sinclair et

al., 2011)
2.16 Rationale

Severalrehabilitation and preventative strategies have been suggested in the literature
for the reduction in incidence of lateral ankle sprains particularly in individuals with CAl.
However, despite these strategies, the rate of ankle sprains individuals with ankle
instability remains high, resulting in high-cost implications and impact upon quality of
life. Increasing knowledge of biomechanical quantities is thought to be extremely
important in the development of injury prevention strategies and protective equipment.
The kinetic chain principle states movement at one joint impacts the movement of
another. This is reinforced by ankle taping and bracing studies that have observed
proximal adaptations to an intervention (Cordova et al., 2010; DiStefano et al., 2008;
Santos et al., 2004; Stoffel et al.,, 2010Jjo produce the most effective intervention
strategy possible a full knowledge of kinematic movement patternsot just of the ankle
joint is essential. Thisthesis will analyse three key movements in ankle instability.
Walking, a task commonly associated with ankle sprain in the general population and
landing and cutting which account for the two most common mechanism of ankle sprains
in sporting situations. It is suggested that increased knowledge of possible differences in
full body kinematics and muscle activation patterns during movements particularly

prone to injury may highlight key areas for future intervention and prevention strategies
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but also potentially be a basis to identify individuals who may be at risk of future

recurrent issues following an initial ankle sprain.
2.17 Aims
The main aims of this thesis were:

1 To explore full time series whole body kinematics during walking, single leg
landing andcutting

1 To explore full time series muscle activation patterns during walking, single
legged landing and cutting

1 To explore discrete kinematic variables during walking, single leg landing and
cutting

1 To identify the relationship between observed significahdifferences and score on

the identification of functional ankle instability questionnaire
2.18 Objectives
The main objectives of this thesis were:

1 To measure whole body kinematics in individuals with chronic ankle instability
and healthy control participants using three-dimensional motion analysis and
exploring using statistical parametric mapping and discrete statistical methods

1 To measure muscle activation patterns in individuals with chronic ankle
instability and healthy control participants using surfaceelectromyography and
statistical parametric mapping

1 To explore the relationship between significant differences and score on the
Identification of Functional Ankle Instability questionnaire using regression

analysis
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2.19 Hypotheses

Due to the exploratory natue of this study general study hypotheses will be tested rather

than individual experimental hypotheses Table2.4)

Table 2.4 Experimental and null hypotheses

Experimental hypotheses Null hypotheses

Hi - CAl participants will display modified HOi1 - CAI participants will display no
kinematic movement patterns (SPM) modification in kinematic movement
during walking patterns (SPM) during walking

H2 - CAI participants will display modified HO2 - CAIl participants will display no
muscle activation patterns (SPM) during modification in muscle activation patterns
walking (SPM) during walking

Hs - CAl participants will display modified HOs - CAI participants will display no
discrete kinematic variables during modification in discrete kinematic
walking variables during walking

Hs4 - Significant differences observed HO4 - Significant differences observed
during walking will be able to predict during walking will not be able to pedict
IdFAI questionnaire score IdFAI questionnaire score

Hs - CAl participants will display modified HOs - CAIl participants will display no
kinematic movement patterns (SPM) modification in kinematic movement
during single-leg landing patterns (SPM) during singleleg landing

Hs - CAl participants will display modified HOs - CAIl participants will display no
muscle activation patterns (SPM) during modification in muscle activation patterns

single-leg landing (SPM) during singleleg landing
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H7 - CAl participants will display modified

discrete kinematic variables during
single-leg landing

Hs - Significant differences observed
during single-leg landing will be able to
predict IdFAI questionnaire score

Ho - CAl participants will display modified
kinematic movement patterns (SPM)

during cutting

Hio - CAIl participants will display
modified muscle activation patterns
(SPM) during cutting

Hix - CAIl participants will display

modified discrete kinematic variables
during cutting

Hi2 - Significant differences observed
during cutting will be able to predict IdFAI

guestionnaire score

HO7z - CAIl participants will display no

modification in  discrete  kinematic
variables during singleleg landing

HOs - Significant differences observed
during single-leg landing will not be able
to predict IdFAI questionnaire score

HOo - CAI participants will display no
modification in kinematic movement
patterns (SPM) during cutting

HO10 - CAI participants will display no
modification in muscle activation patterns
(SPM) during cutting

HO11 - CAI participants will display no
modification in  discrete  kinematic
variables during cutting

HO12 - Significant differences observed
during cutting will not be able to predict

IdFAI questionnaire score
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Chapter 3.0 General Methods
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Throughout this thesis, several core protocols will be used’hese will refer back to the

methods within this chapter.
3.1 Participants

Eighteen(14 males, 4 femaleshealthy controls (age ? §22.4 + 3.6years,height: ? §177.8

+ 7.6 cm, mass? £ 70.4 £ 11.9kg, UK shoe sizéldn: 8.5, MIN: 4, MAX: 11) and 18 (13
males, 5 femalesparticipants with CAl (age ? £22.0 + 2.7years,height: ? £176.8 + 7.9
cm,mass ? $74.1 £ 9.6kg, UK shoe sizéMdn: 8.5,MIN: 4, MAX: 1) were used for Chapter
5, 6 and 7 Participants were included in the study if theywere aged 1835 and took part
in team sport a minimum of twice a week (minimum of 30 minutes per session). Ethical
approval was granted by the university ethics committee prior to testing. Written
informed consent was obtained from participants and a he#li screen questionnaire was

completed prior to participation.

Participants were recruited through convenience samplingParticipants were allocated

into the control group or the CAI group based on results of the IdFAI questionnaire, where

A OATOA T £ 1pp ETAEAAOAA AT EI A E(GinDdehd] EOU E
2013). All participants completed the IdFAI questionnaire on a Google forms
guestionnaire. Anonymised data from this questionnaire was viewed by the investigator

prior to data analysis to ensure group sizes were balanced where this was not the case
additional participants were recruited. All participant data were anonymized so to avoid

bias during the analysis phasdnclusion criteria are outlined in Table3.1. In the instance

I £ AEI AOGAOAT AT EI A OPOAET 6Oh OEA ET O 1 OAA 1E
perception of greater instability. As the researcher was blinded to the questionnaire

outcome, the affected limb could not be identified exclusively as either the dominant or

non-dominant limb. Therefore, the control group were matched for dominance to the
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instability group (if the dominant limb is the affected limb the matched controlwill also
be the dominant limb) to ensure that the dominance effect is accounted for within the
analysis Limb dominance was determined by asking which leg they would use to kick a

ball (Hopkins et al., 2012) Mean IdFAI score for the control group was 3.71 + 3.13 and

pwd8p M @8cu EI

OEA #1)

COl OP6 O AAEEAAOAA

Table 3.1 Inclusion and exclusioncriteria as outlined by thelnternational Ankle

Consortium (Gribble et al., 2013)

Inclusion

Exclusion

1. A history of at least 1 significant ankle 1. History of previous surgeries to the

sprain
1 Initial sprain at least 12 months prior
1 Initial sprain associated with
inflammatory symptoms (pain,
swelling, etc.)
1 Initial sprain resulted in at least 1
interrupted day of physical activity
1 Most recent injury must have
occurred more than 3 months prior
to study enrolment
2. History of the previously injured ankle
ETET O OCEOEI C xAU
OPOAET h
i Participants should report at least 2
episodes of giving way in the 6
months prior to study enrolment
1 Selfreported ankle instability
confirmed with the useof the
Identification of Functional Ankle
Instability: score ofl 11 indicates

ankle instability

AT Ari O o6£4

musculoskeletal structures (i.e.,
bones, joint structures, nerves) in

either lower extremity

. History of fracture in either lower

extremity requiring realignment

. Acute injury to musculoskeletal

structures of other joints of the lower
extremity in the previous 3 months
that impacted joint integrity and
function (i.e., sprains, fractures),
resulting in at least 1 interrupted day
of desired physical activity

Regular use of orthotics
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3.2 lIdentification of Functional Ankle Instability Questionnaire

The Identification of Functional Ankle Instability questionnaire (Simon et al., 2012)was
used to confirm selfreported ankle instability. This can be viewed along with the
guestionnaire scoringin (Appendix D, Figure D.1). The questionnaire was transcribed
onto computer-based questionnaire software to enable blinding of the researcher to

scoring.
3.3 Height and Mass

Participants6 anthropometric measurements of height and mass were recorded in
accordance with the British Association of Sport and Exercise Science guideliféénter,
Jones, Davison, Bromley, & Mercer, 2006Height was measured to 0.1lcm (Seca
stadiometer 225b, Hamburg, Germany). Participants were required to stand barefoot
with their feet together and their head in the Frankfort plane. The measurement was
taken with inspiration where the headboard was brought down to compress the hair.
Mass was neasured to 0.1kg (Secé&lectrical Column Digital Scalesr80, Hamburg,

Germany) and was taken with the participant barefoot and wearing light clothing.
3.4  Electromyography

Electromyographic data reported throughout the thesis were recordedbilaterally using

a DataLINK data acquisition system (Biometrics Bluetooth unit W4X8, Biometrics Ltd,
Gwent, UK) sampling at 1000Hz with preamplified electrodes (Biometrics Ltd, SX230

1000, gain x1000, bandwidth 26450 Hz, noise < 5 uV, input impedance pmtpuv. LI1Q

s N oA 2 0~ =z PR

0OAOOEAEDAT 6O86 OEEI xAO DOADPAOAA &£ O Al AAOO
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accordance with SENIAM guideline§SENIAM, 2004) Tibialis anterior electrodes were
placed at a third of the line between the tip of the head of thigoula and the tip of the
medial malleolus. Gluteus medius electrodes were ated halfway between the crista
iliaca and the greater trochanter. The peroneusnguselectrodes were placed at 25% on
the line between the head of the fibula to the lateral malleolus={gure 3.1). To improve
electrical contact he area was preparedfor electrode placement by shaving and
cleansing with an alcoholwipe. Root mean square was used for processing the EMG data
using a moving window of 100 ms each value in the signais squared, averaged over the

time interval, and then square rooed (Soderberg & Knutson, 2000)

Peroneus Longus Tibialis Anterior Gluteus Medius

—

Figure 3.1 SENIAM guidelines for peroneus longus, tibialis anterior and gluteus

medius electrode placements

3.5 Motion Analysis

Motion analysis data were recorded using an Owl Digital Real Time 10 camera system
(Motion Analysis, Santa Rosa, California) sampling at 200 H&.rectangular capture
volume measuring 1.5 m (width) by 2.1 m (height) by 3.5 m (length) was calibrated as
per the manufacturer® instructions using an l-frame and T-bar wand. Passive reflective
markers were attached to the participant using doublesided tape, in accordance with the
Helen Hayes marker set(Davis et al., 1991)combined with the Oxford Foot Model
(Stebbins et al., 2006; Wright et al., 2011()Figure 3.2). Marker and electrode placement

were performed by the same person for all participantsAll data were inspected using
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Cortex software (Cortex64 5.3.1.1543, Motion Analysis Corporation, Santa Rosa,
California) before importing into Visual 3D (Visual3D v6 &4, Gmotion, Germantown,
Maryland). Data were smoothed using a 6 Hz Butterworth filteRelevant data as outlined
in each individual chapter were imported intoMATLAB R2015a (The Math Works, Natick,
Massachusetts)for SPM analysisand SPSS (IBM SPSS Ssitts for Windows, Version

24.0. Armonk, NY: IBM Corpfor discrete variable and regression analysis
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Figure 3.2 Combined Helen Hayes and Oxford Foot Model

3.6  Statistical Parametric Mapping

Due to the one dimensional nature of biomechanical data including time and kinematic
variable or electromyographic data, previous research has suggested that reducing to
zero-dimensional data (removing the time component) may result in focus bias or

missing potential trends or areas of significanc¢Pataky et al., 2013) In Chaptes6.2,7.2

and 8.2 statistical parametric mapping will be implemented to enableanalysis of
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movement and muscle activation patterns. Raw data were first saved into text files for

101 normalised time nodes before importing into MATLAB R015a (The Math Works,

Natick, Massachusetts). On importing to MATLAB data were assessed for norityalising

A $6! GO ODOEDITT 60 OAOO8 #1 AET ¢ xAO OEAT xOEOOA
in each individual chapter.

The two samplest-test follows a 5step process:

1) Mean fieldswere computed for each group across the selected time period under
analysis

2) Standard deviations were then computed again for each group across the selected
time period

3) t-test statisticswere computed using the equation below:

Yod Noadwe "WanaQwe

YA (‘J("S'QZ?Y&) Qu YR2QU

4) Statistical inferencewas conducted using alpha j( Gnd random field theory t
distribution to compute critical threshold. Where SPMt} > t citca the null
hypothesis can beejected for the suprathreshold clusters
5) pvalues (probability that a completely randomnD process will yield a particular
result) were then computed for each cluster using cluster size and random field
theory distributions for SPM{t} topology
Where data exceeds the threshold for normality statistical non-parametric mapping
(SnPM) were conducted in addition to the normal SPM protocol. Thiwas based on the
recommendations of Todd Pataky2015). It is stated that if the results of both tests do
not differ qualitatively then the parametric approsAES O AOOOI POET T T &£ 11

reasonable one.
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3.7 Statistical Tests

Multiple t-tests were employed throughout this thesis as there were three key earch
guestionsunder investigation:
1) Are there differences between a healthy control andhe affected limb of
individuals with ankle instability?
2) Is there compensation or differences betweethe affected and unaffected limb of
those with ankle instability?
3) ) O dnBffcte@ 1 df thoBe with ankle instability comparable to an uninjured
control?
Individual t-tests answer these questions. An ANOVA works on the following
assumptions: Population are normally distributed, homogeneity of variance, data on
parametric scale, scores in all groups are independenscores in each group are not
dependent on, not correlated with, or not taken from the same subjects as scores in any
other group. Bonferroni corrections were not implemented within the analysis as these
are thought to ke over conservative and thus lead tan increase in type Il error whereby

hypotheses are incorrectly rejected.
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4.1  Camera Reliability

4.1.1 Introduction

The gold standard for motion analysis is threalimensional motion analysis(Munro et al.,
2012). Positional data is used to obtain angular displacements, angular velocities and
angular accelerations(Melton et al., 2011) To highlight potential areas to target with
rehabilitation and preventative strategies the information obtained from the motion
analysis system must be accurate, reliable and valitvhen measuring the reliability of
camera systems most authors use human participant{gerber, McClay Davis, Williams, &
Laughton, 2002; Noonan et al., 2003; Tsushima, Morris McGinley, 2003) However, this
creates an additional degree of variability within the data due to inconsistent movement
strategies, movement speeds, marker placement and fatigue of the participant with
multiple trials (McGinley, Baker, Wolfe, & Morris, 2009)To assess the accuracy and
reliability of the camera system set upa known marker distance and known marker
velocity may provide more valid results. The aim of this study wato assess the coefficient

of variation in multiple positions of the setup capture volumeand across days.

4.1.2 Method

Testing was conducted across two consecutive daydotion analysis data were recorded
using an Owl Digital Real Time 10 camera system (Motion Analysis, Santa Rosa,
California) sampling at 200 Hz. The motion analysis system was calibrated as per the
manufacturer® instructions. Three passive reflective markrs were attached to a known
distance 30 cm linear actuatoGimson Robotics, Bristol) Two markers were attached to

the static components and one on the moving component of the actuator, as shown in
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Figure 4.1. Markers remained fixed in place throughout the two days testingp eliminate

marker placement errors.

Stati Gop

o

. ¥ it il s : J
Figure 4.1 Linear actuator and marker placements

The recording volume was marked out onto the floor in a 3 x 6 square grid (50 cm x 50
cm). The actuator was positioned at 12 intersects of the grid as shovim Figure 4.2. The
orientation was then rotated to the left (YL), right (Y) and front (X) creating a total of 36
locations for data collection. A 25second duration capture of the linear actuator was

recorded 3 times in each location and this was repeated for the subsequent days testing.

Data were inspected using Cortex software (Corte&4 5.3.1.1543, Motion Analysis
Corporation, Santa Rosa, California) before importing into Visual 3D (Visual3D v6 x64, C
motion, Germantown, Maryland). Data were smoothed using a 6 Hz Butterworth filter.
Firsty a same day/between trial/ position comparison was performed. The peak

distance from the moving marker and statieiog the peak distance from the moving
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marker and staticrorand the peak velocity of the moving marker were exported and the
mean and standard deviation (SD) calculated for each position across the three trials for
day one.Coefficient of Variation (CV) was calculated using the formula Coefficient of

Variation = (Standard Deviation / Mean) * 100.

m
m
7 8

X

—4—6—»—4—6- YL +<=@—>Y

Figure 4.2 Showing linear actuator locations and

orientations for data collection.

4.1.3 Results

Day 1 z Comparison of Position - Coefficient of variation were consistently low with
maximum values being 0.6% (moving Z staticsipg), 0.11% (movingz staticror) and 1.86%

(moving velocity) (Table4.1).

Across Day Testing - Coefficient of variation was consistently low with maximum values
being 0.2 % (moving z staticsipg), 0.30 % (movingz staticror) and 9.88% (moving

velocity) (Table4.2).
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Table 4.1 Means, standard deviations and coefficients of variation for movingtaticsiog moving-staticrorand velocity for each location within the capture volume
on day 1

Moving z Staticsipe(meters) Moving z Staticror(meters) Velocity (m/s)
Mean SD CV (%) Mean SD CV (%) Mean SD CV (%)
X1 0.30 0.00 0.01 0.30 0.00 0.03 0.03 0.00 0.14
X2 0.30 0.00 0.05 0.30 0.00 0.01 0.03 0.00 0.25
X3 0.30 0.00 0.00 0.30 0.00 0.02 0.03 0.00 0.19
X4 0.31 0.00 0.05 0.31 0.00 0.00 0.03 0.00 0.15
X5 0.31 0.00 0.06 0.31 0.00 0.06 0.03 0.00 0.46
X6 0.31 0.00 0.02 0.31 0.00 0.04 0.03 0.00 0.58
X7 0.31 0.00 0.02 0.31 0.00 0.00 0.05 0.00 1.41
X8 0.31 0.00 0.02 0.30 0.00 0.07 0.03 0.00 0.50
X9 0.31 0.00 0.00 0.31 0.00 0.05 0.04 0.00 0.44
X10 0.30 0.00 0.04 0.30 0.00 0.00 0.04 0.00 1.68
X11 0.31 0.00 0.02 0.31 0.00 0.00 0.04 0.00 1.29
X12 0.31 0.00 0.04 0.31 0.00 0.00 0.04 0.00 1.86
Y1 0.30 0.00 0.05 0.30 0.00 0.05 0.03 0.00 0.44
Y2 0.31 0.00 0.00 0.31 0.00 0.00 0.03 0.00 0.32
Y3 0.30 0.00 0.16 0.31 0.00 0.00 0.03 0.00 0.21
Y4 0.30 0.00 0.05 0.31 0.00 0.02 0.03 0.00 0.20
Y5 0.31 0.00 0.04 0.31 0.00 0.01 0.03 0.00 0.09
Y6 0.30 0.00 0.07 0.30 0.00 0.06 0.03 0.00 0.12
Y7 0.31 0.00 0.01 0.31 0.00 0.01 0.03 0.00 0.30
Y8 0.31 0.00 0.05 0.31 0.00 0.06 0.03 0.00 0.45
Y9 0.30 0.00 0.07 0.30 0.00 0.06 0.03 0.00 0.15
Y10 0.31 0.00 0.04 0.31 0.00 0.04 0.03 0.00 0.48
Y11 0.31 0.00 0.07 0.31 0.00 0.07 0.03 0.00 0.28
Y12 0.31 0.00 0.10 0.31 0.00 0.11 0.04 0.00 0.62
YL1 0.30 0.00 0.00 0.30 0.00 0.01 0.03 0.00 0.23
YL2 0.31 0.00 0.01 0.31 0.00 0.01 0.03 0.00 0.27
YL3 0.31 0.00 0.02 0.31 0.00 0.01 0.03 0.00 0.20
YL4 0.30 0.00 0.02 0.30 0.00 0.02 0.03 0.00 0.24
YL5 0.31 0.00 0.03 0.31 0.00 0.01 0.03 0.00 0.19
YL6 0.31 0.00 0.02 0.31 0.00 0.02 0.03 0.00 0.19
YL7 0.31 0.00 0.02 0.31 0.00 0.01 0.03 0.00 0.53
YL8 0.31 0.00 0.02 0.31 0.00 0.00 0.03 0.00 0.56
YL9 0.31 0.00 0.08 0.31 0.00 0.08 0.03 0.00 0.31
YL10 0.31 0.00 0.04 0.31 0.00 0.05 0.03 0.00 0.24
YL11 0.30 0.00 0.01 0.30 0.00 0.01 0.03 0.00 0.14
YL12 0.31 0.00 0.05 0.31 0.00 0.04 0.03 0.00 0.38
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Table 4.2 Means, standard deviations and coefficients of variation for movingtaticsiog

moving-staticrorand velocity across days

Moving z Static (meters) Moving z Top (meters) Velocity (m/s)

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Mean 0.31 0.31 0.31 0.31 0.31 0.31 0.03 0.03 0.03
SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cv 0.26 0.23 0.32 0.26 0.23 0.30 9.58 6.55 7.65

4.1.4 Conclusion

To improve reliability, each movement under investigation throughout this thesis was
performed at the same point within the capture volumeo optimise the location and limit
variability in results. Each participant completal testing in one day to limit variaion in
results due to differences in camera setupnd marker placement. Greater deviation is

observed in velocity so care should be taken with this.
4.2  Marker Set Reliability

4.2.1 Introduction

Previous research in the University of Hertfordshire laboratory hasbservedvery good

to excellent reliability for the use of the Helen Hayes marker set during jumping and
landingz OACEOOAT DI AT A T1TO0EIT )##60O EEDP E mn8wch
and knee = 0.6{Hunter, 2017). Similarly, the OxfordFoot Modelhas also been shown to

be repeatable for inter and intratester repeatability (Carson et al.,2001; McCabhill,

Stebbins, Koning, Harlaar, & Theologis, 2018; Stebbins et al., 2006; van Hoeve et al.,
2015). Variation in reaults could be due to variations in individual movement mechanics,

marker placement error or camera variability. This study aims to remove two of these
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sources of variability by reporting inter-marker and angular displacements known values

across a fixed mdel across multiple days and recording positions.

4.2.2 Method

Prior to testing with the combined Oxford Foot Model and Helen Hayes marker set
authors tested the reliability of the camera set up. Testing was conducted across two
consecutive daysMotion analysis data were recorded using an Owl Digital Real Time 10
camera system (Motion Analysis, Santa Rosa, Californsgmpling at 200 Hz. A combined
Oxford Foot Modeland Helen Hayes marker set were used in this study as outlined in
general methods .5) for the right leg. This marke set screwed into position on a fixed
joint skeleton to ensure the spheroid distance maintained the same between each
marker. Markers remained fixed in place throughout the two days testingo eliminate

marker placement errors.

The recording volume was marked out onto the floor in a 3 x 6 square grid (50 cm x 50
cm). The skeleton was placed in the centre of each point of theidy( Figure 4.3). Three 10

second recordings were taken in each position. This protocol was repeated the following

day.

:
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Figure 4.3 Skeleton placement and locations for data
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Six inter-marker distances Figure 4.4) and an angular position were selected at random
for analysis. Means and standard deviations were reported for intemarker distances
and hip angle in the sagittal, frontal and transverse plas. Coefficient of variations were

also calculated using the formula Coefficient of Variation = (Standard Deviation / Mean)

* 100.
LCALLateral calcaneus STALSustentaculum tali
PSMT- Proximal 5" metatarsal 4 PIMT- Proximal ' metatarsal
D5MT- Distal 3" metatarsal
'% DIMT- Distal  metatarsal
X
Figure 4.4 Inter-marker distances

4.2.3 Results

Coefficients of variation calculated for intermarker distances for the three trials in each

position across the capture volume showed low CV between positiongdble 4.3).
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Table4.3 Means, standard deviabns (cm) and coefficients of variation for intermarker distances for the three trials in each position on day 1

D1IMT_D5MT P1IMT_P5MT D1IMT_P5MT D5MT_P1MT PIMT_LCAL PSMT_STAL
Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) Mean SD CV(%) Mean SD CV (%)
Position 1 791 0.00 0.01 7.79 0.00 0.00 9.57 0.00 0.02 8.16 0.00 0.00 10.89 0.00 0.02 8.06 0.00 0.00
Position 2 783 000 000 804 001 008 948 000 0.00 842 000 001 11.11 001 0.09 793 0.00 0.00
Position 3 779 001 014 790 000 001 933 000 001 841 000 004 11.03 000 001 802 0.00 0.00
Position 4 800 000 002 759 000 000 944 000 001 824 000 002 1086 000 000 7.77 0.00 0.00
Position 5 795 000 000 803 000 001 962 000 000 841 000 000 1090 0.00 0.01 816 0.00 0.00
Position 6 7.94 0.00 0.03 8.02 0.01 0.18 9.56 0.01 0.12 841 0.00 0.02 1112 0.00 0.01 7.92 0.01 0.10
Position 7 7.89 0.00 0.00 8.10 0.00 0.04 9.75 0.01 0.05 8.34 0.00 0.00 10.59 0.00 0.00 8.12 0.00 0.01
Position 8 7.98 0.00 0.00 7.78 0.00 0.04 9.32 0.00 0.01 8.37 0.00 0.04 11.02 0.00 0.01 7.87 0.00 0.00
Position 9 7.92 0.00 0.04 7.97 0.00 0.01 9.59 0.00 0.00 8.43 0.00 0.03 10.76 0.00 0.00 7.91 0.00 0.01
Position 10 792 002 019 799 000 001 969 002 016 834 000 002 1070 0.00 0.04 813 0.00 0.01
Position 11 795 001 011 788 0.00 0.00 952 001 007 837 000 000 1092 0.00 000 7.87 0.00 0.00
Position 12 776 000 001 78 000 0.03 940 000 0.01 816 000 0.03 11.02 0.00 0.01 805 0.00 0.03
Position 13 7.92 0.00 0.04 790 0.02 0.22 9.52 0.01 0.11 834 0.01 0.13 10.81 0.01 0.13 8.02 0.00 0.00
Position 14 7.88 0.00 0.00 796 0.01 0.14 9.47 0.00 0.00 8.30 0.01 0.14 10.87 0.03 0.25 8.23 0.00 0.00
Position 15 798 0.01 0.07 784 0.01 0.07 9.55 0.01 0.09 8.20 0.01 0.07 10.86 0.02 0.16 8.05 0.00 0.03
Position 16 7.88 0.02 0.23 7.87 0.02 0.25 9.33 0.01 0.07 8.32 0.01 0.09 11.04 0.00 0.02 8.14 0.00 0.05
Position 17 7.73  0.00 0.03 7.89 0.00 0.02 9.50 0.01 0.07 8.27 0.01 0.06 11.09 0.00 0.01 7.90 0.00 0.01
Position 18 796 000 005 777 000 000 936 001 011 840 000 000 1095 0.00 000 821 0.00 0.05
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Coefficients of variation were calculated for intermarker distances for day 1 and day 2
(Table4.4) these show low disgersion of data about the mean with a peak value @f64

% and a lowest value of 0.8 %.

Table 4.4 Means, standard deviationgcm) and coefficients of variation for intermarker

distances for day 1 and day 2

DAY 1 DAY 2
Mean SD CV (%) Mean SD CV (%)
D1MT-D5MT 7.90 0.08 0.96 7.92 0.09 1.10
P1IMT-P5MT 7.90 0.12 1.52 7.82 0.08 1.07
D1MT_PS5MT 9.50 0.12 1.28 9.46 0.11 1.19
D5MT_P1MT 8.33 0.09 1.04 8.26 0.06 0.78
P1IMT_LCAL 10.92 0.14 1.30 10.73 0.28 2.64
P5MT_STAL 8.02 0.13 1.61 8.09 0.08 1.03

Coefficients of variation calculated for the hip sagittal, frontal and transverse plane on
day 1 and day 2 showed a peak CV in the transverse plane for day 2 o23d and a
minimum value of 0.33 % on day 1 in the sagittal plan€T@ble 4.5).

Table4.5 Means, standard deviationgdegrees)and coefficients of variation for sagittal,

frontal and transverse plane hip angles between days

Sagittal plane Frontal plane Transverse plane

Mean SD CV (%) Mean SD CV (%) Mean SD CV (%)

Day 1 66.68 0.22 0.33 -12.77 0.16 1.22 -13.95 0.29 2.11

Day 2 66.60 0.26 0.39 -12.85 0.18 141 -13.52 0.42 3.12

4.2.4 Conclusion

Low CV was observed between positions in the calibrated capture volum€o improve
reliability each movement under investigation will be performed at the same point within
the capture volume. Each participant will also complete all testing in one testing day

limit variation due to repeat marker placement and differences in aaera set up.
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Chapter 5.0 Pilot Testing
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5.1 Dominant/Non -Dominant Comparison During Walking, Landing and

Cutting Manoeuvres

5.1.1 Introduction

Lateral ankle sprains are not exclusive to either the dominant or nedominant limb
(Woods et al., 2003; Yeung et al., 1994yVhen recruiting participants it is important to
be aware of the possible differences that may occur between the dominant and the ron
dominant limb to guide methods for future studies. The aim of this studywasto compare
full time series movement analysis between the dominant and ghnondominant limb

during walking, landing and cutting movements.

5.1.2 Method

Participants

Eighteen (14 male, 4 female) healthy controls (ag@ £22.4 + 3.6 years, height? $177.8
+7.6 cm, mass? £70.4 £ 11.9 kg) participated in this studyEthical approval was granted
by the universitU dethics committee prior to testing. Written informed consent was

obtained and a health screen questionnaire was completed prior to participation.

Participants were included in the study if they were aged 1-85 and participated in sport
a minimum of twice a week (minimum of 30 minutes per session). Participants were
excluded if any of the following applied; existing acute lower limb injury in past 3 months,
use of prescribed orthotics, lower extremity biomechaical abnormality, balance or
motion disorders, history of fracture requiring realignment or history of lower extremity
surgery. The dominant limb was determined by asking participants which limb they

would use to kick a ball.
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Walking trials and analysiswere conducted as per Chapteb.2.2 where participants
walked barefoot 3.5 m before data were collecte(Najafi, Miller, Jarrett, & Wrobel, 2010)
and proceeded for 7 m across the walkway at their normal walking speed through the
calibrated capture volume.Pacewas not controlled, as this was deemed to be unnatural
and has been previously shown to impact on stride time variability due to increased
central nervous system involvement(Springer & Gottlieb, 2017) Landing trials and
analysis were conducted as per Chapter.2.2 - participants performed three barefoot
single leg drop landings onto each limb from a 30 cm high b¢Kunugi et al., 2017)onto

a flat stable laboratory floor with 1-minute rest between trials. The order of trials was
randomised to minimise the effect of fatigue. Individuals were askedo hop forward off
the box onto the floor in front and maintain balance for 3 seconds whilst looking straight
forward. No instruction was given to participants regarding arm position during the
landing manoeuvrein order to observe an unmodified landing psition. Cutting trials and
analysis were conducted as per chapte8.2.2 Participants were instructed to stand with
feet shoulder width apart with weight equally distributed over both feet on a 30 cm box
(Kunugi et al.,, 2017) They were instructed to jump twoefooted forward off the box

landing two-footed before performing a 90 cut.

Kinematic data were expoted for forefoot-hindfoot angle (FFHFA), forefootibia angle
(FFTBA), hindfoottibia angle (HFTBA), hip, knee and trunk angles in the sagittal, frontal

and transverse planes of motionData were analysed using SPM in MATLAB (SPM1D

open-source package, spmA81T OCQ8 .1 Of Al EOU xAO-0BAOORAG OO

test. Dominant limb was compared to the nofdominant limb using a pairedsamplest-

test (1 = 0.05).
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5.1.3 Results

5.1.3.1 Walking zKinematics - Heel strike to toe -off

Paired samplet-tests were conducted to compare the dominant and nedominant limb
during the HSto toe off phase of walking. A significant difference was observed between
HFTBA transverse plane motion at 888% of the HSto toe-off phase p = 0.049). A
significant difference was also observed between the dominant and nesrominant limb

at 0-36% of the phase in hip transverse plane motionp(= 0.014). When observing knee
transverse plane motion significant differences were observed at-04% (p = 0.042) and
20-99% (p = <0.M1). Significant differences were observed in trunk transverse plane
motion across the entire HSto toe-off phase of gait (6100%) (p = 0.008). No other
significant differences were observed between thdominant and non-dominant limbs of

the healthy contrd group during the HSto toe-off phase of gait Figure 5.1and Figure 5.2).
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5.1.3.2 Walking zKinematics - Toe off to Heel strike

Paired samplet-tests revealed a significant difference in HFTBA transverse plane motion
at 89-96% of the toe off toHSphase = 0.048). A significant difference was also observed
in knee transverse plane motion at 3446% (p = 0.044) and 61100% (p = 0.015) of the
toe off to HS phase. When investigating trunk transverse plane motion significant
differences wereobserved between the dominant and nordominant limbs throughout
the entire phase (3100%) (p = 0.023). No other significant differences were observed in
walking kinematics between the dominant and nordominant limbs (Figure 5.3 and

Figure 5.4Figure 5.4).
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5.1.3.3 Landing zKinematics - 200 ms prior to initial contact to  initial contact

Paired sampleg-tests conducted to compare landing kinematics during the 200 ms prior
to ICto IC(pre-landing) phase showed a significant difference in hip frontal plane motion
from 0-11% (p = 0.049). A significant difference was also observed in knee transverse
plane motion from 0-58% (p = 0.011) of the prelanding phase. No other significant
differences were observed in kinematics between the dominant and nedominant limb

(Figure 5.5 and Figure 5.6).
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Figure 5.6 Landing - Hip, Knee and Trunk displacement (x, y, z) 200 ms prior to initial contact to initial contaetmean + SD (Dominant ? Non-Dominant-? ) andt-
test output.
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5.1.3.4 Landing zKinematics - Initial contact to 200 ms post initial contact

During the impact phase of landing, paired sampldstests showed significant differences
between knee transverse plane kinematics at-20% (p = 0.046) and 76100% (p = 0.045)
between the dominant and nondominant limb. Significant differences were also
observed in trunk frontal plane motion at 82100% of the impact phase of landingg =
0.046). No other significant differences were observed between the dominant and nen

dominant limb (Figure 5.7 and Figure 5.8).
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5.1.3.5 Cutting zKinematics - 200 ms prior to initial contact to foot strike

During cutting, paired samplet-tests revealed significant differences in transverse plane
FFTBA, HFTBA and trunk kinematics between the dominant and na@lominant limb
comparisons during the 200 ms prior tolCto IC. Differences in FFTBA transverse plane
motion were observed at 4682% (p = 0.014), differences in HFTBA at 2Z27% (p= 0.032)
and in the trunk across the entire phase (400%) (p = 0.014). No othersignificant
differences were observed in any of the three planes of motion between limbBigure 5.9

and Figure 5.10).
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5.1.3.6 Cutting zKinematics - Foot strike to toe -off

Paired samplet-tests revealed a significant difference in FFTBA frontal and transverse
plane motion at 8489% (p = 0.047) and 98100% (p = 0.049) respectively.On analysis
of the HFTBA transverse plane, a significant difference was observed a2% (p =
0.043). Asignificant difference was also observed in knee transverse plane kinematics at
59-72% (p = 0.039). Lastly, a significant difference was also seen in the trunk transverse
plane at 92100% (p = 0.048). No othersignificant differences were observed between

kinematic variables during this phase otutting (Figure 5.11 and Figure 5.12).
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5.1.4 Discussion

This preliminary study aimed to identify whether differences existed in kinematics
between thedominant and the nondominant limb. These findings are summarised in

Table5.1.

Table5.1 Summary of findings of SPM analysis between the dominant and the rdominant limb

Findings when comparing dominant tonon-dominant limb

Heel strike to toe off  Significant differences were observed in:
1 HFTBA transverse plane at 888% (p = 0.049)
9 Hip transverse plane at 636% (p = 0.014)
1 Knee transverse plane at @14% (p = 0.042) and 2099% (p =
<0.001)

% 1 Trunk transverse plane at 6100% (p = 0.008)
= Toe off toheel strike Significant differences were observed in:
9 HFTBA transverse plane at 8®6% (p = 0.048)
1 Knee transverse plane at 346% (p = 0.044) and 61100% (p =
0.015)
9 Trunk transverse plane at 0100% (p = 0.023)
200 ms prior to initial ~ Significant differences were observed in:
- contact to initial 9 Hip frontal plane at 0-11% (p =0.049)
§ contact 1 Knee transverse motion from 658% (p = 0.011)
§) Initial contact to 200  Significant differences were observed in:
%’ ms post initial contact ~  Knee transverse plane at @20% (p = 0.046) and 76100% (p =
@ 0.045)
9 Trunk frontal plane at 82-100% (p = 0.046)
200 ms prior to initial ~ Significant differences were observed in:
contact to foot strike 1 FFTBA transverse plane at 482% (p =0.014)
1 HFTBA transverse plane at 227% (p = 0.032)
9 Trunk transverse plane at 6100% (p = 0.014)
= Foot strike to toe-off Significant differences were observed in:
@)

1 FFTBA frontal plane at 8489% (p = 0.047)

i FFTBA transverse plane at 98.00% (p = 0.049)
1 HFTBA transverse plane at 22% (p = 0.043)

1 Knee transverse plane at 5972% (p = 0.039)

9 Trunk transverse plane at 92100% (p = 0.048)
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As previously identified, lateral ankle sprains are not exclusive to eithethe dominant or
the non-dominant limb (Woods et al., 2003; Yeung et al., 1994Clinically, it is crucial to
identify differences in kinematics between individuals with ankle instability and healthy
controls regardless of whether the affected side is the dominant or nedominant. This
study identified a handful of differences that are present wen comparing the dominant

to the non-dominant limb in healthy participants.

Clinically, comparison is drawn to the nornjured side to determine severity and criteria
for return to play. When comparing biomechanics between healthy controls and those
with lateral instability some discuss dominance for the control group but neglect to
report this within the ankle instability group (Knight & Weimar, 2011b). Others match
the side and ignore the involvement of dominancéKipp & Palmieri-Smith, 2013). This
preliminary study has highlighted that differences are present when comparing the
dominant and nondominant limbs. Throughout this thesis, the control group will be
matched for dominance to the instability group (if the dominant limb is the affected limb
the matched control will also be the dominant limb) to ensure that the dominance effect

is accounted or within the analysis.
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Chapter 6.0 Study 1 z Analysis of
Walking Muscle Activati on and
Kinematic s in Individuals with
Ankle Instability and Healthy

Control Participants
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6.1 Walking Chapter Overview

Walking is of high importance in dailylife and is often problematic for people with CAl
who complain of giving way sensations on uneven and level surfac€g/right et al.,
2013a). Research suggests that the position of the affected ankle joint at specific time
points during the gait cycle may predispose an ankle to injury, this may be associated
with or caused by ankle joint instability (Delahunt et al., 2006a) Research analysing
frontal plane ankle kinematics during walking observed increased ankle inversion that
corresponded to greater ankle inversion during more sporspecific tasks such as jump
landing (Donovan & Feger, 2017) Gait analysis is often used in the development of
rehabilitation and injury prevention protocols. Therefore changes in full body gait
kinematics must be investigated, and where possible accounted for, as these may impact

not only walking but other more dynamic movements.

Previous literature investigating CAIl duringwalking has modelled the foot as one rigid
segment(Monaghan et al., 2006; Stebbins et al., 200@igid segment modelling excludes
motion between different segments of the foot providirg inadequate information on the
biomechanics of the foo(Stebbins et al., 2006) De Ridder et al(2013) appears to be the
first study to analyse walking using a multisegmental foot model, comparing the use of
the Ghent Foot Model to a rigid foot model in participants with CAl, copers (no symptoms
of instability after a recent ankle sprain) and control participants. They concluded that
the multi-segmental foot model provided greater details of the intricacies of the foot,

showing differences between segments when comparing groups.

Potential relationships between proximd adaptations and injury have also been noted
(Doherty et al., 2016a) therefore full body kinematic analysis is warranted. Upper body

kinematic analysis should be considered when investigating changes in the lower
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extremities as there may be a significant relationship with changes observed in proximal
segments (Doherty et al., 2016a) The body is a multilinked system with the rectus
femoris, hamstrings, and gastrocnemius muscles crossing the hip, knee and ankles. The
kinetic chain concept suggests that movement of the trunk during landing (which
accounts for 35.5% body mass) will also have an impact on motion of the hip and

therefore knee and anklg(Kulas et al., 2008)

It is pertinent to gain full knowledge of kinematic movement patterns, prior to
implementing intervention strategies, to ensure these will not subsequently impact other
joints within the kinetic chain. 41 OEA AOOEI 060 ET 1T x1 AACAR
trunk kinematics with a full lower limb and multi-segmental foot model to address, in
combination, the possible proximal and distal differences between groups. This is a 3 part
study to compare walking kinematics and muscle activation patterns between indiduals
with CAl and healthy controls. Chapter6.2 uses full time series analysis to identify
differences in movement and muscle activation patterns. Chaptes.3 addresses the
impact of angular displacement, angular velocities and angular accelerations to observe
whether the speed of angular movement is an impacting factor in arkinstability during
walking. The final part of this study (Chapter6.4) will address whether the variables

where significant differences were identified in Chapte6.3 can be used to predict the

score of individuals on the IdFAI questionnaire.
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6.2  Study 1z Part 1 - Full Gait Cycle Analysis of Lower Limb and Trunk
Kinematics and Muscle Activations During Walking in Participants with And

Without Ankle Instability

Published in Gait & Posture (July 2018)

Northeast, L., Gautrey, C. N., Bottoms, L., Hughes, G., Mitchell, A. C., & Greenhalgh, A.
(2018). Full gait gycle analysis of lower limb and trunk kinematics and muscle activations
during walking in participants with and without ankle instability. Gait & Posture64, 114

118. https://doi.org/10.1016/j.gaitpost.2018.06.001 .

ConferenceCommunication

Northeast, L., Gautrey, C., Mitchell, A., Bottoms, L. & Greenhalgh, A. (2018). A comparison
of lower limb kinematics and electromyography during walking between athletes with
chronic ankle instability and healthy controls. World Congress of Biomechanics, Dublin,

Ireland, 812 July 2018.

6.2.1 Introduction

Prior research reports joint angles and muscle activation characteristics at discrete time
points during walking (Koldenhoven d al., 2016; Monaghan et al., 2006yather than
whole kinematic time-series curves. Biomechanical data is one dimensional (1D) (time
and kinematic or force trajectories), therefore this may result in focus bias or missing
potential significance or trends during other phases of the gait cle(Pataky et al., 2013)
Statistical parametric mapping is a concept introduced to biomechanics from brain
research(Friston et al., 1994)which enables curve analysis across the whole movement
(Pataky et al., 2013) Comparison betveen SPM and time series analysis using confidence
intervals concluded SPM to be the most suitable method for analysis of 1D data, due to

increased generalisability of probabilistic conclusions (with the use of hypothesis testing
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techniques) and the abiliy to present results in a more consistent manner aiding
interpretation of findings (Pataky et al., 2015) De Ridder et al(2013) used SPM to
compare foot kinematics between partipants with CAl, copers and controls, identifying
exact time periods of significantly increased forefoot inversion within the stance phase

of walking in the CAI group and the copers group when compared to the control.

Previous literature investigating sBMG found hip abductor weakness to be associated
with acute ankle sprains, though it is unclear whether this is a cause or an effect of the
sprain (Friel et al., 2006) Koldenhoven et al(2016) reported increased gluteus medius
activation in the late stance and early swing phase of walking in CAIl paipants,
suggesting this may be a coping mechanism used to generate a wider bassugport or

to increase lower limb stability. Decreased tibialis anterior activation was also observed,
resulting in increased ankle plantarflexion prior toHS though thepossible reasoning for
this was not suggested. This loospacked position (joint capsule lax and
joint surfacesare not congruent) has been found to be unstabléHopkins et al., 2012)

putting the individual at an increased risk of ankle sprains.

It is suggested that combined analysis of the tnk, hip, knee and multisegmental foot
kinematics and SEMG activation patterns across the stance and swing phases of gait will
provide greater insight into possible differences that exist, not just within the foot, but
across the full kinetic chain. This ray provide greater insight to clinicians rehabilitating
those with ankle instability and may highlight areas of importance in the reduction of
future ankle sprains. The aim of this study was to compare trunk, hip, knee and multi
segmental foot kinematics ad muscle activation during the stance and swing phase of

walking between participants with CAl and healthy controls.

This study will address the following hypotheses previously presented in Chapt&.19:
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- Hi - CAI participants will display modified kinematic movement patterns (SPM)
during walking
- H2- CAl participants will display modified muscle activation patterns (SPM) during

walking

6.2.2 Methods

Participants

Eighteen healthycontrols (age ? £22.4 + 3.6years,height: ? £177.8 £ 7.6cm, mass? ¥
70.4 £ 11.9 kg, UK shoe sizddn: 8.5,MIN: 4, MAX: 1) and 18 participants with CAl(age:
?¥22.0 + 2.7years,height: ? £176.8 £7.9cm, mass? £74.1 £ 9.6kg, UK shoe sizdldn:
8.5, MIN: 4, MAX: 1) were included in this study as outlined in General Method8.1.
Dominance was determinedy asking which leg they would use to kick a ball in line with

previous research(Hopkins et al., 2012; Wright et al., 2013h)

Protocol

Participants completed a 5minute warm-up on a cycle ergometer (Monark Ergomedic

874E, Sweden) at 60 Watts. Electromyographic data were recorded as outlined in General

Methods 3.4, bilaterally for the gluteus medius and tibialis anterior. Maximum voluntary

isometric contractions were performed 3 times for a SBsecond duration. Peak activation

of three trials was identified as the MVIC which was used to allow comparison between
pariAEDAT 006 O%-' AAOA8 ' 1 OOAOOGsidding wihGhe - 6 ) #  »
participant maximally abducting their hip (positioned mid-range) into a rigid strap

positioned proximal to the knee(Hislop & Montgomery, 2007) Tibialis anterior MVIC

was performed in a seated positia and the participant maximally dorsiflexing and
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inverting their foot against a rigid strap across the forefoofHislop & Montgomery, 2007)

Voluntary contractions were used to inspect recordings for crosstalk.

Full body and multi-segmental foot model 3D kinematics were recorde as outlined in
General Methods3.5. Participants were instructed to walk at their normal walking speed
through the calibrated capture volume.Pacewas not controlled, as this was deemed to
be unnatural and has been previously shown to impact on stride time variability due to
increased central nervous system involvemen{Springer & Gottlieb, 2017) Participants
walked barefoot 3.5 m before data were collecte(Najafi et al., 2010)and proceeded for
7 m across the walkway. Walking speed was recorded using pelvis segment velocity.
Barefoot walking was used in accordance with the method of De Ridder et @013) and
due to the number of markers on the foot. Participants performed a familiarisation uriti
they were comfortable with the movement, before recording three trials for analysis
(Mullineaux, Bartlett, & Bennett, 2001) Trials were deemed successful when all tracking

markers were in view of the cameras (observed on screen).

Data and Statistical Analysis

Data were inspected using Cortex software (Corte&4 5.3.1.1543, Motion Analysis
Corporation, Santa Rosa, California) before importing into Visual 3D (Visual3D v6 x64, C
motion, Germantown, Maryland). Data weresmoothed using a 6 Hz Butterworth filter.

)T EOEAT AT 1T OAAO xAO AAOAOI ET AA OOEQw7),0EA
which creates a new signal by calculating the midpoint between the posterior inferior
heel marker and the toe marker (between ® and 39 metatarsal heads). The first
derivative was @alculated on the vertical component of the signal. Event markers were

created at the minimum value forHSand maximum value fortoe-off. Electromyographic
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data were root mean squared by a moving window of 100 ms and normalised to MVIC.
Visual inspection ofthe data identified noise in the signal for two of the participants,
warranting their SEMG data be removed. To maintain prexperimental research design,
matched controls assigned to the two participants also had their SEMG data removed.
Kinematic and sEM5 data were exported for the stanceH{Sto toe off) and swing (oe-off

to HS phases into MATLAB R015a (The Math Works, Natick, Massachusetts) to perform

SPM analysis

Kinematic data were exported for forefoothindfoot angle, forefoottibia angle, hindfoot

tibia angle, hip, knee and trunk angles in the sagittal, frontal and transverse planes of

motion. So not to eliminate inherent variations in foot morphology, data werenot

normalised against a reference segmerfDe Ridder et al., 2013; Wright et al., 2011pata

were analysed using SPM in MATLAB (SPM1D opsource package, spmld.org).

.1 Ol ATEOU xAO OAOOANMA AWMEITICE ERA B8 C!lT OIOEDAEA A
AT T PAOAA O1 OEA #!) cOl OPp0O& -savpEhBDAA0.06)EI A OO
The unaffected and affected limb of the CAIl group were compared using a paksainples

t-test (1 =0.05.! | AOAEAA AiT1 0011 TEIiA xAO Al i DAOAA

using an independentsamplest-test (| = 0.05).

6.2.3 Results

Participant characteristics

Independent-samples t-tests revealed no significant differences g > 0.05) between
groups for age,height, mass, or shoe size. An independesamplest-test reported no
significant difference in walking velocity when comparing the control group (1.20 + 0.15

m.s1), and CAI group (1.18 £ 0.09 mH.
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Gait analysis

No significant differences were observed in FFHFRQAppendix E Figure E.1, Figure E.8),
FFTBA(Appendix E Figure E.2, Figure E.9), HFTBA(Appendix E Figure E.3, Figure E.10),
hip (Appendix E Figure E4, Figure E.11), knee(Appendix E Figure E5, Figure E.12), or
trunk (Appendix E Figure E.6, Figure E.13) angles in the sagittal, frontal, or transverse
planes of motion, in the stance or swing plee, between the matched control and the CAl
groupsdaffected limb. No significant differences were observed in the gluteus medius or
tibialis anterior muscle activation (Appendix E Figure E.7, Figure E.14) in either phase of

gait between the matched control and the CAI groups affected limb

| OECI EZEAAT O AEZAZAOAT AA xAO OADPT OOAA AAOxA.
limb in the FFTBA n the frontal plane, where increased inversion was observed in the

affected imb at4p o T £ OEA OOAT AA DPEAOA i AAT AEA&EEA

0 8 ¢pr=®.639,Figure 6.1).
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standard deviations(Unaffected- ? Affected-~> ) andt-test output.

No other significant differences were reported for FFTBAuring HSto toe off (Figure 6.1)
or toe off to HS(Appendix E Figure E.22). Furthermore, no significant differences were
noted between FFHFAAppendix E Figure E.15, Figure E21), HFTBA(Appendix E Figure

E.16, Figure E.23), hip (Appendix E Figure E.17, Figure E.24), knee(Appendix E Figure
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E.18, Figure E.25), or trunk (Appendix E Figure E.19, Figure E.26) angles or in muscle
activation of the tibialis anterior and gluteus medius(Appendix E Figure E.20, Figure
E.27) between the unaffected and affected limbs at antyme point. Finally, no significant
AEEEAOAT AARO xAOA TAOAOOGAA AAOxAAT OEA #1) ¢
COiI OPOG6 1 EIA ji AOAEAA & O Al i ETATAAQ ET AT U

stance or swing phases of movemerfAppendix E Figure E.28-Figure E41).

6.2.4 Discussion

The aims of this study were to explore the differences in kinematics and muscle activation
DAOOAOT 6 AAOxAAT #!) PDPAOOEAEDPAT 006 O AEEAAOR
to a matched control group throughout the gait cycleThe results of this stug are

comparable to a readily available published data s€Fukuchi, Fukuchi, & Duarte, 2018)

Increased FFTBA inversion was found in the affected limb of the CAI group when
compared to its unaffected counterpart at 416% stance. As differences were observed in
kinematics null hypothesis for HG. can be rejectedTotal range of motion in the frontal
plane has previously been reported to be 35 degredBrockett & Chapman, 2016}hus a
mean difference ofo 8 maxdpeak difference of 0 8 ¢miap be a clinically significant
finding. This finding supports previous hypotheses that participants with CAl may exhibit
altered joint position sense and proprioceptive awarenesgKkonradsen, 2002) Increased
inversion at ground contact decreases bony restrictions of the foankle conplex, thus,
when loaded with bodyweight, increases inversion torque and joint susceptibility to
injury (Konradsen, 2002) The early period of the stance phase is not consciously
mediated (Lees, 1981) thus increased inversion places the rkle in a position of

increased vulnerability atHS potentially predisposing the affected limb to further ankle
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sprains and episodes of giving way. Whilst not within the remit of this study, differences
in angular displacement associated with CAl may bexacerbated during more dynamic
movements e.g. cutting, single/double leg landing, running, or when walking on uneven
surfaces, as research has previously shown increased kinematics in walking often
correspond to increased kinematics during more dynamic spting activities (Donovan &

Feger, 2017)

The lack of significant differences at the hip or knee, betvea groups, in the frontal,
sagittal or transverse planes of motion in the current study is consistent with the findings
of Monaghan et al.(2006), who found no significant differences in hip and knee
kinematics between participants with CAl and healthy control participants from 100 ms
pre-HSto 200 ms postHS Within the current study, trunk kinematics were measured in
all three planes, however, no significant differences were identified between groups

suggesting that no proximal adaptations took placwithin the CAIl group during walking.

No significant differences were observed in tibialis anterior or gluteus medius muscle
activation between groups during gait meaning thahull hypothesis H® can be accepted.
This is contrary to the findings of Hopkins et al2012) who when reporting discrete peak
value data, observed an increase in tibialis anterior activation from 30% and 4570%

of stance, which they speculated was a motor strategy to maintain a more dorsiflexed,
stable pasition in the affected limb compared to a dominance matched control limb.
Methodological differences exist between the current study and the study by Hopkins et
al.(2012) as participants walked shod rather than barefoot as in the present study which
may have caused adaptation to occur. Decreased muscle activation patterns have
previously been observed in barefoot walking compared to shod walkin@ranklin, Grey,

Heneghan, Bowen, & Li, 2015)Hopkins et al.(2012) also examined tibialis anterior
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activation whilst walking on a treadmill rather than over ground. These differences in
methodological approaches may account for the differing results between the two
studies. Koldenhoven et al(2016) recorded significantly higher gluteus medius muscle
activation in the final 50% of stance and the first 25% of the swinghasewhen compared
to healthy participants, however, this was again performed shod oa treadmill, making
comparisons with the current study difficult. Previous studies have found differing
muscle activation patterns and sagittal plane motion with treadmill walking compared to
overground walking (S. J. Lee & Hidler, 2008)Therefore, the resultsof this study may
prove a more valid representation of the everyday task ofoverground walking.
Furthermore, comparison to previous research may not be appropriate due to the
different statistical analysis usedFranklin et al., 2015; Hopkins et al., 2012; Koldenhoven
et al., 2016; S. J. Lee & Hidler, 2008) is important to note that grouping of participants
was purely through the inclusion criteria oulined in the IAC guidelines and with use of
the IdFAI questionnaire(Gribble et al., 2013)and no other discriminative measures e.g.
Beighton score for hypermobility were used. This may be a limitation although further
research is required to establish thislt is important to note the high variability that can
be observed within the EMG data articularly in the CAIl group data.This maybe due to
OEA AEAEEFEAOI OEAO xEOE 1 AOAET ET ¢ OO@dnrad,6) #6 O
2005) as was the case with this cohort of participants. This may also be explained by the
change in muscle lengths that occur during dynamic movements, motor unit
synchronisation and increased superposition of electrial activity during dynamic

movements(Konrad, 2005).

This study observed no differences in gait biomecharscbetween healthy controls and

participants with CAl, however, differences were found between affected and unaffected
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limbs of the CAI group. This may suggest greater inversion during the stance phase is a
direct result of the ankle sprain or a predisposig factor for injury. This may also support
ideas in the literature that some individuals are biomechanically predisposed to CAl and
why the incidence of bilateral CAl are so high. Early ga#-education could be warranted

as individuals return to walking to avoid the development of compensatory strategies.
This statement is made with caution as a prospective study is warranted to truly

determine whether greater inversion is present prior to or as a result of thenjury .

This study analysed kinematic and electromyographic parameters to determine
differences in movement patterns and muscle activations. Future research should
identify the impact of CAl on kinetic parameters using full curve analysis to identify
differences between groups. Furter research should use these analysis methods to
examine dynamic movements such as change of direction, single and double leg landing
and running gait. Analysis of additional muscle sEMG signals may also provideggeater
understanding of potential differences between groups. In particular muscles such as the
peronealswhich may be a causative factor of the differences observed in FFTBA frontal

plane kinematics.

6.2.5 Conclusion

Participants with CAIl exhibited increased inversion patterns during the stance phasof
gait in their affected limb compared to their unaffected limkas the available range in the
frontal plane is only 35 degrees a peak difference of 3.24 degrees warrants further
investigation and may prove a key area of focus for future investigation§his change in
movement pattern may predispose those with CAl to repeated episodes of giving way and
further ankle sprains. Increased inversion may also be a significant risk factor in more

dynamic movements, thus further research should investigate thesasing a mult-

147



segmental foot model. Incorporating kinetic variables into this analysis may also be

beneficial to determine differences in ground reaction forces and moments.

6.2.6 Development of Research Within the Thesis

Statistical parametric mapping allowed in-depth analysis of the whole pattern of
movement during walking. Excluding the one significant difference (increased FFTBA
inversion in the affected limb of the CAI group at-4.6% stance) the patterns of movement
are similar between groups. This methodhowever, time normalises the data to enable
full curve analysis between groups and as such further discrete analysis of the data set
investigating peak angular displacements, peak angular velocities and peak angular
accelerationsis warranted in order to highlight further differences if present between

these groups.
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6.3  Study 1z Part 2 - AComparison of Lower Limb Angular Displacements,
Angular Velocities and Angular Accelerations During Walking Between

Participants with Chronic Ankle Instability and Healthy Controls

ConferenceCommunication

Northeast, L., Gautrey, C., Mitchell, A., Bottoms, L. & Greenhalgh, A. (2018). A comparison
of lower limb angular displacements, velocities and accelerations during walking
between athletes with chronic ankle instability and healthy controls. World Congress of

Biomechanics, Dublin, Ireland, 8.2 July 2018.

6.3.1 Introduction

Research investigating movement patterns during ajt only observed significantly

increased forefoottibia (FFTBA) inversion angular displacement (416% stance) in the

#1') CcOI OP6 O AEEAAOAA 1 EI A (Mdildehst eddl.,i2an8)dih A OT (
platform research observed that affected ankles cover the same angular displacement in

a significantly shorter duration (Vaes, Van Gheluwe, & Duque&t001), suggesting angular

velocity may be a risk factor for CAl. Potentially damaging increases in ankle inversion

velocity have been reported during walking at 100 ms préHS to 200 ms postHS

(Monaghan et al., 2006) Data reported from an accidental LAS sustained during cutting

have reported increased plantafiexion, internal rotation and inversion angular velocities

at the ankle joint(Fong et al., 209a). These findings suggest that angular velocity may be

crucial in differentiating movement characteristics of participants with and without CAI.

The aim of this study was to compare angular displacement, angular velocity and angular
acceleration ofthe trunk, hip, knee and foot during gait aHS 100 ms preHS to HS, and
HS to 200 ms posHS, between participants with CAl and healthy controls to determine

whether an affected limb demonstrates different kinematics, whether a potential
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compensatory stA OACU E O AT DPOAA AAOxAAT T EIAO AT A

comparable to a true control limb.

This study will address the following hypothesis previously presented in Chapte2.19:

- Hs - CAI participants will display modified discrete kinematic variables during

walking

6.3.2 Method
Participants

Eighteen healthycontrols (14 males, 4 femalesage ? $22.4 + 3.6years,height: ? $177.8
+ 7.6 cmymass ? £ 70.4 + 11.9kg, UK shoe sizeMdn: 8.5, MIN: 4, MAX: 1) and 18
participants with CAl (13 males, 5 femalesage ? £22.0 + 2.7years, height: ? £176.8 +
7.9 cm, mass? £74.1 £ 9.6kg, UK shoe sizédn: 8.5,MIN: 4, MAX: 1) were included in

this study as outlined in General MethodS8.1.
Protocol

Kinematic data from the walking trials collected in Chapte6.2 were inspected using
Cortex software (Cortex64 5.3.1.1543, Motion Analysis Corporatio, Santa Rosa,
California) and imported into visual 3D (Visual3D v6 x64, @notion, Germantown,

Maryland, USA) for analysis within this study
Data Reduction and Statistical Analysis

Data were smoothed using a 6 Hz Butterworth filter andHSwas determined using the
i AGET A DPOT Bl OAA (Dar). Evént rharkerd were Aréated\dt tBe minimum

value for HS 100 ms prior toHSand 200 ms postHS Kinematic data were exported for
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minimum and maximum angular displacement, angular velocity and angular acceleration
for 100 ms pre-HS to HS, aHS and HS to 200 ms pogtS. Kinematic data were exported
for the forefoot-hindfoot angle, forefoottibia angle, hindfoottibia angle, hip, knee and
trunk angles in all planes of motion. So not to eliminate inherent variations in foot
morphology, data werenot normalised against a reference segmenDe Ridder et al.,
2013; Wright et al., 2011) Statistical analysis was performeth SPSS (IBM SPSS Statistics
for Windows, Version 24.0. Armonk, NY: IBM Corp). The matched control limb was
AT T BAOAA O1T OEA #ibh andCuddfféaed litnb usieyah MdefeAdent
samplest-test (4 = 0.05). The unaffected and the affected limb of the CAI group were
compared using a paired samplestest (| = 0.05).Data is presented as group means and

OOAT AAOA AA OE A OE idénaes Aiffefencésmbdiweénlgiopimbanss
6.3.3 Results

Independent samplest-tests revealed no significant differences @ > 0.05) between
groups for age,height, mass, or shoe size. An independent samplesest reported no
significant difference in walking velocity between the control group (1.20 = 0.15 m/s),

and CAI group (1.18 £ 0.09 m/s).
CAIl Group Affected Limb - Matched Control

100 ms pre-HS to HS Significantly decreased FFTBA peak internal rotatiors{ E P8 wu d h
= 0.002) and external rotation & E  tp8=x0x002h angular displacement and a
significantly decreased peak trunk lateral flexion angular displacement towards the
stepping (affected limh (3 E @ 8 @O0 tvere observed in the affected limbTable

6.1). Significantly decreased FFTBA dorsiflexion angular velocitg{( E p ¢p3=0.680)7 Oh

and significantly increased peak positive FFTBA transverse plane angular acceleratian (

151



E omnisg pp ®.037) and decreased peak negative knee frontal plane angular
acceleration @ E ¢ v p=pO4D)were also seen in the affected limprable 6.1).
No other significant differences were observed at this time pointAppendix F, Table F.1,

TableF.4, TableF.7).

Heel strike - Significantly decreased FFHFA abductions{ E ¢ pp c ®.012)0h
significantly decreased FFTBA external rotationd E ¢ ups: @.003)&r@ Bignificantly
increased knee adduction¢ E p pB=@.01&)FEayblar velocity were observed in the
CAl affected limb as well as significantly decreased FFTBA negative frontal plane angular
acceleration & E (¢ p3 B wOD6Y (able 6.1). No significant differences were
observed in angular displacements between groupfAppendix F, Table F.2). No other
significant differences were observed in angular velocity or angular acceleration at this

time point (Appendix F Table F5, Table F.8).

HS to 200 ms postHS - Significantly decreased peak FFTBA internal rotation angular
displacement@ E p8Q00D &nd significantly decreased peak trunk lateral flexion

angular displacement towards the stepping limb (affected limb)& E p ® <0103 Oh

was observed inthe affected limb of the CAI group along with significantly decreased

FFTBA external rotation angular velocity 8 E ¢ g £ 0.607)OA significantly

decreased peak negative frontal plane trunk acceleratiors{ E ¢ 0%ps-0.003)Fl

significantly increased peak negative transverse plane trunk acceleratios( E p 1% 8 w¢ 0 T (
p = 0.008) was observed in the affected limbTable 6.1). No other significant differences

were observed at this time point(Appendix F, Table F.3, Table F.6, Table F.9).
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Table 6.1 Significant differences observed in angular displacemert), angular velocity(d ¥ &hd angular acceleration(d ¥)@hen
comparing the affected limb of the CAI group to a matched control.

= -8 &1 OHbikinier®al Rotation (affected: : - No significant differences observed -8 &1 GHbilnierdal Rotation (affected:
e UEJ 2.30+ 4.33 control: 7.25+ 4.37,p = 0.002) 1.72+ 4.72, control: 6.27+ 4.74,p = 0.007)
<o -t &1 OvbEEitethal Rotation (affected: -8 4001 E 1 AOAOAT £l Ag
8 %.:) 0.60 4.18, control: 5.37+ 4.22,p = 0.002) (affected) limb (affected: 0.59+ 1.82,
>J-8 4001 E | AOAOAT £l Ac control: -0.61+ 1.59,p = 0.042)
< 5 (affected) limb (affected: 0.05+ 1.87,

QO control: -1.62+ 1.64,p = 0.007)

-8 &1 GrbEDrdblexion (affected: -8 &1 OHindibok Abduction (affected:- : -8 &1 QUWbiEEtethal Rotation (affected:
x > -2.20+ 13.24, control: 9.99+18.60,p = 6.39+ 28.21, control: -27.62+ 19.21,p= -60.41+ 20.60, control:-80.86+ 21.96,p =
< = 0.030) 0012) 0.007)
S 8 -8 &1 GUbEEtethal Rotation (affected:
LZD o -9.71+ 28.78, control:-35.61+ 25.53,p =
zs 0.007)
-+ Rdlidction (affected: 6.95+ 12.09,
control: -4.25+ 13.76,p = 0.014)

» O .n &1 OuWbikirdn®erse peak +ve -8 &1 GrbiEEVerSion (affected: -8 4001 E /gvé (bffecked: PAAE
< 'E (affected: 906.03+ 400.22, control: 600.92+ -883.42+ 770.10, control: -1698.97 + -554.51 + 224.99, control: -886.06 + 386.39,
S & 44311,p=0.037) 908.53, p = 0.006) p=0.001)
Ooa-% +1 AA AEllelafiehtéd: PAAE -n 4001 E OOAeQdaifdcod A E
Z 3 -326.44% 339.92 control:-583.56 + 381.81 -479.51+ 149.42, control: -336.59 + 157.01,

Q p=0040) p=0.003)

4
L 4
o >
100 ms preheel strike to heel strike C: Heel strike Heel strike to 200 ms poshteel strike
/]
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CAIl Group Unaffected Limb - Matched Control

100 ms pre-HS to HS Significantly decreased trunk lateral flexion angular displacement
away from the stepping limb (towards the affected limb) ¢ E @& @P3¥)hand
significantly decreased FFTBA external rotation velocity¥ E X oB=00®47 vie
observed in the CAI group unaffected limbTable 6.2). No other significant differences

were observed at this time point Appendix F, TableF.1, Table F.4, Table F.7).

Heel strike - Significantly decreased FFHFA inversion angular displacemer#( E 0,8 px 0 ¥ O
p = 0.039), significantly decreased FFTBA internal rotation angular displacement( E

0 8 1 p®=r00E5) and significantly increased knee adduction angular velocitys( E

P81 &pF M037) were also observed in the unaffected limbTable 6.2). No other

significant differences were observed between the unaffected limb and the matched

control at this time point (Appendix F TableF.2, Table F5, Table F.8).

HS to 200 ms postHS - A significantly decreased trunk lateral flexion angular
displacement away from the stepping limb (towards the affected limb)¥ E @®&u pd h
0.028) and significantly decreased peak FFHFA eversion angular velocisy ( E p B X @ 0 7 O
= 0.033) were observed Table 6.2). No other significant differences were observed

between groups fromHSto 200 ms postHS(Appendix F, Table F.3, Table F.6, Table F.9).
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Table 6.2 Significant differences observed irangular displacement(9, angular velocity(d ¥ @d angular acceleration® #)@hen
comparing the unaffected limb of the CAI group to a matched control.

ANGULAR
DISPLACEMEN

ANGULAR

VELOCITY

ANGULAR
ACCELERATIO

1

-8 4 QdddraEflexion away from the

stepping limb (towards the affected
limb) (unaffected: -0.51 + 1.87, control:
0.66+ 1.33, p=0.007)

- 8 Forefoot-Tibia External Rotation
(unaffected:-29.90+ 20.93, control: -
43.63+ 18.97,p=0.047)

- No significant differences observed

100 mspre-heel strike to heel strike

-8 &1 OHindtbot 1Qversion
(unaffected: 3.43+ 7.37, control: 8.60+
7.07,p=0.039)

-8 &1 OWbiElinter®al Rotation
(unaffected: 2.75+ 5.17, control: 6.16+
4.64,p = 0.045)

-8 +1T AA 1 AAOGAOET 1
11.94, control:-4.73+11.40,p = 0.037)

- No significant differences observed

4
L 4
o

L 4 .
& Heel strike
Qy

i

-8 4001 E 1 AGAOAT A
stepping limb (towards the affected
limb) (unaffected: 4.22+ 2.27, control:

5.73+1.60, p = 0.028)

-8 &1 GHindibol Eversion
(unaffected:-53.52+ 21.72, control:
-73.28+30.76,p =0.033)

- No significant differences observed

>
Heel strike to 200 ms poshteel strike
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CAIl Group Affected Limb - CAlIGroup Unaffected Limb

100 ms pre-HS to HS- No significant differences were observedre-HS (Appendix F,

TableF.1, TableF4, TableF.7).

Heel strike - Significantly increased FFTBA inversion angular displacemens( EBp @B
= 0.041) was observed in the affected limb when compared to the unaffected limbable
6.3). No other significant differences were observed at this tim point (Appendix F, Table

F.2, TableF.5, Table F.8).

HS to 200 ms postHS - Significantly increased peak FFTBA inversion angular
displacement & E @& 10.043)hand significantly decreased peak FFTBA eversion
angular displacement & E @ 80;008) vrere observed in the affected limb, along with
significantly decreased peak FFTBA inversion velocitys{ E ¢ $u=0®F1)0dnd
significantly increased peak trunk external rotation velocity & E o &= ®0816)0h
(Table6.3). Significantly decreased peak positive FFTBA transverse plane acceleratian (
E omno8pe d.01d), significantly increased peak negative sagittal plane trunk
acceleration @ E v & B=001042) <ynificantly decreased peak negative trunk frontal
plane acceleration ¢ E ¢ L3p=@@PaALadd significantly increased peak negative
transverse plane trunk acceleration§¢ E p p amB=x0u003Y Were observed in the
affected limb (Table 6.3). No other significant differences were observed Appendix F,

TableF.3, Table F.6, Table F.9).
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Table 6.3 Significant differences observed irangular displacement(9, angular velocity(d ¥ @hd angular acceleration(d ¥)@hen
comparing the affected limb of the CAI group tthe unaffected limh

£ - No significant differences observed -n &1 GubEinVeion (affected: -n &1 GrbEInVelBion (affected: 7.33+ 3.76,
EE = 7.32+ 3.77, unaffected: 4.7 4.74,p = unaffegteq: 4.887: 449 p=0.043)
3 ) 0.041) -8 &1 OWbiEiEveSion (affected: 0.04 3.89,
Lzr) i unaffected:-2.21+ 4.18 p=0.018)
<%

a)
% E - No significant differences observed - No significant differences observed - 8 Forefoot-Tibia Inversion (affected: 4.00£ 6.02,
5' ) unaffected: 10.57+ 11.48 p = 0.031)
o9 -n 4001 E %w@OAOT Al 21 OAOQE
<ZE Lg -2.68+ 5.04, unaffected: 0.35 5.23 p= 0.015)

- No significantdifferences observed - No significant differences observed -8 &1 GrbElirdnerse peak +ve (affected:

(Z) 1904.41 + 697.36, unaffected: 2207.67 848.05,p =
X = o4
ié -n 4001 E OAw @ieOedi47574A A E
SO 194.09, unaffected:-425.44+ 192.41, p = 0042)
% m -8 4001 E /Fgvé (efdcked:-58 1A E
< O 224.99, unaffected:-813.17 + 242.27,p = 0.001)

g -n 4001 E OOANeQaifdcodd A PAAE

-479.51+ 149.42, unaffected:-360.76 + 171.36,p =
0.003)
L 4
4
o >
100 mspre-heel strike to heel strike C: Heel strike Heel strike to 200 ms posteel strike
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6.3.4 Discussion

This study aimed to compare discrete kinematic variables that may be linked to injury
I EEATEETTA AAOxAAT #!') DAOOEAEDAT 006 O1 AEEA
control group. As significant differences were observedull hypothesis H® can be

rejected. The results of this study are comparable to a readily available published data set

(Fukuchi et al., 2018)

CAIl Group Affected Limb - Matched Control

Internal rotation is increasingly linked to increased strain and potential damage to the
ATFL(Fong et al., 2009a; Fong et al., 2012; Konradsen & Voigt, 200Recreased FFTBA
ET OAOT A1 O1 OACEITT 1T &£ OEA #!) CcOl 68O AEEAAOA
in order to prevent strain on the ligament(Chinn et al., 2013) though this may also be

due to joint restrictions (Vicenzino et al., 2006)

Deaeased trunk lateral flexion towards the affected limb was observed as in previous
research(Abdelraouf et al., 2012) Athough not measured within this study, this may be

AT AOOGAI PO OiI Al OAO OEA bl OHEdikchntly dec/Eas€@E A AT /
FFTBA dorsiflexion velocity preHS, where the matched control group were atsiflexing

whilst the affected limb group demonstrated a negative plantarflexion velocity may place

the ankle at increased susceptibility to LAS with plantarflexion being associated with

ATFLsprain (Konradsen & Voigt, 2002)

Together, the significantly decreased FFTBA exsion angular acceleration, decreased
FFHFA abduction angular velocity, and decreased FFTBA external rotation angular
velocity observed in the affected limb aHSare of clinical importance as they identify that

the velocity at which the affected limb ofOEA #!) CcOiI OB 11 6AOG 1060 1
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to differences in peroneal reaction as found in previous studieelahunt et al., 2006a)
Though it is unclear whetherthis is due to sensing the vulnerable position later followed
by a normal duration reaction, or if this is due to the reaction itself being slower.
Alternatively, this could be due todecreased proprioceptive control(Konradsen, 2002)
Increased kneeadduction angular velocity observed in the affected limb may suggest a
proximal adaptation due to distal instability. Chinn et al(2013) suggests that individuals
xEOE #!) [ Au OEOAAUAS OAT CA AO OEA ATEI A OI
degrees of freedom at the hip and/or knee joint. Similarly, Gribble et §R004) suggested
that although the gross motor task may often be completed, the method of completion
may be altered or less than optimalThe increasedangular velocity of the knee in
combination with the decreased angular velocities of the foot may together highlight the
increased risk of recurrent LAS and episodes of giving way in the CAl affected limb. It is
interesting to note that no significant differences occurred in angular displacement of
these variables. Significantly decreased FFTBA eversion angular acceleration was
observed in the affected limb atHS Monaghan et al(2006) observed an inversion
velocity in CAl individuals during the period 5 ms preHS to 5 ms posHS 0f29 ds whilst

the healthy control group displayed an eversion velocity 06 ds. The CAI group in the
present study showed decreased eversion velocity po$iS suggesting this may be an

important area for the development of preventative measures.

As with the pre-contact phase,a decreased FFTBA internal rotation displacement and a
decreased trunk lateral flexion angular displacement towards the affected limlwas

demonstrated in the affected limb. Increased trunk peak negative transverse plane
acceleration and a decreased peak negative frontal plane acceleration were also

observed, however, there is a paucity in research reporting these variables within
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individ uals with CAI. Further research should investigate this finding as it is unclear what

this shows.

CAIGroup Unaffected Limb - Matched Control

Decreased trunk lateral flexionaway from the stepping limb (towards the affected limb)
observed preHS may be a protective mechanism to move the centre of mass away from
the affected limb. Decreased FFTBA external rotation velocity was also observed which
may be a result of increased gidity of the FFTBA as a method of protecting the
contralateral limb. Increased rigid and inflexible movement patterns have previously
been found in the affected limk(Herb et al., 2014; Terada et al., 2013)owever as far as
the author is aware this is the first study to document this in the unaffected limb of

individuals with CAl.

Significantly decreased FFHFA inversion and decreased FFTBA internal rotation angular
displacement at HS may be an attempb protect the affected limb by adopting a position

of increased rigidity (Chinn et al., 2013) Interestingly an increased knee adduction
angular velocity was also observed in the unaffected limb when compared to the matched
control limb at HS, as was also the case between the affected limb and the matched
control. Furthermore, no significant differences were obseved in this variable between
the CAI groups unaffected and affected limbs. This may highlight a possible cause for the

high prevalence of bilateral ankle instability(Tanen et al., 2014)

PostHS, a decreased trunk latal flexion away from the stepping limb (towards the
affected limb) was found, as in the period prior to HS, again suggesting a protective
response to move the trunk away from the injured limbThere appears to be a paucity of
research investigating trunk kinematics in lower extremity injuries, hence this finding

warrants further investigation. Significantly decreased FFHFA eversion velocity was also
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observed. This implies that increased rigidity may be a protective mechanism for the
contralateral limb but also suggests that the unaffected limb may be at increased risk of
LAS as the period following HS is not within conscious contrgDelahunt et al., 2006a;

Monaghan et al., 2006) This suggests a decreased detection of inversion or a delayed

peroneal muscle motor response as concluded previous{ionaghan et al., 2006)
CAIl Group Affected Limb - CAlIGroup Unaffected Limb

At HSa significantly increased FFTBA inversion displacement was observed, placing the
ankle in an increased position of vulnerability to LAKonradsen & Voigt, 2002) These
findings have been previously reported when comparing the affected limb to matched
control (Delahunt et al., 2006a; Wright et al., 2013b)lthough this study does not report
any significant differences for the same comparisons, probably due to differences in

methodologies, and as such further research is warranted.

PostHS increased FFTBA inversion and decreased FFTBA eversion angular displacement
was observed in the affected limb sugging a position of increased vulnerability to LAS,
comparable to previous findings(Delahunt & al., 2006a; Drewes et al., 2009a; Monaghan
et al., 2006) Decreased FFTBA peak positive transverse plane acceleration was observed
in the affected limb. It is unclear what the implicationsof this are and this warrants
further investigation. Decreased peak FFTBA inversion velocity in the affected limb may
be a protective response as an attempt to increase rigidity within the joiniHerb et al.,

2014; Terada et al., 2015)

A number of differences were observed in the trunk (increased trunk external rotation
velocity, increased trunk peak negative acceleration (sagittal and transverse planes) and
a decreased peak negative frontal plane acceleration, these combined suggest a

significant modification in trunk kinematics though it is unclear whether this is caused
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by a deliberate modification or lack of control. The trunk accounts for approximately
35.5% of body mass thereforethese changes are likely to be linked to changes in
movement of the hip, knee and ankléKulas et al., 2008) Further research with external
kinetic measurements from force plates and the use of an inverse dynamics model may

help identify the causative factors for these differences ahg the kinetic chain.

Clinical Implications

The observation of reduced FFTBA transverse plane maititm to initial contact in the
affected limb when compared to the matched control is of particular clinical interest due to the
close relationship of this variable to ankle sprdiiReng et al., 2009a; Fong et al., 2012;
Konradsen & Voigt, 2002) The observed difference of 4@#% internal rotation and 4.
external rotatioomay prove a clinically significant finding given a cadaveric study observed a
maximal internal rotation displacementlaf.&e(Wilkerson, Doty, Gurchiek, & Hilis, 2010)
Although it is unclear whether this reduced motion is due to a lack of range as observed by
(Vicenzino et al., 2006)r whether this is a deliberate modificatidrhis is a variable which

may be a key aedo focus future research. Equally the desesBFFTBA dorsiflexion angular
velocity at the same time point may showing a change o2&y highlight an increased

risk prior to initial contact.

Previous literature focuses on anguladisplacements however this research suggests that
further significant differences may be prevalent in angular velocities and angular

accelerations, and the variability of these may be the cause of, or a contributing factor to
instability. When planning rehabilitation programmes and injury prevention strategies,

it is important to focus not just on therange but also the rate at which range is covered.

Many rehabilitation exercises implemented in the late stage are slow in nature, however,

these findings ma call for more dynamic movements to be incorporated.
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A number of studies have documented differences between the affected and the
unaffected limb in CAI suffererd{De Ridder et al., 2013; Monaghan et al., 2006; Wright et
al., 2013b) however, in this study a number of key significant differences between the
unaffected limb and a matched control were observed suggesting rehabilitation should

target both limbs.
Future Research

A prospective study is needed to determine whether the diffences observed in the
current study were present prior to or because ofthe initial injury. Future research
should document joint angular velocities and angular accelerations with angular
displacements as these may be more pertinent to episodes of givimgy and mechanisms
of injury. This method should also be used in more dynamimanoeuvressuch as cutting
and singleleg landing. It has been suggested that differences in angular displacement
associated with CAl may be exacerbated during more dynamic movents (Donovan &
Feger, 2017)and it would be interesting to investigate whether this is the case with
angular velocities and accelerations. Lastly, future research should report kinetic
parameters using this methodology in order to draw further conclusions from these

preliminary find ings.

6.3.5 Conclusion

Affected limbs of CAI sufferers appear to adopt a protective position with decreased
internal rotation prior to and following HS Modified transverse plane motion prior to
initial contact may provide a key area for future research. Alongith this a large number

of modifications in angular velocity were also observed witha decreased FFTBA
dorsiflexion velocity prior to HS and differences in FFTBA, FFHFA and knee velocity and

acceleration present aHSwhich may increase theankles suscegibility to recurrent LAS.
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bilateral CAl incidence rates.

6.3.6 Development of Research Within the Thesis

The present study highlightedseveral significant differences in angular displacement,
angular velocity and angular acceleration. The next section of this thesis will use
regression analysis to examine whether the significant kinematic variables observed

during walking are able to predict scoes on the IdFAI questionnaire

This knowledge will help in the development of preventative measures for ankle sprains
but could also help to validate questionnaire use or alternatively developed as an

objective marker for determining ankle instability.
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6.4  Study 1 z Part 3 z CanSignificantly Different Kinematic Variables Observed
During Walking Between Individuals  with and Without Ankle Instability Predict

the Identification of Functional Ankle Instability Questionnaire Score?

6.4.1 Introduction

The previous study highlightedseveraldifferences that existed when comparing angular
displacements, angular velocitiesand angular accelerations prior to HS at HS and

following HS

No globally accepted measure has been agreed upon for the diagnosis of ankle instability
(Simon et al., 2014)and subsequently,the use of questionnaires in the reporting and
classification of ankle instability has been diputed due to the reliance on a selfeporting
nature. Reliability has been performed on each questionnaire to identify appropriate cut
off values(Gurav et al., 2014; Simon et al., 2014)nd as such, these are reporteth the
international ankle consortium (IAC) guidelines forCAlselection criteria (Gribble et al.,
2013). The IdFAl questionnaire provides a score between 0 and 3Thowever, the IAC
guidelines suggest @utoff score of 11 or more indicates instability. This means someone
xET OAT OAO A pn x1 O A AA AAOAOI ET AA OEAAI OE
deemed to haveankle instability. This study will look to address whether differences
observed between groups in kinematic walking variables could be used to predict the

score ofthe IdFAI questionnaire.

This study aims to identify whether it is possible to predict sores on the IdFAI

guestionnaire from the significantly different variables observed during walking.

This study will address the following hypothesis previously presented in Chapte.19:
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- Ha - Significant differences observed during walking will be able to predict IdFAI

guestionnaire score

6.4.2 Methods

Variables where significant differences were observed between the affected limb of the

CAI group and the healthy matched control limb during walking (study 1, part 2 (6.2.4)),

were used for analysis. These are outlined ihable 6.4.

Table 6.4 Variables with significant differences in study 1 part 26.3.3) used within the

regression analysis.

100 ms pre - heel Heel strike Heel strike 7200 ms
strike post heel strike
Angular - @ FFTBA internal - @ FFTBA internal
rotation rotation
displacement - @ FFTBA external - @ Trunk lateral
rotation flexion (towards
- @ Trunk lateral the affected limb)
flexion (towards
the affected limb)
Angular -@ FFTBA - @ FFHFA - @ FFTBA external
dorsiflexion Abduction rotation
velocity - @ FFTBA external
rotation
- b Knee Adduction
Angular - FFTBA - @ FFTBA eversion - @ Trunk frontal
transverse peak peakzve
acceleration +ve - h Trunk

- @ Knee frontal peal

zve

transverse peak—ve

Statistical Analysis

Normality was assessed using the Shapird/ilks test. Due to the sample size used,

0 A A O @orreldtiah analysiswas performed to identify whether relationships between
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IdFAI questionnaire score and kinematic variables existed. All predictors that showed a
moderate (r = 0.3 upwards;Cohen & Cohen, 1977and significant correlation (p < .05)
were kept for further analysis, while all othervariables were removed from subsequent
analysis. Linear or multiple stepwise regressions were then used to identify which
kinematic variables during walking best predicted IdFAI scoreThe IdFAI score was the
criterion and the kinematic variables the indegndent variables. Independent variables
were examined for celinearity prior to entry into the regression model and those with
high colinearity Rx).7 were removed. Statistical analysis were performed in SPSS 24.0
(SPSS Inc, Chicago, USA)ata were inspeted to ensure assumptions of linearity,
independence of errors, homoscedasticity and normality of residual® ensure it met all

assumptions ofa regressionbefore proceeding.

6.4.3 Results

Significant correlations can be observed iTable 6.5. Of the 14variables, 11 variables

were inputted into a stepwise regression analysis.
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Table 6.5 Pearson's correlation outputs for kinematic variables compared to IdFAI score

00Z SHID0[9A Y3 8sIansuel) g 144

002 SHUOI.IS|922e SA-3SISASURI] Muni L

00Z SHUORI3[822. BA+ [LIUOI) YuNniL

00Z SHuawade|dsIp UOIX3|} [elale| [eIUOI) YuniL

00<Z SH
Juswade|dsip uonelol [eulaluBSIaAsURI] Vgl 44

INTVYASH A1190[8A uononppe [eluol) 8auy

ANTVASHIO0[BA YT aslansuel val44

INTVYASH Al90[aA uononpgeesiansuel) Y4H-

dNTVASHJIONeI9[8dd® [ejuol) vd 144

SHIOT Auoojan 4@ [enibes vg144

SHOT UOIRIa|929e 9N+ 9SIaAsSUR)) Yl 44

SHOOT 1uswaoe|dsIp UOIXa|) [eJare| [elu0l) YuniL

SeDT 1uswade|dsIp Y3 aslaAsuel vgl44

SH 00T
Juswade|dsip uoneiol [euIsIUBSIBASURI] Vg1 d-

0.280 0.385* 0.402* -0.416* 0.346* 0.462* -0.321 0.383*

Pearson-0.482* -0.463* 0.428* 0.342* -0.1687 0.344*

Correlation

IdFAI

Score

Sig. (2tailed) 0.003 0.004 0.009 0.041 0.325 0.040 0.099 0.021 0.015 0.012 0.039 0.005 0.056 0.021
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The stepwise regression analysis showed FFTBA transverse plangernal rotation
displacement prior to HSwas the best independent predictor of IdFAI score (R = 0.482,
R2=0.232, F = 10.285p = 0.003). Combined FFTBA transverse plane internal rotation
displacement prior to HSand FFTBA transverse +ve acceleration prior telSimproved
prediction (R = 0.648,R2 = 0.420, F = 10.683p = 0.003). The final model produced
included trunk lateral flexion (towards the affected limb)displacement followingHS(R =
0.705, R=0.496, F = 4.858p = 0.0035). Prediction equations are outlined inrable 6.6

and Beta and standard error values are outlined ifable6.7.

Table 6.6 Prediction equations for IdFAI score

Model Equation

Model 1  IdFAI Score =4{0.925 x FFTBA transvers@nternal rotation displacement

100 HS + 16.221 (+ 8.479)

Model 2 IdFAI Score ={1.074 x FFTBA transversénternal rotation displacement
100 HS + (0.542 x FFTBA transverse +ve acceleration 15 + 9.805 (+

7.480)

Model 3 IdFAI Score ={1.015 x FFTBA transvers@nternal rotation displacement
100 HS + (0.416 x FFTBA transverse +ve acceleration 15 + (1.457 x

Trunk lateral flexion displacement HS200) + 12.318 (+ 7.078)
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Table 6.7 Unstandardized and standardized Beta values for each of the 9 regression models
st error

Dependent variable Variable B SE 3 of
estimate

IdFAI Score(model 1) Constant 16.221 1.973
FFTBA transverse -0.925 0.288 -0.482 8.479
internal rotation
displacement 100
HS

IdFAI Score(model 2) Constant 9.805 2.624
FFTBA transverse -1.074 0.259 -0.559
internal rotation
displacement 100
HS
FFTBA transverse 0.542 0.166 0.440 7.480
+ve acceleration
100 HS

IdFAI Score(model 3) Constant 12.318 2.732
FFTBA transverse -1.015 0.246 -0.528
internal rotation
displacement 100
HS
FFTBA transverse 0.416 0.167 0.338
+ve acceleration
100 HS

Trunk frontal +ve 1.457 0.661 0.294 7.078
displacementHS
200

6.4.4 Discussion

The IdFAI questionnaire is often used by clinicians and within research for the
identification of ankle instability. The questionnaire places individuals onto a scale. From
this scale,anyone with a score of 11 or higher is classed to have ankle instabyliand

somebody with a score of 10 would be deemed healthy. This study follows on from the
results of study 1 part 2 where variables that were deemed to be significantly different
AAOxAAT CcOiI OPO xAOA OOAA OiF EAAT OEAWf xEAOE.

instability on the IdFAI questionnaire.
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Of the 14 variables included within this analysis, 11 were significantly correlated to the
IdFAI questionnaire score. Questionnaires have been questioned in the determination of
ankle instability (Donahue et al., 2011) potentially, due to the seHreporting nature and
thus the impact of the biopsychosocial model on interpretation of disability and the
impact of painrelated fear or kinesiophobia(Lentz, Sutton, Greenberg, & Bishop, 2010)
Due to this criticism, the use of additional variables may help to strengthen its use. The
regression analysis produced 3 models. The firstsed FFTBA transverse plane internal
rotation displacement prior to HSand was able to predict 23.2% of the variance. The
higher score on the IdFAI questionnaire seemed to result in less internal rotation.
Internal rotation is a known mechanism for ankle spains (Fong et al., 2009a; Fong et al.,
2012; Konradsen & Voigt, 2002) The reduced internal rotation observed prior totHSmay
be a preventative measure in an attempt to increase stability as type offeedforward
strategy.However, this may also predispose individuals to further injuries by placing the
AT ET A ET MAAMGAG 60 AITTAO Apfickedpoditiga. A 1 171 OA

The second model included FFTBA transverse plane positive accelerationigrto HS
This increased the IdFAI score prediction percentage to 42%. The correlation showed as
the IdFAI score increases stoo does the positive acceleration. It again seems logical that
the movement occurs at the foot and prior tdHSsuggesting the position adopted prdC

may be the best predictor of ankle instability.

The final model also incorporated trunk lateral flexion diplacement (towards the
affected limb) from HS to 200 ms postHS increasing the percentage to 49.6%. The
0OAAOOT 160 Al OOCAI ACGETIT OAAT AA OiF OEI x OEA
away from the injured limb. It is possible that this is a protectivanechanism in order to

change the position of thecentre of gravity away from the injured leg towards the
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contralateral limb. As models were produced that were able to predict the IdFAI

guestionnaire scorenull hypothesis HO; can be rejected.
Clinical Implications

Further research should be conducted to confirm whether the variables listed above may
also be used to increase the specificity and sensitivity of tests to confirm ankle instability.
These variables, however, may be key when implementing rehabilitation and
preventative strategies. Again, further research is needed to determine whether these
predisposed individuals to the initial ankle injury or whether these are subsequent
adaptations that have occurred as a result of the initial injury. It is also necessato
conduct the same type of research with other key sporting movements to determine

whether these variables are similar across movements.

6.4.5 Conclusion

Forefoot-tibia transverse internal rotation displacement and FFTBA transverse peak
positive accelerationprior to HSalong with trunk lateral flexion displacement postHS
were able to account for 49.2% of the IdFAI score variance. This shows a high prediction

ability with just three variables, but further research is needed in other movements.

6.4.6 Development o f Research Within the Thesis

Following on from the work of this chapter, the next chapter will aim to gain further
insight into movement patterns and muscle activation patterns duringingle-leglanding;

a more dynamic mechanism often observed as a mechanism for ankle sprains. Obtagni
more information during a range of movements is crucialto identify key areas that

should be addressed in rehabilitation and injury prevention and to further understand
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possible causes or predisposing factors for recurrent ankle sprains in those witmkle

instability.
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Chapter 7.0 Study 2 z Analysis of
Single-Leg Landing Muscle
Activation and Kinematics In
Individuals with Ankle Instability

and Healthy Control Participants
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7.1  Single-Leg Landing Chapter Overview

Ankle sprains are a frequent occurrence in sports involvingapid changes of direction,
jumping and landing(Fong et al., 2008)Of the 39% ofnoncontactankle sprains incurred
in English Premier League football (July 1997end of May 1999) landing was described
as the mechanism of injury for 36% of noncontact ankle sprain@Voods et al., 2003)
Individuals who suffer recurrent ankle sprains, episodes of giving way andeélings of
instability ( chronic ankle instability) have been shown to have both decreased activity
levels (Hubbard-Turner & Turner, 2015) and an increased risk ofearly-onset post-
traumatic osteoarthritis of the ankle joint (Valderrabano et al., 2006) As such, enhanced
understanding of differences in kinematic movement patterns of those with CAl when
performing landing manoeuvres may be beneficial to prevention and rehabilitation

strategies.

Landing can be broken down into the prdanding, impact ard the reactive phases of
landing (Doherty et al., 2014; Lees, 1981)The period before IC can be termed pre
landing. This phase of landing is thought to be feeidrward motor control, where
individuals use pre-programmed mechanismsrecruited in order to modify their centre
of gravity in an attemptto maintain ankle joint stability and anticipate the imminent joint
loading with ground contact(Delahunt et al., 2007) Muscle activity pre-empting landing
is suggested to occur at approximately 200 mgre-ground contact (Santello, 2005) This
response is thought to be modulated by visio(Santello, 2005) and therefore may play a
particular role in injury prevention. Landing from a jump takes place over approximately
1 second, however, the impact absorption phase is known todiafor 150-200 ms(Lees,
1981). Beyond this point, downwards momentum is reduced and the rest of the action is

concerned with themaintenanceof balance(Lees, 1981) This phase is referred to as the

175



reactive phase of landing(Doherty et al., 2014) It has been summarised that an ankle
sprain can occur as early as 4@ns after IC (Fong et al., 2009b) This phase is beyond
human control and instead is based on system reaction argfabilisation rather than a

conscious modification of movemen(Lees, 1981)

Altered foot positioning has been suggested to predispose individuals with CAIl to
recurrent ankle sprains. A study reporting kinematics of an accidental ankle sprain
occurring during a laboratory-based landing manoeuvre observed greater ankle
inversion and internal rotation anglesduring the pre-landing phase and atC(Y. Li et al.,
2018). They also suggested that alted hip mechanics may have resulted in
unanticipated timing for ground contact or modified sensation in the knee and ankle
joints resulting in giving way (Y. Li et al., 2018) However, it is unclear whether
individuals with CAl would consistently display modified movement mechanics

compared to healthy individuals.

Previous literature investigating CA during landing has used single segment foot models
(De Ridder et al., 2015a; Delahunt et al., 2006b, 200;7however, this may lead to
unrepresentative condusions being drawn in relation to the biomechanics of the foot
(Stebbins et al., 2006) De Ridder et al(2015b) appears to be the first study toanalyse
single-leg landing using a multisegmental foot model. They compared the use of the
Ghent Foot Model to a rigid foot model in participants with &8I, copers (defined in the
study as those who have suffered from a recent ankle sprain but no symptoms of
instability) and control participants. The single segment foot model showed a less
inverted position from 10-100% of the impact phase in the CAIl grougnd the coper group
when compared to the control group. Comparatively the only differences observed in the

multi-segmental model were in the hallux segment. It was suggested that the single
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segment foot model over simplified findings not documenting the mwvement of the

hindfoot, and as such results should be interpreted with cautio(De Ridder et al., 2015h)

The trunk segment mass and the distribution ofhis mass is known to contribute greatly
to ground reaction forces during landingKulas et al., 2008) As the kinetic chain principle
suggests, it is thought that thenovementof this segment will influence movements of the
lower extremity. Further to this, potential relationships have been proposed with

proximal adaptations to injury (Doherty et al., 2016a)

Following the methodology adopted inChapter 6.9 this chapter will adopt a similar 3
part structure to further analyse differences in muscle activationand movement
kinematics. Chapter7.2 will analyse full time series movement patterns and muscle
activation patterns between individuals with CAland healthy controls during a single leg
landing. Chapter 7.3 will address the angilar displacements, angular velocities and
angular accelerations displayed by groups during a singleg land. Lastly, Chaptei7.4
will examine whether the findingsobserved in Chapter 7.2 can be used as a prediction of

the individuals IdFAI questionnaire score.
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7.2  Study 2 z Part 1 z Analysis of Lower Limb and Trunk Kinematics and Muscle
Activations During Single -Leg Landing in Participants with and Without Ankle

Instability

7.2.1 Introduction

The majority of research analysing singléeg landings in CAIl populations reports joint
angles and muscle activation characteristics at discretitme points (Caulfield & Garrett,
2002; Delahunt et al., 2006b) However they donot report kinematic parameters for the
whole time-series curve, potentially missing significant differences or trend¢Pataky et
al.,, 2013) Statistical parametric mapping emables curve analysis across the whole
movement (Pataky et al., 2013) De Ridder et al.(2015a; 2015b) used statistical
parametric mapping to comparesingle-leglanding foot kinematics between participants
with CAl, copers,and controls, identifying exact time periods of significance within the
impact phase of landing. This study will combine trunk kinematic analysis with a full
lower limb and multi-segmental foot model and analysis of proximal and distal muscle
activation patterns to compare single-leg landing strategies of individuals with and

without CAI.

The aim of this study was to compare trunk, hip, kneeand multi-segmental foot
kinematics and muscle activation duringsingle-leg landing; for the pre-landing and
impact phases of movement between participants with CAl and healthy control®
highlight potential differences that may be addressed for the development of intervention

and prevention strategies.

This study will address the following hypotheses previously presented in Chapt&.19:
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- Hs - CAI participants will display modified kinematic movement patterns (SPM)
during single-leg landing
- He- CAl participants will display modified muscle activation patterns (SPM) during

single-leg landing

7.2.2 Methods

Eighteen healthycontrols (14 males, 4 fenales,age ? $22.4 + 3.6years,height: ? £177.8
+ 7.6 cm, mass? £ 70.4 + 11.9kg, UK shoe sizeMdn: 8.5, MIN: 4, MAX: 1) and 18
participants with CAl (13 males, 5 femalesage ? £22.0 + 2.7years, height: ? £176.8 +
7.9 cm, mass? £74.1 £ 9.6kg, UK shoe sizéldn: 8.5,MIN: 4, MAX: 1) were included in

this study as outlined in General Method8.1.

Protocol

Participants performed a 5minute warm-up on a cycle ergometer (Monark Ergomedic
874E, Sweden) at 60 Watts. Electromyographic data were recorded for the gluteus
medius, peroneudongusand tibialis anterior as outlinedin general methods ChapteB.4.
Electromyographic data werenormalised to the activity mean for each landingBolgla &
Uhl, 2007). Motion analysis data were recorded as outlineth general methods Chapter

3.5

Participants were required to perform three barefoot single leg drop landings onto each
limb from a 30 cm high box(Kunugi et al., 2017)onto a flat stable laboratory floor with
1-minute rest between trials. The order of trials was randomisedo minimise the effect
of fatigue. Individuals were asked to hop forward off the box onto the floor in fronand
maintain balance for 3 seconds whilst looking straight forward. No instruction was given

to participants regarding arm position during the landingmanoeuvrein order to observe
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an unmodified landing position Trials were discarded if the secondoot contacted the
floor to restore balance or if errors were observed in marker tracking. Each participant
performed a familiarisation of the movement until they were comfortable with the

movement before recording.

Data and Statistical Analysis

Data wereinspected using Cortex (Cortex64 5.3.1.1543, Motion Analysis Corporation,
Santa Rosa, California) software before importing into Visual 3D (Visual3D v6 x64, C
motion, Germantown, Maryland). Data were smoothed using a 6 Hz Butterworth filter.
Initial contact was determined using peak plantarflexion forefootibia velocity
(following this point dorsiflexion occurred). Event markers were createdfor IC, 200 ms
pre-ICand 200 ms post IC. EMG data wereroot mean squared by a moving window of
100 ms andnormalised to mean task activation. Followinghis, a visual inspection of the
data identified noise in the signal for two of the participants that warranted their EMG
data be removed.To keep the preexperimental researchdesign,the matched controls
assgned to the two participants also had their EMG data removed. Kinematic and EMG
data were exported for the prelanding (200 ms prelC to IC) and impact (IC to 200 ms
post-IC) phases into MATLAB ®015a (The Math Works, Natick, Massachusetts) to

perform the SPM analysis

Kinematic data were exported for the forefoothindfoot angle, forefoottibia angle,
hindfoot-tibia angle, hip, knee and trunk angles in the sagittal, frontal and transverse
planes of motion. So not to eliminate inherent variations in foot mhology, data were
not normalised against a reference segmen(De Ridder et al., 2013; Wright et al., 2011)
Data wereanalysedusing SPMFriston et al., 1994)in MATLAB using the SPM1D open

source package (spmld.org).
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I Of AlTEOU OAOOO xAOA DPARRaEIAIGAG GOFASC 'A 13460 A
limb was compared to the CAI groups affected limb and unaffected limbs using an
independent samplest-test (| = 0.05). The unaffected and affected limb of the CAI group

were then compared using a paired samplestest (4 = 0.05).
7.2.3 Results

CAIl Group Affected Limb Versus Matched Control

Independent samplest-tests showed no significant differences in FFHFfAppendix H,
FigureH.1, Figure H.8), FFTBA Appendix H, Figure H.2, Figure H.9), HFTBA(Appendix H,
Figure H.3, Figure H.10), hip (Appendix H Figure H.4, Figure H.11), knee(Appendix H,
Figure H.5, Figure H.12) or trunk (Appendix H, Figure H.6, Figure H.13) anglesin the
frontal, sagittal or transverse planes or gluteus medius, peroneungus or tibialis
anterior muscle activation patterns during the prelanding or impact phaseqAppendix

H, Figure H.7, Figure H.14).

CAIl Group Unaffected Limb Versus Matched Control

Independent samples t-tests showed significantly increased hip abduction in the
unaffected limb when compared to the matched control at 3000% of the impact phase
oflanding(pE m8mpph | AAT AEEAAOAT AA Hgure7d)xthpigh DAAE
no significant differences were observed in this variable during the préanding phase
(Appendix H, Figure H.32). No significant differences were observed in FFHRAppendix

H, Figure H.29, Figure H.36), FFTBA(Appendix H, Figure H.30, Figure H.37), HFTBA
(Appendix H, Figure H.31, Figure H.38), knee(Appendix H, Figure H.33, Figure H.39) or

trunk (Appendix H, Figure H.34, Figure H.40) in the frontal, sagittal or transverse planes
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in gluteus medius, peroneuslongus or tibialis anterior muscle activation patterns

(Appendix H Figure H.35, Figure H.41) during the pre-landing or impact phases
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Figure 7.1 Hip angles (x, y, z) IC to 200 ms po$€ - means and standard

deviations (Matched Control-? Unaffected- > ) andt-test output.

CAIlGroup Affected Limb Versus CAIGroup Unaffected Limb

Paired samplest-tests showed no significant differences in FFHFA, FFTBA, HFTBA, hip,

kneeor trunk in the frontal, sagittal or transverse planes or in gluteus medius, peroneus
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longus or tibialis anterior muscle activation patterns from 200 ms prelC- IC or from IC

to 200 mspost-IC (Appendix H Figure H.15-Figure H.28).
7.2.4 Discussion

This study aimed to provide a comprehensive analysis of theunk and lower limb during
landing utilising a multi-segmental foot model. It also aimed to compare muscle
activation patterns between athletes with CAl and healthy controls. It is the first of its
kind to not only compare the affected limb to a matched conttpbut also to compare
between the affected and unaffected limbs of the CAl group and to compare between the
unaffected limb of the CAl group and a matched control for kinematic analysis of the trunk
and lower limb combined with a multi-segmental foot modé along with lower limb
muscle activation patterns. As significant differences were observed in kinematicaill
hypothesis HG can be rejected. As no significant differences were observed in muscle

activation HOs cannot be rejected.

Significantly increasal hip abduction was observed in the unaffected limb when

compared to the matched control at 36100% of the impact phase of landingAlthough

OEEO AEEZAOAT AA EO Oi All ji1 AAT AEAEEAOAT AA 138
appear to abduct thehip moving away from the affected limb potentially to avoid

touchdown of the affected limb. Previous literature investigating gender differences in

landing suggested an increase in hip abduction during touch down allows for the hip to

move through a greate range of motion towards adduction and also keeps the gluteus

medius closer to its resting length, therefore, allowing an increased control of
deceleration (Weinhandl, Joshi, & O'Connor, 2010)This is suggestive of a hip strategy

and evidence of proximal adaptations of the kinetic chaiwithin the contralateral limb.

With an additional external stimulusalongsidefatigue or increased movementelocity,
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this may be a potential risk factor. This is the first study to document differences in

kinematic movement patterns of the unaffected limb

No significant differences were observed between affected limb and the matched control
group for hip kinematics in this study. Thisis in line with a previous study analysing the
full movement trace (De Ridder et al., 2015aand others reporting discrete variable data
(Delahunt et al., 2007; Gribble & Robinson, 2009, 2010However, one study observed a
less externally rotated hip position from 200 msz 55 ms pre-IC (Delahunt et al., 2006b)
The authors suggestedhis may provide evidence that neuromuscular impairments may
not be confined to just the ankle joint and that potetial central neural adaptions may
exist with peripheral joint issues. The present study suggests there are no differences in
the pattern of movement adopted in the affected limb of the CAl group when compared

to a matched control group during the landingand pre-landing phase

Literature in landing mechanics has previously documented the involvement of the trunk
in landing kinematics (Lees, 1981) The author felt it was pertinent to explore the
kinematics of this segment, however, no significant differences were observed in trunk

kinematics between groups.

No significant differences were observed in knee kinematics in the sagittal, frontal or
transverse planes These findings are in line with a study also using full curve SPM
analysis (De Ridder et al., 2015a)and they are consistent with studies that have not
performed SPM analysigDelahunt et al., 2006b, 2007) Caulfield et al.(2002). found
increased knee flexionin the CAI group from 20 mspre-IC to 60 ms post-IC when
performing a drop jump from a height of 40 cmThiswas attributed to central patterning

at the spinal level during landing. In contrast, researchnalysinga maximal double leg

vertical jump with a single-leg landing observed increased knee flexion prior to IC in the
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control group which was proposed to assist with stability by lowering thecentre of
gravity (Gribble & Robinson, 2009, 2010) These differing findhgs may be due to slight
differences in the movements being analysed, howevehey make drawing substantial

conclusions for clinical practice and intervention strategies difficult.

Foot and ankle kinematics are often reported in the literature with the us of a single
segment foot model, however, research comparing results for singleg landing
comparing a mult-segmental and a single segment foot model reported that results of
the single segment model should be interpreted with caution and that the usd a multi-
segmental model may highlight further differences between groups in distal kinematics
(De Ridder et al., 2015b) In this study, no significant diferences were observed in foot
and ankle kinematics Thisis consistent with findings from De Ridder et al(2015b) who
reported no significant differences in hindfoot and midfoot valuesThisleaves the reason
for the increased susceptibility of ankle sprain during landing in individuals with CAI
unclear. De Ridder et al(2015b) observed an increased peak vertical gound reaction
force, decreased time to peak and an increased loading rate when compared to the control
group. These parameters were not recorded in the present study. Further research
should be conducted investigating other kinematic factors such as joinangular
acceleration and velocity to observe the role that these play in the landing mechanism

within individuals with CAI.

No significant differences were observed in muscle activation patterns of the gluteus
medius during the single limb landing Thisconcurs with previous findings investigating
lateral hops pre andpost-fatigue that found no significant differences between groups for
muscle activation(K. A.Webster et al., 2016) Similarly, no significant differences were

observed in tibialis anterior muscle activation patterns in the present study. When
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investigating double leg landing with the testlimb landing on a tilted force plate,
increased tibialis anterior muscle activations were observed in participants with CA[Y.
Li et al., 2017) The authors suggested that this increased dorsiflexor activation is an
attempt to stabilise the ankle joint (closed packed position) to limit ankle inversion
displacement and eversion moment This was particularly necessry on the inverted
surface used within this study. Previously increased peroneal longus muscle activation
has been observed with drop jump landindHerb, Grossman, Feger, Donovan, & Hertel,
2018), however, this study also found differences in ankle kinematics. Within the present
study, no differences were observed in foot kinematics, therefore, hmay explain why
no significant differences were observed intibialis anterior and peroneus longus

activation patterns in the present study.

This study analysedkinematic and EMG parameters to examine movement patterns and
muscle activations patterns diring single-leg landing between groups.The statistical
analysis method implemented involves timenormalisation and as such is referring to the
pattern of movement and does not address possible differences that may be present in
angular velocity and angur acceleration.It is also key to note that although symptoms
such as giving way, instability and recurrent ankle sprains are attributes to CAl, these are
not continuous and therefore differences in the recorded parameters may not be

consistently present.

Future research should investigate angular velocities and angular accelerations to
determine whether any significant differences are preseninvestigation of the impact of
CAl on kinetic parameters using full curve analysis to identify if differences estiin
movement and muscle activation patterns between groups should also be performed.

Kinetic analysis should further investigate differences between the unaffected limb and
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the matched control. This study observed increased hip abduction in the unaffedtémb
at 30-100% of the impact phase of landing. Reporting the position of theentre of mass
would be beneficial as it is postulated that this may be an attempt to shift theentre of
mass away from the affected limb. In doing so this may place the uredted limb at
increased risk of lateral ankle sprainsReference to kinetic parameters may highlight

differences between groups that were not evident in the current study.

Clinical Implications

No significant differences were observed in movemerpatterns adopted by the affected
limb when compared to the matched control limb or when comparing the affected limb
to the unaffected limb of the CAI group. When comparing the unaffected limb to the
matched control limb however a1 increased hip abduction was observed at 36100% of
the impact phase of landing with a mean difference of 4.28 degrees and a peak difference
of 4.47 degreesAbnormal femoral motion has been reported tohave a direct impact on
tibiofemoral joint kinematics (Powers, 2010). In addition to this the relative locations of
the centre of mass and the centre of pressure will impact the orientation of the rekant
ground reaction force vectorin relation to the ankle (Powers, 2010) z which may
predispose theunaffected limb to kateral ankle sprain or other lower extremity injuries.
This may also be evidence of a compensated Trendelenburgrsignoving the resultant
ground reaction force closer to the hip joint centre thus reducing the demand that is
placed upon the hip abductorsThis highlights the importance of bilateral intervention

strategies and an area for future research to be targeted.
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7.2.5 Conclusion

A significantly increased hip abduction was observed in the unaffected limb of the CAI
group when compared to a matched control at 3A00% of the impact phase. This is
potentially a protective method to move away from the affected limb. Further research
should be conducted incorporating kinetic analysis. No other significant differences were
observed in thetrunk, hip, knee, FFTBA, FFHFA or HFTBA kinematics in the sagittal,
frontal or transverse planes of motion or in muscle activation patterns between grqs.
Differences between groups that predispose individuals with CAI to recurrent ankle
sprains and the feeling of instability and/or giving way, may not consistently manifest

themselves in changes to joint angular displacements during single limb landing.

7.2.6 Development of Research Within the Thesis

Study 1 part 1 investigated similar analysis to this study during walking. In thistudy, a
significantly increased FFTBA inversion was observed in the affected limb when
compared to the unaffected at 4.6% of thestance phase. No significant differences were
observed in inversion between groups. Interestingly, an increased hip abduction was
observed during the impact phase of landing in the unaffected limb when compared to
the matched control whereby the limb wasabducted away from the affected limb. This is
a particularly interesting finding and warrants further investigation in more dynamic
tasks such as cutting. As with the previoushapter, there is also a call for investigating
kinematic velocities and acceleations as these may also significantly impact risk factors

for ankle sprains.
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7.3  Study 2 z Part 2 - AComparison of Lower Limb Angular Displacements,
Angular Velocities, and Angular Accelerations During Single -Leg Landing Between

Participants with Chronic Ankle Instability and Healthy Controls

7.3.1 Introduction

Current literature analysing landing kinematics has focused on angular displacements

(Caulfield & Garrett, 2002; De Ridder et al., 2015a; De Ridder et al., 2015Besearch

analysing individuals with CAIl using a tilt platform has found the same degree of
movement to be covered in a significantly shorter period of tim¢Vaes et al., 2001) This
suggessthat the rate at which a range is covered may be a more prominent predisposing

factor associated with CAl individuals. An increased speed during loading has been found

to correlate with increased ligament stress which leads to ligamentpsain (Vaes et al.,

2001). Decreased sagittal plane dorsiflexion velocity has been reported using a single

segment foot model prior to IC showing that the time taken to move from the open

packed vulnerable position to a more stable closedacked position was significantly

increased havebeen reported prior to IC (Delahunt et al., 2006b) Accepted limits for

ankle inversion velocities have been published for during running, cutting and landing
manoeuvres ) O EO OOCCAOOAA OEAO OAChuktmOA)D OET OI
Injuries have been reported vE OE OAT1 T AEOEAO ADPDPOI gdhichdd Al U omn
2010). These limits have, however, been establistaising a single segment foot model,

so it is unclear whether these limits would transfer to a mulisegmental foot model.

Minimal research currently exists investigating angular acceleration during landing.

During trials analysing accidental ankle sprainssustained during laboratory-based

cutting analysis increased plantarflexion andinternal rotation angular velocity were

observed in the injury trial (Fong et al., 2009a) Similarly, Kristianslund et al. (2011)
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reported significantly increased inversion angular velocity at the ankle joint during an
accidental ankle sprain during a cutting trial Displacement data alone may not highlight
all differences between participans with and without CAl, angular velocities and angular

accelerations may provide further insight.

The aim of this study was to compare angular displacement, velocities and accelerations
of the trunk and lower limb from the sagittal, frontal and transvese planes during the
pre-landing, IC and impact phases of landing between participants with CAl and healthy

controls.

This study will address the following hypothesis previously presented in Chapte2.19:

- Hz - CAl participants will display modified discrete kinematicvariables during

single-leg landing

7.3.2 Method

Participants

Eighteen healthycontrols (14 males, 4 femalesage ? $22.4 + 3.6years,height: ? £177.8
+ 7.6 cm, mass? £ 70.4 + 11.9kg, UK shoe sizeMdn: 8.5, MIN: 4, MAX: 1) and 18
participants with CAl (13 males, 5 femalesage ? £22.0 + 2.7years, height: ? £176.8 +
7.9 cm, mass? £74.1 £ 9.6kg, UK shoe sizéldn: 8.5,MIN: 4, MAX: 1) were included in

this study as outlined in General Method8.1.

Protocol
Kinematic data from the single leg landing trials collected in Chaptét.2 were inspected

in Cortex (Cortex64 5.3.1.1543, Motion Analysis Corporation, Santa Rosa, Califorréand
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imported into Visual 3D (Visual3D v6 x64, notion, Germaitown, Maryland, USA) for

analysis within this study.

Data Reduction and Statistical Analysis

Data were smoothed using a 6 Hz Butterworth filter. Initial contact was determined using

peak plantarflexion forefoot-tibia velocity (following this point dorsifl exion occurred).

Event markers were createdfor IC, 200 mspre-IC and 200 ms postIC. Kinematic data

were exported for peak angular displacement, angular velocity and angular acceleration

at 200 ms prelC to IC (pre-landing), IC and IC to 200 ms postIC (impact phase).

Kinematic data were exported as metrics for the forefoehindfoot angle, forefoottibia

angle, hindfoottibia angle, hip, knee and trunk angles in all planes of motion. So not to
eliminate inherent variations in foot morphology, data werenot normalised against a

reference segment(De Ridder et al., 2013; Wright et al., 2011)Statistical analysis was

performed in SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version
¢ct8n8 ! O TTER .9d )"- #1 0bpQqs8 4EA | AOGAEAA AIl1
affected limb using an independent samplestest. The unaffected and the affected limb

of the CAI group were then compared using a paired samplégdest (4 = 0.05). A matched
Ai 1T 0011l TEIA xAO A1 OI AT i PAOAA O OEA #!) CO

samplest-test ( = 0.05).

7.3.3 Results

Independent samplest-tests for full kinematic curve analysis revealed no significant

differences (p > 0.05) between groups for agdjeight, mass, or shoe size.
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CAIl Group Affected Limb Versus Matched Control

When investigating angular displacement during the prdanding phase asignificantly
decreased FFTBA internal rotation angular displacements{ E @& (Dd46hwas
observed in the affected limb of the CAIl grougTable 7.1). In angular velocity, a
significantly increased HFTBA eversion angular velocitys( E ¢ 118 = @®8),&h
significantly increased knee adduction angular velocity¥ E p =037 aéchan
increased trunk flexion velocity @ E ¢ p@=c0ip2E}¥weife observed in the affected
limb of the CAI group when compared to the matched contr¢Table7.1). Increased peak
negative hip frontal plane angular accelation (3 E ¢ p %p3-0.035)A@ increased
peak negative trunk sagittal plane angular acceleratiors( -E o X 8 &, p® [038) was
observed in the affected limb when compared to the healthy matched control in the pre
landing phase(Table 7.1). No other significant differences were observed between the
affected limb and the matched control prdanding (Appendix |, Tablel.1, Tablel.4, Table

1.7).

At IC, no significant differences were observed in angular displacements between groups
(Appendix I, Table1.2). A significantly increased HFTBA eversion velocitie E @ mmB 1 o0 T Ol
= 0.004) and a significantly increased trunk flexion angular velocit(az E ¢ @ nd T Oh
0.017) were observed in the affected CAIl grougTable 7.1). A significantly increased

negative knee sagittal plane angular acceleration was observed in the affected lifdd E

p 0 @ 0 8%pe d.018)when compared to the matched control alC(Table7.1). No other

significant differences were observed at this time point for angular velocity and angular

acceleration (Appendix I, Tablel.5, Tablel.8).

During the post-impact phase, a significantlyincreased peak knee flexion velocity(s E

50.750 Tp3:0.007)and increased peak knee external rotation velocitygs E ¢ ®x x 0 T Oh
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0.048) was observed in the affected limb. Increasegeak negativeknee sagittal plane
angular acceleration(3= -f£ ¢ v X 8%pg ®.F1D)was also observed in the affected limb
during the post-impact phase(Table 7.1). No other significant differences were observed
during the post impact phase of landing between the affected and the matched control

limb (Appendix |, Tablel.3, Tablel.6, Tablel.9).
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Table 7.1 Significant differences observed irangular displacement(9, angular velocity(d ¥ @d angular accelerationd #)@hen

comparing theaffected limb of the CAI group to a matched control.
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CAIl Group Unaffected Limb Versus Matched Control

When comparing the unaffected limb of the CAI group to the healthy matched control no
significant differences in angular displacement were observed during the prlanding

phase. A significantly decreased HFTBéxternal rotation velocity (3 E c¢n@o po ¥ Oh
0.048) and increased peak trunk extension angular velocitys( E p ¢B=00®HLYIO h

the unaffected limb of the CAI group when compared to the matched control during the
pre-landing phase. A significantly icreased peak negative hip transverse plane
acceleration @ E ¢ m%pBHEIv i § &hd ipceased negative trunk sagittal plane
acceleration @ E v x A 1TOSKMEp algq observed in the unaffected limb when
compared to the healthy matcheccontrol during the pre-landing phase {[Table 7.2). No

other significant differences were observed between theunaffected limb and the

matched control pre-landing (Appendix |, Tablel.1, Table 1.4, Tablel.7).

At IC, a significantly decreased hip internal rotation angular velocitfa E o nB=t wd ¥ Oh
0.047) was observed in the CAIl group unaffected limb when compared to a healthy
matched control. A significantly increasedpeak negativetrunk sagittal plane angular
acceleration(3 E v @ZpB=uw01020Wwas also observed in the CAl group unaffected

limb at IC (Table 7.2). No other significant differences were observed between the

unaffected limb and the matched controat IC (Appendix |, Tablel.2, Tablel.5, Table1.8).

During the impact phase of landing decreased hip adduction angular displacemest E

T 8 pp=08.805)was observed in the unaffected limb of the CAl group when compared to

the healthy matched control. Increased peak knee flexion angular velocitg E 1do¥8Cch

p = 0.034), increased peak trunk flexion angular velocit(a E on@® 0.a03) Oh
decreased pead AOAOAT £l AGET 1 addularAeobi (1 Al A BB Yid FidAk

0.009), increased peak trunki AOAOAT £l AGEIAT ABT gfodyk@® AIET 1
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T P8 u @& P.DA) and increased peak trunk external rotation angular velocity(s E
p T 8 & F.026) were observed in the unaffected limb of the CAI group during the
impact phase of landing. Increasefdeak positivetrunk sagittal plane angularacceleration
(3 E 0 @aB=0dBlyn@s also observed in the unaffected limb during this phase
(Table 7.2). No other significant differences were observed between thenaffected limb
and the matched contrd during the post impact phase of landingAppendix |, Table 1.3,

Tablel.6, Tablel.9).
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Table 7.2 Significant differencesobserved in angular displacement p,Gingular velocity © ¥ énd angular acceleration § %) @vhen comparing the

unaffected limb of the CAI group to a matched control.

UNAFFECTED COMPARED T®@ATCHED CONTROL

200 MS PREINITIAL CONTACT TO INITIAL INITIAL CONTACT INITIAL CONTACT TO 200 MS POST INITIAL CONTACT
CONTACT
E - No significant differences observed - No significant differences - 8 EED A A A O Ai§pfateinentylingfférted-@17
EE E observed + 4.07,control: 4.31+4.81, p=0.005)
—
Za
<o
&
-8 (&4"! A@OAOT Al O1C- v EED ETOAOT - n ETAA £ AgEIT 1T Al cO41818+ O/
E (unaffected:-49.98 + 29.93, control: -70.36 angular velocity 74.62, control:-368.93+58.19,p=0.034)
) +34.76,p = 0.048) S o (unaffected: 103.90+ - n O00O0TE &I AgeEl 1T AT COI AO- ¢
Q - u O0O0TE A@OAT OET 1T Al 49.57, control: 134.39+ 114.77 £ 26.70, control: -84.63 + 29.50, p = 0.003)
| (unaffected: 32.49+ 14.67, control: 19.96+ 38.65,p = 0.047) - 8 OOO0OTE 1 AOGAOAT Al AGETT ¢
; 13.04,p=0.011) velocity (unaffected: 71.09+ 57.63, control: 119.27+
< 45.32,p = 0.009)
> - 1 OOOTE 1 AOGAOAI -lavEindlidiE T T ¢
% angular velocity (unaffected:-66.29+ 53.51, control:
< -17.78+ 18.01,p=0.002)
- 1 OOOTE AgOAOT Al O1 OAOQET 1
-33.68+ 19.11, control:-19.68 £ 9.65, p = 0.010)
5 - " PAAE TACAOEOA EEDP - " PAAE TACAC- v pARAAE Pi OEOEOA 0001 E OAC
X = angular acceleration (unaffected: sagittal plane angular (unaffected: 1822.69+ 515.05, control: 1459.30+
3 é -1696.98 £ 748.97, control: -1490.93 acceleration (unaffected: 519.16,p=0.011)
oW  75846,p=0038)  -637.44%904.71 control:
<ZE 8 - v PAAE 1 A Gdghd dehe aOgDIEY] -70.90+ 662.24,p =
S.); acceleration (unaffected-1496.08 + 814.68, 0.039)

control: -917.44+ 463.71,p = 0.013)
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CAl Affected Limb Versus CAlUnaffected Limb

When comparing theaffected limb to the unaffected limb, a decreased peak positive trunk
sagittal plane acceleration$ E p yams=@.031)fv@s observed in the affected limb
of when compared to the unaffected limb during the prdanding phase(Table 7.3). No
other significant differences were observed between the affected limb and thaaffected

limb pre-landing (Appendix |, Tablel.1, Tablel .4, Tablel.7).

At IC, a significantly increased trunk flexion angular velocit(s E  § X Q0a8jvias
observed in the affected limb when compared to the unaffected limb of the CAI group
(Table7.3). No other significant differences were observed between the affected limb and

the unaffected limb atlC (Appendix |, Tablel.2, Tablel.5, Table|.8)

During the impact phase of landing a significantly increased peak trunAlIOA OA1T Al AQE
O xAOAO |1 Auhgildt Velpcity (€ | A 1 up=)0.00B)faBignificantly decreased

peak trunk IAOA OAT £l AoHI AT AE 1>pigQikiitlodity (3 E vpdp ed T Oh
0.001) and an increased peak trunk internal rotation angular glocity (3 E p ¢ 8ptrx 0 ¥ Oh
0.041) in the unaffected limb of the CAI grougTable 7.3). No other significant differences

were observed between theaffected limb and the uraffected limbduring the post impact

phase of landing Appendix |, Tablel.3, Tablel.6, Tablel.9).
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Table 7.3 Significant differences observed irangular displacement(9, angular velocity(d ¥ @hd angular acceleration(d ) @hen

comparing theaffected limb to the unaffected limb of the CAI group.

$)?;0,!#(

I ## %, %2

' CC9/ ¢95 [ hat! w95 ¢h b! CC9/ |
cmm -3 024!, #/ . Yy L) A) U, H#L L AVd )L ) A) Y, #] AV #4A 4
) . ) 4) U, #I . 4) ) L) A) N, H#H L4 #

No significantdifferences observed -

No significant differences observed -

5 PDAAE 1T ACAOEOA OcC -
angular acceleration (unaffected:
980.38+472.68, affected: 799.77%
316.71,p=0.031)

No significant differences observed

OO0O0OT E &I AGET T Al
(unaffected:- 47.51 + 35.57, affected:-
57.30+ 33.50,p = 0.048)

No significant differences observed

No significant differences observed

"trunk lateral flexion towards landing limb
angular velocity (unaffected: 71.0% 57.63,
affected: 116.84+ 35.56, p = 0.006)

8 OOOTE |1 AOAOAI -larind ¢
limb angular velocity (unaffected:-66.29 +
53.51, affected:-15.13+ 16.54, p = 0.041])

m OO0OO0TE ET OAOT Al 0Of (
(unaffected: 40.94+ 22.19, affected: 59.81+
33.81,p=0.041)

No significant differences observed
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7.3.4 Discussion

The aim of this study was to explore the differences in discrete kinematic variables that
may correlate to injury during single-legl AT AET ¢ AAOxAAT #1!) DAOOE!/
and affected ankles and to compare the same variables to a matched control group. As

significant differences were observed in kinematicsull hypothesis HG can be rejected.
CAI group affected limb versus matched control

Severaldifferences were observed between the CAl affected group when compared to the

healthy matched control.

Prelanding - When investigating angular displacement, a decreased FFTBAternal
rotation angular displacement was observed in the affected limb when compared to the
healthy matched control during the prelanding phase. Research suggests that internal
rotation is often involved in the mechanism of lateral ankle spraingFong et al., 2009a,;
Fong et al., 2012; Konradsen & Voigt, 2002t is possible this is a protective mechanism
that may be displayed following previous ankle spraindo help to protect the ankle.
Interestingly, this is the aily significant difference between these groups in angular
displacement, this suggests it may not be just the angle but the rate at which the angle is
covered by a joint that may predispose those with ankle instability to recurrent injury.
Also observed duing the pre-landing phase was an increase in HFTBA eversion velocity
again suggesting the group attempts to move into the more stable closed packed position
more quickly as a protective response to the imminent landing. A significantly increased
knee adduction velocity and a significantly increased hip frontal plane peak negative
acceleration was observed in the affected limb, this increase in thiate of frontal plane
motion suggests increased instability when compared to the matched contrd\so in the

pre-landing phase, a significantly increased trunk flexion velocity and significantly
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increased trunk sagittal plane peak negative acceleration was seen. This colld an
attempt to lower the bodUsScentre of gravity, although this was not measured in this
study. The trunk accounts for approximately 35% of body mas&ulas et al., 2008)
therefore, fast flexion of this segment will lead to a large shift in momentum. If foot
position is slightly altered or an unstable surface is present on landing, this momentum

shift may place the ankle at inogased risk of injury.

Initial contact - The increased HFTBA eversion velocity and increased trunk flexion
velocity discussed during the prelanding were also present atCalong with an increased
sagittal plane peak negative acceleration. Again, this suggis that the affected limb group
try to increase the rate at which they lower theircentre of gravity and decrease their
height away from the injured limb. The increase in knee flexion acceleration may be an

attempt to try to decrease the impact forces tfrough the lower extremity.

Impact phase- During the period from IC to 200 ms post contact an increased knee

flexion velocity and increased knee sagittal plane peak negative acceleration was

I AOGAOOGAAS8 4EEO 1 AU OOCCAOO Al cékd@inmags@r OI OA
alternatively may display a lack of control with the movement.

The high number of differences in each phase observed in angular velocity and angular
acceleration may suggest a lack of control within the injured group. Increased velocisie

have been linked to increased risk of injury. The differences observed in angular velocity

and angular acceleration are in agreement with Williams et a2001) who suggested that

the rate of motion rather than the motion itself is a critical factor ininjury .
CAI group unaffected limb versus matched control

Comparisons were made between the unaffected limb of the CAI group to the healthy

matched control limb using independent samples-tests.
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Prelanding - During the pre-landing phase of the singldeg land, a significantly decreased
HFTBA external rotation vebcity was observed. This suggests a decreased ability to move
the joint out of a vulnerable position (Y. Li et al., 2018)potentially resulting in an
increased risk of lateral ankle sprains to the unaffected limb. A significantly increased
trunk sagittal plane peak negative acceleration again suggests an attempt to quickly
modify the centre of gravity or a lack of control(Myers, Riemann, Hwang, Fu, & Lephart,
2003) in preparation for the imminent landing. A significantly increased hip transverse
plane peak negative acceleration was also observed during tlpee-landing phase this
could potentially be a method to protect the contralateral limb from touch down in the

event of an unstabldanding.

Initial contact - At IC, a significantly decreased hip internal rotation velocity was
observed. Although not measured within this study, it is possible this method is
implementedto laterally shift the centre of gravity away from the affected limb to prevent
touch down with the affected limb. Increased sagittal plane acceleration in the negative
direction was also observed. It is thought this is done as previously mentioned to

decrease the height of the&entre of gravity and thereby increase stability.

Impact phase- The only significant difference observed in angular displacement between
the unaffected limb and the healthy matched control was a decreased hip adduction
displacement in the unaffected limb during the impact phase. It is suggested that this
could be a method of protecting the affected limb from touch down by shifting theentre

of gravity more laterally to aid the maintenance of balance to avoid the touch down with
the affected limb. As observed between the affected limb and the healthy cooittimb, a

significant increase in knee flexion velocity was also observed in the unaffected limb

when compared to the healthy matched control. Again, it is thought that this may Ibe
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help absorb forces from impact and decrease the height of tleentre of gravity. When
analysing the trunk velocity, several significant differences were observed. Increased
trunk flexion velocity may have been observed in an attempt to decrease the height of the
bodU &céntre of gravity. Decreased trunk lateral flexion (towads the landing limb)
angular velocity, increased trunk lateral flexion (towards the nodanding limb) angular
velocity, increased trunk external rotation velocity are thought to be an attempt to

laterally shift the centre of gravity and maintain balance.
CAI group affected limb versus CAI group unaffected limb

The last comparison was between the affected and the unaffected limbs of the CAI group

to determine whether any compensatory strategies were adopted.

Prelanding - During the pre-landing phase of the singldeg land a decreased peak
negative trunk sagittalplane angular acceleration was observed in the affected limb when

compared to the unaffected limb. However, it is unclear why this was observed.

Initial contact - Increased trunk flexion velocity was observed in the affected limb of the
CAI group when compared to the unaffected limb. This difference was also found when
comparing between the matched control group and the affected limb and could again be

an attempt to lower thecentre of mass more quickly.

Impact phase- During the impact phase of landing annicreased trunk lateral flexion
(towards the landing limb) and a decreased trunk lateral flexion (towards the non
landing limb) velocity was observed along with an increase in trunk internal rotation
velocity. This could signify a decreased stability of thaffected limb and thus an attempt

to increase stability due to the rapid movement of the upper extremity.
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Clinical implications

As with walking a decreased FFTBA internal rotation was observed prior to the initial
contact in the affected limb when comp@ AA O1T OEA 1 AOAEAA AT 1 00711
this is a consistent finding across both movements this warrants further investigation as
it remains unclear whether this is due to a restriction in joint range of motion or whether
this is a modification inmovement pattern. It also remains unclear whether this may be
a protective strategy or one that predisposes the individual to the recurrent lateral ankle
sprains.

Another key finding is the rapid changes in trunk motion with a significantly increased
trunE &l AGETT OAITAEOU j3 E ¢p8ouydr0q AT A EI
AAAAT AOAOGET 12). Witk tw& thidof tilebauiesin@ss being located above the
hip (Konz et al., 2006) it is proposed that rapid trunk flexion may be a protective
mechanism to lower the bodie§centre of gravity. Though it is also suggested that this
comes with additional modifications in order to maintaincentre of mass over the feet.
Previous literature has observed a decreased soleus activat and an increased tibialis
anterior activation to maintain postural control (Frank & Earl, 1990) Fast dynamic
movements are also known to decrease the available time for neuromuscular corrections
Z delaying muscular recruitment and neural feedbackGranata & England, 2006)The Fitt
law of motor control states that kinematic errors are increased with faster paced
movements (Granata & England, 2006) Increased trunk flexion velocity was also
observed betwveen the affected limb and the matched control at initial contact but also
when comparing the affected limb to the unaffected limb at initial contadnh addition to
this all five significantly different variables observed when comparing the affected and
the unaffected limbs were observed in trunk kinematics. fius, it is suggestedhis may be

of interest to clinicians targeting preventative and rehabilitative strategies to patients.
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Research investigating ankle sprain mechanisms as well as research inveatigg
differences between healthy individuals and those with ankle instability has previously
lacked detail referring to movement above the knee. The findings of this studyggest
that when rehabilitating individuals who have suffered from a lateral anklesprain care
should be taken in order to address the whole kinetic chain rather than addressing the
ankle in isolation. Equally, the current findings suggest that it may be also worth
investigating angular velocities and angular accelerations during the habilitation
process as it may not be the range that is the issue, rather the rate at which the range is
covered that may be the cause or contributing factor of instability. When using a return
to sport criteria concerning the satisfactory completion of meements (Chinn & Hertel,
2010), it may be necessary to also address the quality thiese movementsnot only at the

ankle but the entire kinetic chain.

Limitations

This research was solely investigating angular kinematics, however, future research
should combine this with the use of a force plate tanalyse angular kinetics in
combination. It is also important to note that ankle instability was determined using a
self-defined questionnaire, however, the questionnaireutilised has been extensively
validated and was used in accordance with the IAC current recommendatianghis may

not discriminate appropriately against issues such as hypermobility

Future research

Of the significant differences observed between groups within thistudy, only four were
within foot kinematics with the remainder of the significant differences observed in the
hip, knee,and trunk. These differences may be proximal adaptations due to damage

sustained within the distal foot and ankle complex. Large magnitude movements such as
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those from the trunk, hip and knee may inadvertently place the foot/ankle complex at
increased risk. Todate, limited research existsanalysingthe role of the trunk, hip,and
knee in the mechanism of ankle sprains suggesting the need to investigate the role this

plays to determine whethera ground upapproach or vice versa is implemented.

Future research should further investigate velocities and accelerations as this study
suggests that these may play a more significant role than angular displacemeritastly,
a prospective study should be implemented to see whether findings of this studyay be

predictive of anankle sprain and ankle instability risk.

7.3.5 Conclusion

When observing angular displacement, only one significant difference was observed in
the affected limb when compared to the healthy matched controlhis is in agreement
with the previous walking study.The rest of the significant difference observed between
groups were in angular velocity and angular acceleration suggesting the rate at which a
range is covered may be a more prominent issue in ankle instabilitj astly, of the 30
significant differences observed between groups at the three investigated timgoints,
only 4 were involving foot kinematics suggesting adaptations may be more prominent in

the more proximal joints of the body in order to help increase stability.

7.3.6 Development of Research Within the Thesis

As with the walking study, the next phase of this section will be to investigate whether
the significantly different variables observed during the landing task are able to predict
the score on the IdFAI questionnaire. Duringhe walking analysis,FFTBA transverse
internal rotation displacement and FFTBA transverse peak positive acceleration prior to

HSalong with trunk lateral flexion displacement postHSwere able to account for 49.2%
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of the IdFAI score varianceldeally, we would like the prediction value to be as high as

possible therefore this will next be conducted during the landingnanoeuvre.
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7.4  Study 2 z Part 3 z Can significantly different kinematic variables observed
during landing between individuals with and without ankle instability predict the

Identification of Functional Ankle Instability Questionnaire Score?

7.4.1 Introduction

The previous chapter highlighted several differences that existed when comparing
angular displacements, angular velocitiesand angular accelerations duringsingle-leg

landing at 200 ms prelC, atlICand during the impact phase of landing.

In a researchand clinical setting there is a relianceon seltreported questionnaires for

the classification of ankle instability (Simon et al., 2014) The Identification of ankle

instability questionnaire uses acut off score of 11 or more to classify instabilityGribble

et al.,, 2013) Subsequently,an individual scoring 10 on this questionnaire would be

AAAT AA OEAA]I OEU88 4EEO OOOAU x Elatly ofsénied OT EA
differences between groups could be uset predict the score on the IdFAI questionnaire.

This study aims to identify whether wecan predict scores on theldFAI questionnaire

from the significantly different variables observed during walking.
This study will address the following hypothesis previously presented in Chapte2.19:

- Hs- Significant differences observed during singléeg landing will beable to predict

IdFAI questionnaire score

7.4.2 Methods

Variables where significant differences were observed between the affected limb of the
CAI group and the healthy matched control limb duringingle-leg landing (study 2, part

2 (7.3.3), were used for analysis. These are outlined ihable 7.4.
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Table 7.4 Variables with significant differences in study 2 part 2 used within the

regression analysis.

Initial contact z 200
200 ms pre - initial

Initial contact ms post-initial
contact
contact
Angular
_ -85 &&4" 1 EI
displacement rotation
Angular , .oa s
) (&4t AC (&a"1 A ETAA Al
: -n ETAA AAI N -1 ETAA Ao«
velocit ~ L -
Y - 0001 E £l OO0l E ! rotation
Angular -m pAAE 1 A«
_ frontal plane -n PpAAE TAc-n PAAE 1 A«
acceleration _.u pAAE T A knee sagittal plane knee sagittal plane

trunk sagittal plane

Statistical Analysis

Normality was assessed using the Shapird/ilks test. Dueto the sample size used
0 A A O Odorretation analysis were performed to identify whether relationships

between IdFAI questionnaire score and kinematic variables existed. All predictors that
showed a moderate (r = 0.3 upwardsCohen & Cohen, 1977and significant correlation

(p < .05) were kept for further analysis, while all other variables were removed from
subsequent analysis. Lineaor multiple stepwise regressions were then used to identify
which kinematic variables during single-leg landing best predicted IdFAI score. Data

were inspected to ensure it met all assumptions o regressionbefore proceedingas
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outlined in 6.4.2 Data is presented as group means and standard deviations and the
Oui AT1 = AATT OAO AEEEAOAT AAO AAOxAAT CcOi Ob
7.4.3 Results

Significant correlations can be observed iTable 7.5. Of the 12 variables included in the
analysis for this study, 5 variables displayed a moderate and significant aefation and

were inputted into a stepwise regression analysis.

The stepwise regression analysis showed knee sagittal plane peak negative acceleration
from ICto 200 ms postIC (impact phase) to be the best independent predictor of IdFAI
score (R = 0.520, R=0.270, F = 12.576p = 0.001). Combined knee sagittal plane peak
negative acceleration fromCto 200 ms postiCand knee frontal adduction velocity from
200 ms prior to ICto ICimproved the prediction (R = 0.593, R= 0.352, F = 4.152p =
0.050). Predictionequations are outlined inTable 7.6 Beta and standard error values are

outlined in Table7.7.
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Table 7.5 Pearson's correlation outputs for kinematic variables compared to IdFAI score

002Z-OuoneIa[@29e ulw [enibes aauy

OON.Q?_OO_®> H3 9SJIaASURl] 9-”UYM

002-0f100[3A X314 [enibes aauy

JNTVADUOoNRISR29. ulw [enibes aau

INTVADKN0[9A X314 [emibes yuniy

3ANTVADI AldojaAuoISIanT [eluol) e 14H

D100 uonelajadoe uiw [enibes yuniy

D100z uoneisjaaoe uiw [eiuol) diy

D100z Anoojan X314 fenifbes yuniL

D1-00Z AI00[aA uononppe [e1U0l) 83U

DI1-00¢ AwoojaAuoisiangeluol val4H

21002 uawaoe|dsip
uoljelol [eulsiubsiansuel] gl 44

-0.497* -0.378* 0.046 -0.520*

-0.2402 -0.1674 -0.1871 -0.411* -0.256

-0.295 0.492*

Pearson -0.3103

Correlation

IdFAI

SCORE

0.002 0.158 0.329 0.275 0.013 0.132 0.002 0.023 0.790 0.001

0.080

Sig. (2tailed) 0.065
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Table 7.6 Prediction equations for IdFAI score

Model Equation

Model 1 IdFAI Score =4{0.181 x Knee sagittal min acceleratiofC-200) + 2.415 (+

8.268)

Model 2 IdFAI Score =4{0.130 x Knee sagittal min acceleratiofC-200) + (0.115 x

Knee frontaladduction velocity 200-IC) - 2.568 (+ 7.909)

Table 7.7 Unstandardized and standardized Beta values for each of the 9 regression models

st error
Dependent variable Variable B SE ) of
estimate

IdFAI Score (model 1) Constant 2415 2.985

Knee sagittal min
accelerationI|C-200 -0.181 0.051 -0.520  8.268

IdFAI Score (model 2) Constant -2.568 3.760

Knee sagittal min

accelerationic-200 0130 0055 -0.372
Knee frontal
adduction velocity 0.115 0.057 0.321 7.909
200-IC

7.4.4 Discussion

Completion of the IdFAI questionnaire places individuals on a scale on ankle instability

with higher scores suggesting increased instability and scores lowdhan 10 suggesting

OEAAI OEUS6 ET AEOEAOAI 08 )OO EO OOCCUnaddaA OEAOD
such have investigated whether significantly different variables duringingle-leglanding

N 2 oA N =

i Au AA OOAA O DPOAAEAO OEA OOAOAOEOUGS 1 £ OEE
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Of the 12 variables included within this analysis 5 were significantly correlated to the
IdFAI questionnaire score. The regression analysis produced 2 models. The first used
knee sagittal plane peak negative acceleration fromCto 200 ms postIC. This value may
signify either a sudden halt in knee flexion or a faster increase in knee flexion when
compared to the healthy control group possibly in an attempt to rapidly lower the centre
of gravity or alternatively demonstrating a lack of control. The knee acceleration alone is
able to predict 27% of the variance observed. This combined with the incread knee
frontal plane adduction velocity prior to ICincreases the prediction to 35.2%. As models
were able to help predict the IdFAI questionnaire scorenull hypothesis HG can be

rejected.

Clinical implications

More research is needed to confirm whether the above models may be used to strengthen
the categorization of instability. The number of variables that correlate to the IdFAI score
may also suggest that the cut off value used to group instability may be betinterpreted

on a scale. Further prospective research is needed to determine whether these factors
predisposed individuals to the initial ankle injury or whether these are subsequent

adaptations that have occurred as a result of the initial injury.

7.45 Condusion

Knee sagittal plane peak negative acceleration frohCto 200 ms postIiC combined with
knee frontal plane adduction velocity fromIC to 200 ms postIC were able to predict
35.2% of theldFAl score variance. It would be key to investigate other moveents such
as a cuttingmanoeuvrewhich are also commonly associated with ankle sprains to see if

this percentage can be increased.
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7.4.6 Development of Research Within the Thesis

Previous research during walking identified FFTBA transverseinternal rotation
displacement and FFTBA transverse peak positive acceleration prior i€ along with
trunk lateral flexion displacement postHSwere able to account for 49.2% of the IdFAI
scorevariance. This model does not identify any of the same variables for use within the
regression model. The percentage the singlleg land was able to predict was only 35.2%
in the present study in comparison to the 49.2% observed in the walking study. Thext
chapter will investigate a cutting manoeuvre a common injury mechanism for a lateral
ankle sprain. It may also be beneficial to combine each of the variables obtained in the
walk, land and cutting manoeuvre to see if a stronger prediction is availabligough, this

may need increased numbers to improve the power of this.
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Chapter 8.0 Study 3 z Analysis of
Cutting Manoeuvre Muscle
Activation and Kinematics in
Individuals with  Ankle Instability

and Healthy Control Participants
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8.1 Cutting Manoeuvres Chapter Overview

Lateral ankle sprains commonly occur when the centre of gravity is shifted laterally over

the lateral border of the weight bearing foot causing higtvelocity inversion to occur

(Dubin et al., 2011) Sports requiring sudden cutting manoeuvres, jumping, landing and

sudden stops such as basketball and football have been found to account for the higthe
percentages of ankle sprain as the athlete is at risk of catching the lateral edge of the foot

IO 1TATAET C 11 ATTOEAO Pl AUAOGO #1110 AT A AAOC
and plantarflexion (Knight & Weimar, 2011b; McGuine & Keene, 2006)Bahr and
Krosshaug(2005) stated that in order to formulate an effective preventative measure, a

thorough understanding of the injury mechanism is needed. It is thought that quantifying

joint kinematics in individuals with ankle instability may help to understand why these

ET AEOEAOAI O AGPAOEAT AA OEA OCEOET C xAU8 OAl
understanding can then be used to aid the development of rehabilitation and

preventative or screening measuregkKoshino et al., 2014)

An audit of injuries in football in the EnglishPremier Leaguefound 39% of ankle sprains

to occur in noncontact situations. Twisting and turning accounted for 21% of these

injuries (Woods et al.,, 20038 "1 1T 11 £ZEAT Ah 071 1 (2807) foAd/& / 6 $1 1
majority of turns were between 0 and 9@and performed approximately 700 times per

match by defenders, 600 times by strikers and 500 times by midfielders. Previous
biomechanical analysis has focused on smaller cutting angles (e1§9 (Sigward, Cesar,

& Havens, 2015)as such it is felt pertinent to investigate cutting manoeuvres in
individuals who suffer recurrent ankle sprains during larger cutting angles often seen

during sports.
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Numerous studies have investigated the impact of preventative measures on kinematics
and muscle activation during cutting manoeuvregGribble, Radel, & Armstrong, 2006;
Gudibanda & Wang, 2005; W. C. Lee, Kobayashi, Choy, & Leung, 20¥)y few
researchers first investigate the differences in kinematics and activation in individuals
with ankle instability and those without during cutting manoeuvres to highlight the areas
that need to be addressed. More thorough understanding of biomechasi will enable

more effective intervention and prevention strategies to be adopted.

As established in previous studiesmodelling of the foot as one rigid segment excludes
motion between different segments of the foot providing inadequate information onfte
biomechanics(Stebbins et al., 2006) De Ridde et al. has previously documented mult
segmental foot motion during walking(De Ridder et al., 2013and landing(De Ridder et
al., 2015b)concluding that the multi-segmental foot model provided greater detail®f the
intricacies of the foot. To the author's knowledge, no research has utilised the multi
segmental model during cutting manoeuvres, a common mechanism of ankle sprains. As
such it is felt that this may provide further details of the movement betweeisegments
during this manoeuvre and combined with a full body marker set may give valuable
information regarding the movement mechanics of those with CAl which may lead to

improved intervention strategies.

As with Chapter 6.0and Chapter 7.Q this chapter will adopt a 3part structure to further
analyse differences in muscle activatiorand movement kinematics. Chapter8.2 will
analyse full time series movement patterns and muscle activation patterns between
individuals with CAland healthy controls during a cutting manoeuvre. Chapte.3 will
address the angular displacements, angular velocities and angular accelerations

displayed by groups during a cut. Lastly, Chapte8.4 will view whether the findings
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observed in Chapter 8.3 can be used as a prediction of the individuafsIdFAI

guestionnaire score.
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8.2  Study 3z Part 1 - Full Gait Cycle Analysis of Lower Limb and Trunk
Kinematics and Muscle Activations During a Cutting Manoeuvre in Participants

with and Without Ankle Instability

8.2.1 Introduction

Analysis of movement patterns using full time series analysis has proven to be beneficial
for analysis of walking(De Ridder et al.2013) and landing (De Ridder et al., 2015a; De
Ridder et al., 2015b)however to the author® knowledge this has not been conduet in
cutting movements, a mechanism commonly associated with lateral ankle sprains

(Knight & Weimar, 2011b; McGuine & Keene, 2006)

This study will again utilise statistical parametric mappingto better identify differences

in movement and muscle activation patterns at exact periods of the cutting manoeuvre.

Activation of muscles prior to and in response to joint loading and motion has previously
been postulated to be a major factor in joint stability(Riemann & Lephart, 2002)
Previous research has investigated ankle, knee and hip kinematics and muscle activation
during a land and cut manoeuvre and observed differences in muscle activation patterns
between affected and control groupgSon etal., 2017), however, the isometric squat was
used as a reference task. Whilgtopulations prone to injury may have difficulty producing

a maximal voluntary isometric contraction (Bolgla & Uhl, 2007; Konrad, 2005)an
isometric squat is not a comparable movement and participants may adopt different
strategies for this movement thus further research may be necessaty confirm these

findings.

This study will combine analysisof the trunk, hip, knee and multisegmental foot

kinematics and sEMG activation patterns during the period prior to and the period
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following IC during a cutting manoeuvre As ankle sprains often occur during cutting
manoeuvres it is suggested that this exploratory study of movement pattern will provide
increased knowledge to clinicians for use when developing preventative and
rehabilitation strategies for ankle sprains. The an of this study was to compare trunk,
hip, knee and multisegmental foot kinematics and muscle activation during cutting

between participants with CAl and healthy controls.
This study will address the following hypotheses previously presented in Chapté&.19:
- Hog - CAI participants will display modified kinematic movement patterns (SPM)
during cutting
- Haio- CAl participants will display modified muscle activation paterns (SPM) during

cutting

8.2.2 Methods

Participants

Eighteen healthycontrols (age ? £22.4 + 3.6years,height: ? £177.8 £ 7.6cm, mass?
70.4 £ 11.9 kg, UK shoe siZzddn: 8.5,MIN: 4, MAX: 1) and 18 participants with CAI (13
males, 5 femalesage ? £22.0 + 2.7years,height: ? £176.8 + 7.9cm, mass? £74.1 £ 9.6
kg, UK shoe sizéidn: 8.5,MIN: 4, MAX: 1) were included in this study as outlined in

General Methods3.1.

Protocol

Participants performed a 5minute warm-up on a cycle ergometer at 60 Watts. Bilateral
electromyographic (EMG) data were recorded for the gluteus medius, peroneus longus

and tibialis anterior during the cutting manoeuvres as outlined in general methods
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Chaper 3.4. EMG data were normalised to the activity mean for each c(Bolgla & Uhl,
2007). Motion analysis data were recorded using an Owl Digital Real Time 10 camera
system (Motion Analysis, Santa Rosa, California) sampling at 200 Hz using the Helen
Hayes marker set(Davis et al., 1991)ombined with the Oxford foot model(Stebbins et

al., 2006; Wright et al., 2011peneral methods Chapter3.5.

Participants were required to perform three cutting manoeuvreson their left and right
limbs. The trial limb was randomised to minimise the effect of fatigue. Participants were
instructed to stand with feet shoulder width apart with weight equally distributed over
both feet on a 30 cm boXKunugi et al., 2017) They were instructed to jump twoefooted
forward off the box landing two-footed before performing a 90 cut (Figure 8.1). The
jump to cutmanoeuvreswas chosen to replicate sporting activity and to reducdeviation
in approach speed. Oneninute rest was providedbetween trials. Trials were discarded
if errors were observed in marker tracking. Each participant performed a familiarisation

of the movement until they were comfortable with the movement before recording.

A

<

1]
1]

Figure 8.1 90 degree cutting manoeuvre
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Data Reduction and Statistical Analysis:

Data were inspected using Cortex (Corteg4 5.3.1.1543, Motion Analysis Corporation,
Santa Rosa) software before importing into Visual 3D (Visual3D v6 x64-nabtion,
Germantown) for analysis. Data were smoothed using a 6Hz Butterworth filter. Initial
contaAO0 xAO AAOAOI ET AA OOEIT ¢ OEA [ AOET A POI PI O
Vaughan(2007). Following inspection ofseveral methods, this was deemed to be the
most accurate for the movement under analysis. This method creates a new signal by
calculating the midpoint between the heel (CAL1) and toe markef.he first derivative is
then calculated on the vertical component of the signal. Event markers were created at
the minimum value for IC. Toe off was determined using peak knee extension angle
(Dingwell et al., 2001; Fellin et al., 2010EMG data weregoot mean squared by a moving
window of 100 ms andnormalised to mean task activationKinematic and EMG data were
exported for two time durations- 200 ms pre-IC to IC and from IC to toe-off into tab-

delimited text files for analysis using Matlab.

Cutting velocity was recorded by observing the pelgisegment peak and average angular
velocity. Independent sampled-tests were performed to check for differences between

the CAI group and the control group.

Kinematic data were exported for forefoothindfoot angle, forefoottibia angle, hindfoot
tibia, cutting hip, knee, trunk and noncutting hip in all planes of motion.Soas not to
eliminate inherent variations in foot morphology, data were not normalised aginst a
reference segmen{De Ridder et al., 2013; Wright et al., 2011Pata wereanalysedusing
SPM. Analysis was performed in Matlab 2016a (The MathWorks, Natick, USA) using the
SPM1D opersource package (spmld.org). Data were tested for normalitysing a

$6! CI-ORABEDDI 160 OAOO8 ! | AOCAEAA AT T O6OIT 1EIA
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affected limb and unaffected limbs using an independent sampldstest (J = 0.05). The
unaffected and affected limb of the CAl group were then compared using a paired samples

t-test (4 = 0.05).

8.2.3 Results

Independent-samples t-tests revealed nosignificant differences @ > 0.05) between
groups for age,height, mass, or shoe size. Independent samplegest also revealed no
significant differences between the control group and CAIl group groups for average (CAl
= 1.30 £ 0.17 m.g, control = 1.31 £0.12 m.s!) and maximum (CAl = 1.63 = 0.21 m’s

control = 1.65 + 0.17 m.g) cutting velocity.
Matched Control vs Affected Limb

During the pre-contact period a significantly decreased forefoetibia internal rotation
was observed in theaffected limb when compared to the matched control at A1%
(mean difference= 4.98°, peak difference= 5.40°, p = 0.048,Figure 8.2). No significant
differences were observed in this variable during th00 ms following IC (0, Figure K.8).
No significant differences were observed in FFHF@®, Figure K.1, Figure K.7), HFTBA(O,
Figure K.2, Figure K.9), hip (0, Figure K.3, Figure K.10), knee(0, Figure K4, Figure K.11)
or trunk (0, Figure K.5, Figure K.12) kinematics or in gluteus medius, tibialis anterior and

peroneus longus muscle activation patterng0, Figure K.6, Figure K.13) during the pre-
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contact period or the 200ms following IC between the matchedcontrol and the affected

limb.
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Figure 8.2 Forefoot z tibia angles (x, y, z) 200 ms pre IC to Kdneans and

standard deviations(Matched Control- ? Affected- > ) andt-test output.
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Unaffected vs Affected Limb

During the pre-contact phase of the cut a significant difference in FFTBA frontal plane
motion was observed when comparing the unaffected limb to the affected limb at 563%
(mean difference=3.71°, peak difference=3.76% = 0.045, Figure 8.3). No significant

differences were observed in FIFFBA during the 200 ms postiC (0, Figure K.21).
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Figure 8.3 Forefoot z Tibia angles (X, y, z) 200 ms pre IC to KOmeans and

standard deviations (UnaffectedZ>" Affected-> ) andt-test output.
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No significant differences were observed ifFFHFA (0, Figure K.14, Figure K.20), HFTBA
(0,Figure K.15, Figure K.22), hip (0, FigureK.16, Figure K.23), knee(0, FigureK.17, Figure
K.24) or trunk (O, Figure K.18, Figure K.25) kinematics or in gluteus medius, tibialis
anterior and peroneus longus muscle activation patterng0, Figure K.19, Figure K.26)
during the pre-contact period or the 200ms following IC between the matched control

and the affected limb.

Matched Control vs Unaffected Limb

When comparing the unaffected limb of the ankle instability group to the matched
control prior to ICa significant difference was observed in FFTBA frontal plane motion
at 68-90% (mean difference=5.28°, peak difference=5.42p,= 0.044,Figure 8.4). No

other significant differences were observed in FFTBA kinematic®(Figure K.33).
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Figure 8.4 Forefoot z tibia angles (x, y, z) 200 ms pre IC to Kdneans and

standard deviations(Matched ControlZ?" Unaffected- 2 ) andt-test output.

No other significant differences were observed in kinematics between thgroups (0,

Figure K.27-Figure K.37). When investigating patterns of muscle activation a significantly

increased peroneus longusctivation was observed in the unaffected limb at @0% of

the pre-contact phase of the cut (mean difference=36.04%, peak difference=38.81%, p =

0.014,Figure 8.5).
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